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1
Cancer imaging

Cancer is the second-leading cause of death with more than 8.9 million deaths 
in 2016 worldwide [1]. In 2018 more than 115.000 people were diagnosed with 
cancer in the Netherlands [2]. The most common malignancies in men are prostate 
cancer (21%), skin cancer (18%), colon cancer (13%) and lung cancer (12%). In 
women the most common types are breast cancer (27%), skin cancer (19%), colon 
cancer (11%) and lung cancer (11%) [2].

Medical imaging plays an important role in the diagnostic evaluation of cancer, 
which is essential for appropriate treatment [3-6]. Twenty years ago whole-
body positron emission tomography (PET) was introduced in clinical practice 
for oncology imaging [7]. PET scanners have the ability to visualise functional 
information of various tissues using positron-emitting radiopharmaceuticals. The 
most commonly used radiopharmaceutical for oncology imaging is fluor-18 (18F) 
fluordeoxyglucose (FDG), a glucose analog that accumulates in cells with increased 
glucose metabolism such as tumour cells [8]. After intravenous FDG injection 
malignant tumours as well as regional and distant metastases can be visualised 
with PET. This enables accurate disease staging, which is crucial for diagnosis and 
treatment [9-12].

A few years after its introduction, PET was combined with computed tomography 
(CT). In this way functional and anatomical information became available in a 
single scan session with one device [13]. This further improved the diagnostic 
interpretation of PET/CT in patients with cancer and the results changed treatment 
plans and patient management [14-17]. Nowadays, FDG-PET/CT is one of the 
cornerstones of patient management in oncology [18].

In daily practice FDG-PET images are visually assessed together with semi-
quantitative parameters. The most commonly used parameter for semi-quantitative 
PET is the standardized uptake value (SUV), which is defined as the ratio between 
the tracer activity concentration (in kBq/mL) in a certain region in a PET image and 
the administered tracer activity, normalised by a measure for distribution volume 
such as patient body weight [19]. Semi-quantitative parameters such as the SUV 
complement the visual interpretation and allow prediction of treatment response 
and prognosis [20-22]. However, SUV measurements are influenced by many 
biological and technical factors including patient preparation, data acquisition, 
image reconstruction and processing [23, 24]. 
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To improve semi-quantitative comparisons of PET scans between patients, scanners 
and medical centres, there are ongoing efforts towards standardisation of PET 
imaging. In 2009 and 2015, the European Association of Nuclear Medicine (EANM) 
published procedure guidelines on FDG-PET/CT tumour imaging [8, 25] and they 
launched the EANM research ltd. (EARL) organisation to promote nuclear medicine 
(NM) research and support multi-centre trials. In 2010 EARL started an accreditation 
program for FDG-PET/CT tumour imaging. A recent evaluation among the first 
200 EARL-accredited PET/CT systems showed that this accreditation program has 
reduced the variability in semi-quantitative FDG-PET performance [26].

PET limitations

Spatial resolution
A major limitation of PET is its low spatial resolution, which causes a limited 
detectability of small lesions (<20 mm), especially those with low metabolism [27, 
28]. This impairs the diagnostic sensitivity of PET as compared to other imaging 
modalities like CT and magnetic resonance imaging (MRI) [29, 30]. However, PET 
often shows a higher specificity to distinguish benign from malignant lesions [31].

Many different factors contribute to the relatively low spatial resolution of PET 
images [28, 32]. Important factors are the positron range of the radionuclide, the 
scanner design (for example the size of the scintillation crystals) and the image 
reconstruction. Due to the finite spatial resolution of the imaging system, small 
lesions may be detected but they appear blurred in the PET image, resulting in 
an underestimation of lesion uptake combined with an overestimation of lesion 
size. This phenomenon is called the partial volume effect (PVE) and mostly affects 
lesions with sizes less than 3 times the image resolution [32, 33]. 

System sensitivity
Another major limitation of PET is its relatively low system sensitivity, resulting 
in a relatively low signal-to-noise Ratio (SNR) [34]. The sensitivity of a PET 
system is specifically influenced by the efficiency of the scintillation crystal and 
the scanner’s geometric efficiency. A scintillator has four main properties that 
are crucial for its application in a PET detector: its stopping power for 511 keV 
photons, signal decay time, light output and intrinsic energy resolution [35]. There 
are many different PET scintillators, including sodium-iodine (NaI), bismuth-silicate 
(BSO), bismuth-germinate (BGO), lutetium-oxyorthosilicate (LSO) and lutetium-
yttrium oxyorthosilicate (LYSO) that all have specific characteristics influencing 
these properties [35]. Regarding scanner geometry, the axial field-of-view (FOV) 
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of a PET scanner is typically 15-25 cm and therefore about 10 bed positions are 
required to acquire a PET scan from head to groin (‘whole-body’). Moreover, to 
obtain a PET image with an acceptable noise level, millions of photon coincidences 
are required. Consequently, the acquisition of a whole-body PET scan typically 
takes 15 to 30 minutes.

Developments in PET imaging

Since the introduction of whole-body PET in clinical practice, several new hardware 
and software techniques were developed to improve the spatial resolution and 
system sensitivity of PET, potentially providing a better image quality and better 
diagnostic performance. This includes the introduction of time-of-flight (TOF) and 
digital PET technology as well as new image reconstruction techniques.

TOF
The incorporation of TOF information in the reconstruction algorithm improves 
PET image quality, because with TOF the SNR is improved while the same number 
of photon coincidences is obtained [36]. TOF means that the difference in detector 
arrival times between the two photons from an annihilation event is measured 
and subsequently used to estimate the annihilation point. In 2006 the first PET/
CT scanner with TOF technology (Gemini TF, Philips Healthcare) was introduced in 
clinical practice [36]. The PET component of this system, consisting of LYSO crystals, 
had a coincidence timing resolution of 600 ps. Within a few years other vendors 
also introduced TOF-PET and many studies demonstrated that the incorporation 
of this technique resulted in a better image quality with improved small lesion 
detection, in particular in obese patients [37-39].

Digital PET
Since 2017 three vendors (GE Healthcare, Philips Healthcare and Siemens 
Healthineers) replaced the conventional photomultiplier tubes (PMTs) by silicon 
photomultipliers (SiPM) with digital readout [40-43]. Examples of these two 
photomultiplier types are shown in Figure 1. The main technical benefits of these 
digital SiPMs compared to PMTs are the better intrinsic timing resolution and 
improved photon detection efficiency [44, 45]. The clinical introduction of these 
digital SiPMs pushed the coincidence timing resolution forwards from typically 
600 to 200-375 ps and improved the spatial resolution from typically 5 to 3.5 mm 
[41-43]. Consequently, digital PET systems can have a higher system sensitivity [44] 
and potentially provide images with higher SNR and better small lesion detection 
over PET systems with conventional PMTs.
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Figure 1 Digital silicon photomultiplier (left) and conventional photomultiplier tube 
(right). The digital technique results in a better timing resolution and higher photon detection 

efficiency. Adapted from [44], images courtesy of Philips Healthcare

New image reconstruction techniques 
Another development in PET imaging is the introduction of new image 
reconstruction techniques such as point spread function (PSF) modelling, metal 
artefact reduction, regularized reconstructions and the use of smaller voxels.

PSF modelling
The PSF describes the shape of a blur that is formed when a point source is imaged 
in each position within the FOV of a PET system [46]. The response of the imaging 
system to this point source can be modelled, thereby the blurring that surrounds 
the source can be partly removed and the true source is strengthened. PSF 
modelling (or resolution modelling) results in a better and more uniform spatial 
resolution across the transaxial FOV [39, 47]. 

Metal artefact reduction
In stand-alone CT systems, metal artefact reduction is a common tool [48] but in 
PET/CT imaging this method is relatively new. As CT images are used for photon 
attenuation correction in the PET image reconstruction, artefacts present on CT 
can influence PET images as well. Especially when the region of interest is located 
near an implant, the metal not only distorts the CT image but also influences 
semi-quantification with PET [49]. Recently, some vendors introduced iterative 
reconstructions for metal artefact reduction in PET/CT. It is expected that this can 
provide an improved quantification and interpretation of PET images near metal 
implants.
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Regularised reconstructions
The most commonly used clinical PET reconstruction algorithm is the ordered 
subset expectation maximization (OSEM) algorithm. With this technique, a 
higher number of iterations (or subsets) results in an improved semi-quantitative 
accuracy for (small) lesions [50]. However with more iterations, image noise levels 
increase as well and therefore the iterative process is often stopped early to 
achieve acceptable noise levels. It is expected that by taking advantage of prior 
knowledge about the image quality using mathematical Bayesian methods, PET 
image quality can be further improved. Recently, GE Healthcare launched such 
a Bayesian penalized likelihood reconstruction algorithm (BSREM) for PET that 
allows effective convergence of the images using a penalty function, while the 
image noise is supressed [51].

Small voxels
New TOF-PET cameras provide the possibility to perform reconstructions with 
smaller voxels that may improve image quality. However in current practice the 
image voxel size for whole-body FDG-PET scans is typically 4x4x4 mm3 [38, 52]. 
These relatively large voxels provide PET images with acceptable noise levels 
but they amplify the PVE, thereby limiting small lesion detection. The impact of 
reducing the PET voxel size from standard (4x4x4 mm3) to small (2x2x2 mm3) is 
illustrated in Figure 2 for two spheres filled with FDG, with diameters of 37 mm 
(Figure 2A) and 10 mm (Figure 2B).

Figure 2 Impact of count statistics and voxel size on sphere visualisation with FDG-
PET. In terms of FDG-uptake and sphere size, the 37 mm sphere (A) is properly visualised with both 

voxel reconstructions while the 10 mm sphere (B) is better visualised on small-voxel images than on 

standard-voxel images. On the latter, sphere intensity seems lower than is actually the case and lesion 

size is overestimated. A disadvantage of smaller voxels is the increase in image noise, which is visible in 

the image based on low counts
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Thesis aim

The aim of this thesis is to evaluate the impact of these recent improvements 
in PET technology on the detection of small lesions (<20 mm) in cancer 
imaging. We studied the influence of conventional TOF-PET scanners and small-
voxel reconstructions on small lesion detectability in lung and breast cancer. 
Furthermore, we studied digital TOF-PET scanners and determined their impact on 
semi-quantitative uptake measurements, image quality and lesion detectability 
in patients with cancer. Moreover, we evaluated the impact of conventional and 
digital PET scanners on European guidelines and especially on EARL demands for 
two different radionuclides.
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Outline of this thesis

PART I – PET standardisation 
In Part I of this thesis we investigated how recent developments in PET technology 
and scan protocols can be incorporated following European guidelines to further 
standardise PET oncology imaging.

In Chapter 2 we described recent advances in PET/CT technology that may improve 
cancer imaging and we discussed the expectations towards incorporation of these 
developments in clinical practice, future EANM guidelines and EARL accreditation 
for FDG-PET imaging.

Previously, it has been demonstrated that administrating an FDG-activity that 
depends quadratically on patients’ body weight can provide a constant image 
quality across patients [53]. However, a practical approach on how to implement this 
in clinical practice following European guidelines was lacking. In Chapter 3 we used 
these guidelines as a standard to determine an FDG-activity formula for whole-body 
PET examinations that also fulfils recent insights on patient-specific administration 
of FDG-activity. In all patient studies that are described in this thesis, we applied an 
FDG-activity formula that depends quadratically on patients’ body weight.

Current EANM guidelines on FDG-PET tumour imaging are based on conventional 
PET systems [8, 25]. Recently introduced PET systems with digital technology 
potentially provide an improved image quality compared to the conventional 
systems [42, 54, 55]. However, it was unknown if they can fulfil the EARL 
accreditation standards. Therefore in Chapter 4 we aimed to evaluate the ability 
to accomplish these EARL standards for a recently introduced TOF-PET system 
with digital SiPMs.

Once different PET systems fulfil EARL specifications, it is expected that they 
provide PET scans with comparable semi-quantitative results. In Chapter 5 we 
aimed to compare conventional and digital EARL-accredited PET systems by an 
evaluation of the SUV variation between those systems, using whole-body FDG-
PET scans from patients with cancer.

In addition to the widely used 18F radionuclides, gallium-68 (68Ga) labelled peptides 
are increasingly used for PET imaging in both clinical practice and multi-centre 
trials [56]. However, EARL specifications for 68Ga have not been determined yet. 
Therefore in Chapter 6 we evaluated 68Ga-PET semi-quantification variability in a 
multi-centre setting.
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PART II – PET optimisation
In Part II of this thesis we investigated the value of three recent developments in 
PET technology: TOF, small-voxel reconstructions and digital SiPMs. We evaluated 
the effect of these technologies on PET image quality and small lesion detection 
in patients with cancer, focussed on lung cancer and breast cancer.

In non-small cell lung cancer (NSCLC), metastatic spread typically involves the 
brain, bone, liver, lymph node stations in mediastinum, hilum and supraclavicular 
regions, lung and adrenal glands [57]. An accurate evaluation of the adrenal 
glands is important for disease staging, specifically when the glands are enlarged 
on CT [58, 59]. The adrenal glands can be characterised with several imaging 
techniques like CT, MRI and PET. Especially FDG-PET/CT performs well and is often 
used for this purpose, as it is part of standard clinical practice in NSCLC. The new 
generation of conventional PET scanners, incorporating the TOF technique, may 
lead to a better detection of adrenal metastases. Moreover, this could change how 
NM specialists should evaluate adrenal glands on FDG-PET images to distinguish 
benign from malignant. Therefore in Chapter 7 we aimed to analyse the impact 
of a conventional TOF-PET/CT scanner on adrenal gland SUV and adrenal-to-liver 
ratios in patients with suspected lung cancer. We compared our findings with 
results from literature based on non-TOF-PET and with commonly used SUV cut-
off levels to distinguish benign from malignant adrenal glands.

In combination with new TOF-PET cameras, the use of image reconstructions 
with smaller voxels might improve the detection of small lesions [38]. However, 
the impact on semi-quantification and visual evaluation by NM specialists 
was unknown. In Chapter 8 we determined the impact of a small-voxel image 
reconstruction on the detectability of small lesions in patients with lung cancer 
using a state-of-the-art conventional TOF-PET/CT system. Similarly in Chapter 9 
we aimed to evaluate the diagnostic implications, including sensitivity, specificity 
and accuracy, of this small-voxel reconstruction for lymph node characterisation in 
breast cancer patients using the same device.

Voxel sizes in PET image reconstructions influence image quality and this is an 
important aspect in PET comparison studies. In a recent paper of Fuentes-Ocampo 
et al.[60], conventional and digital PET were compared in 100 oncological patients 
and they found significant SUV increases which they attributed to the digital PET 
technology. However there was also a difference in image voxel size between the 
two PET scanners that they did not take into account. Chapter 10 contains a Letter 
to the Editor with our reply to the paper of Fuentes-Ocampo et al.[60].
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Finally, in Chapter 11 we evaluated the impact of the digital SiPM technology on 
small lesion detection in patients with various types of cancer, by performing a 
prospective comparison study of optimised conventional TOF-PET with digital 
PET. For that purpose we compared the semi-quantitative and visual performance 
using small-voxel reconstructions for both PET systems and we investigated the 
effect on lesion detectability and disease staging.

PART III
In Chapter 12 a summary of the key findings of this thesis is given, combined with 
a general discussion and future perspectives. Chapter 13 contains a summary in 
Dutch.
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Abstract

In recent years, there have been multiple advances in positron emission 
tomography/computed tomography (PET/CT) that improve cancer imaging. The 
present generation of PET/CT scanners introduces new hardware, software, and 
acquisition methods. This review describes these new developments, which include 
time-of-flight (TOF), point-spread-function (PSF), maximum-a-posteriori (MAP) 
based reconstruction, smaller voxels, respiratory gating, metal artefact reduction, 
and administration of quadratic weight-dependent 18F–fluorodeoxyglucose (FDG) 
activity. Also, hardware developments such as continuous bed motion (CBM), 
(digital) solid-state photodetectors and combined PET and magnetic resonance 
(MR) systems are explained. These novel techniques have a significant impact 
on cancer imaging, as they result in better image quality, improved small lesion 
detectability, and more accurate quantification of radiopharmaceutical uptake. This 
influences cancer diagnosis and staging, as well as therapy response monitoring 
and radiotherapy planning. Finally, the possible impact of these developments 
on the European Association of Nuclear Medicine (EANM) guidelines and EANM 
Research Ltd. (EARL) accreditation for FDG-PET/CT tumor imaging is discussed.

Keywords
Time-of-flight; Point-spread-function, Digital PET; PET/MR; Lesion detectability; 
EARL
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Introduction

PET/CT is nowadays widely used in oncology and has become an essential 
multimodality imaging method that provides both anatomic and metabolic 
information [1, 2]. PET/CT imaging is important for the detection, localization, 
characterization, and staging of cancer [2]. However, the two main limitations 
of PET are the relatively low spatial resolution, which results in a partial-volume 
effect (PVE) affecting images both visually and quantitatively [3], and the 
generally low signal-to-noise ratio (SNR). The PVE limits the detection of small, 
low-contrast lesions (typically <2 cm), since they appear to be larger while their 
radiopharmaceutical uptake appears to be lower than the actual value, due to 
spill out of activity [4]. In addition, this also decreases the detection sensitivity 
itself when the signal-to-noise ratio of these lesions becomes too small. These 
effects are especially important when accurate quantification is needed. In recent 
years, there have been multiple advances in PET/CT that potentially improve 
cancer imaging and small lesion detection. In this article, these recent advances 
in PET/CT technology are explained. Also, the potential consequences of these 
developments for the EANM guidelines and EARL accreditation for FDG-PET 
imaging are discussed.

New PET technologies and image reconstruction methods

In this section, an overview of several PET technological developments that took 
place during the last decade will be given, as well as a short description of their 
underlying principles. In particular, this review addresses TOF [5], PSF modeling 
[6], MAP-based reconstruction [7], smaller voxels [8], respiratory gating [9], 
metal artefact reduction [10], as well as hardware improvements like CBM [11], 
the development of solid-state photodetectors using digital photon counting 
technology [12] and the introduction of combined PET/MR imaging [13].

Our descriptions will be limited to those features that are currently available 
in commercial, clinical whole-body PET/CT, and PET/MR systems. Nevertheless, 
still newer developments are under way, and might enter the market within the 
coming years. Among these, the most important ones in our opinion, could be the 
following. New PET reconstruction methods for which PET attenuation correction 
by CT is not necessary [14]. This can reduce or avoid several artefacts (motion, 
metal) in the PET images, and leads to lowering of the radiation dose. Further, 
a substantial improvement of the TOF timing resolution (see next section) can 
be expected [5], thus improving image quality, reducing scan time, or reducing 
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administered activity. Finally, scanners with very large axial FOV, such as the 
total body system proposed by Cherry et al.[15] could provide an even larger 
improvement of these parameters.

Time-of-flight
PET imaging is based on the detection of annihilation photons along a line-of-
response (LOR). When the difference in arrival time between two annihilation 
photons is known, the location from which these photons originated can be 
determined. If this difference equals Δt, the location of the annihilation event, 
with respect to the midpoint between the two detectors, is given by Δx = c Δt/2, 
where c is the speed of light (3 × 108 m/s). This technique is called time-of-flight 
PET.

In 2006, the first commercial whole-body TOF-PET scanners were introduced. 
These PET scanners use lutetium oxyorthosilicate (LSO) or lutetium-yttrium 
oxyorthosilicate (LYSO) scintillators, which provide a timing accuracy of 350–
550 ps, resulting in a localization accuracy of 5.3–8.3 cm. Table 1 shows vendor-
specific timing and localization accuracy information. The spatial resolution of 
PET without TOF is already in the order of several millimeters. This indicates that 
TOF information will not directly lead to a higher spatial resolution. However, the 
incorporation of TOF information in the PET image reconstruction algorithm does 
provide images with a higher SNR, which improves the detection of small lesions 
with relatively low activity that would otherwise have been indistinguishable 
due to background noise. The SNR is approximated by SNRTOF ≈ √(D/Δx) ӿ SNRnon-

TOF where D is the effective patient diameter [25]. Therefore, the effect of TOF is 
most pronounced in obese patients [5, 25, 26]. It has been shown that the SNR (as 
a property of the image) is proportional to the square root of the noise equivalent 
counts (NEC) [27], which is a property of the PET scanner. The increase in SNR is 
sometimes regarded as a gain in counts: a TOF image is equivalent to a non-TOF 
image obtained with a larger number of counts, where D/Δx is called the gain factor. 
The sensitivity times this gain factor is sometimes called the effective sensitivity. 
In other words, the incorporation of TOF information increases the effective 
sensitivity. This can be used to provide better image quality and improved lesion 
detection, or to shorten the scan time while keeping the same image quality with 
better clinical workflow and added comfort for the patient, or finally to reduce 
radionuclide costs and reduce radiation dose to the patient and hospital personnel 
with the same scan time and image quality.
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Point-spread-function modeling
Iterative image reconstruction methods use a system matrix that couples the 
coincidence counts along each LOR to the activity in the different voxels. In 
principle, this matrix takes into account all processes that influence the measured 
counts along each LOR. Among these are resolution degrading effects such as 
positron range, photon non-colinearity, and detector-related effects, including 
crystal widths, inter-crystal scattering, and inter-crystal penetration (depth of 
interaction effects). Resolution modeling or PSF modeling takes into account 
these effects during image reconstruction [6]. However, PSF modeling can also 
be applied as a post-reconstruction deconvolution [28]. The first method has been 
implemented by Siemens (HD) and GE (SharpIR), while the second method is used 
by Philips, as can be seen in Table 1.

It has been demonstrated that PSF modeling in PET reconstructions leads to 
higher and more uniform spatial resolution over the transaxial FOV [29-31]. 
Special attention should be given to some pitfalls, noise and Gibbs artefacts can 
be amplified [32]. However, for noise, this depends on its definition. As explained 
by Alessio et al.[33], PSF modeling can reduce noise when it is defined as intensity 
variation on a voxel-to-voxel basis, but may increase the ensemble standard 
deviation of mean lesion uptake. Also, spatially correlated noisy patterns can be 
introduced, especially for low count statistics [34].

An example of a clinical PET scan demonstrating the impact of TOF and PSF is 
shown in Figure 1. It is interesting to note that although PSF modeling was 
developed and tested mainly for 18F–FDG imaging, it clearly also enhances small 
lesion detectability using 68Ga-based tracers. Apparently, this is not hampered by 
the higher positron energy and larger range for 68Ga versus 18F.

Bayesian penalized likelihood
When using conventional iterative reconstruction algorithms based on maximum 
likelihood estimation maximization (MLEM) such as ordered subset expectation 
maximization (OSEM), the quantitative accuracy of the resulting images improves 
(the standardized uptake values (SUVs) of lesions increase) when the number 
of iterations is increased. However, image noise levels also increase with each 
iteration, hampering visual small lesion detection. As a compromise, some bias 
(underestimation of SUV in smaller lesions) is allowed in the reconstructed images 
in return for reduced noise levels, by stopping the iterative process after a limited 
number of iterations, or by applying post reconstruction spatial smoothing [35].
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Figure 1 68Ga-labeled prostate-specific membrane antigen (PSMA) maximum intensity 
projection PET images (mCT, Siemens) of a patient with metastasized prostate cancer. 
PSMA uptake is visible in the prostate and four metastases (two lesions in the acetabulum (right), and 

two para-iliac lymph nodes (left and right)). All images were reconstructed with a transaxial matrix size 

of 256×256, pixel size of 3.1×3.1 mm2. (a) PET reconstruction without PSF modeling and without TOF, 

(b) PET reconstruction with PSF modeling and without TOF, and (c) a PET reconstruction with both PSF 

modeling and TOF (data are from Radboudumc, Nijmegen, The Netherlands)

Bayesian methods are applied in PET image reconstructions to further improve 
the quality of reconstructed images by taking advantage of prior knowledge of 
the image, e.g., non-negativity of the tracer concentration, limited variation 
between neighboring voxels (while preserving real edges), or anatomical 
information for example from CT. The Bayesian penalized likelihood technique 
(BPL) or MAP algorithm (for instance as incorporated in Q.Clear (GE) [7]) allows 
effective convergence of image accuracy while suppressing noise, by using a 
penalty function [7, 36]. With every iteration, the outcomes with lower variation 
between neighboring voxels are slightly favored over noisier ones. The strength of 
this penalty term is chosen to match the procedure type. A substantial number of 
iterations (typically 25) warrants convergence without amplifying noise, resulting 
in improved image quality and increased SUV, particularly in small lesions when 
compared with reconstruction techniques without using MAP [7, 35, 37]. An 
example is given in Figure 2.
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Figure 2 Top row: images of a 100 Mcounts acquisition of the NEMA image quality 
phantom (sphere-to-background activity concentration ratio 4:1). Measured sphere-to-

background ratios (hottest pixel) are given for the two smallest spheres.  Bottom row:  18F–FDG PET 

images (four-ring Discovery MI, GE) of a patient with ovarian cancer with peritoneal carcinomatosis, 

(a) reconstructed using OSEM, (b) TOF-OSEM with PSF modeling, and (c) block-sequential regularized 

expectation maximization (BSREM; Q.clear) with PSF modeling and a beta-value of 400. SUVmax [g/cm3] is 

given for the two lesions. Note the much better recovery in the small lesions when adding TOF and PSF, 

with further improvement for BSREM, optimized for BPL. The beta value in the BSREM reconstruction 

was chosen to result in similar background variability in the BSREM and TOF-OSEM images of the NEMA 

phantom (data are from Uppsala University Hospital, Uppsala, Sweden)

Small voxel reconstruction
In current practice, the image voxel size for whole-body FDG-PET scans is 
typically around 4×4×4 mm3 [18, 38, 39], which is in the order of the NEMA spatial 
resolution of the PET scanner [40], defined as the full width at half and tenth 
maximum (FWHM/FWTM) of a point source when reconstructed using filtered 
back-projection without any corrections. Recent studies demonstrated that the 
use of smaller voxels and corresponding larger matrices, in combination with TOF-
PET/CT systems, improves the detection of small lesions [8, 41-43]. Li et al.[41] 
demonstrated that using a 400×400 matrix (2×2 mm2) resulted in more detected 
lymph nodes and a better visual image quality, as compared to a 200×200 matrix 
(4.1×4.1  mm2). Furthermore, Koopman et al.[8] showed that the use of 2×2×2 
mm3 instead of 4×4×4 mm3 voxels was preferred by physicians, based on rankings 
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including lesion sharpness, lesion contrast, and diagnostic confidence. Moreover, 
the use of 2×2×2 mm3 voxels resulted in an increase in SUVmean, SUVmax, and SNR 
for small lesions (<11  mm) in patients. This is also demonstrated in Figure 3. 
Additionally, they found that the contrast recovery coefficients (as defined in their 
paper) for phantom spheres were more accurate using 2×2×2 mm3 voxels [8].

Figure 3 18F–FDG PET/CT images (Ingenuity TF, Philips) of a patient with metastasized 
breast cancer. The reconstructions were made without PSF modeling, but with TOF. (a, c) A standard 

4×4×4 mm3 voxel reconstruction and (b, d) a small 2×2×2 mm3 voxel reconstruction. On the small-voxel 

images, there is an improved visualization of axillary lymph nodes, with an increase of SUVmax of more 

than 65% for the small lymph nodes (data are from Isala Hospital, Zwolle, The Netherlands)

A drawback of the use of small voxels is an increase of noise in the PET images 
as smaller voxels imply fewer counts per voxel [8]. These higher noise levels may 
result in more false-positive findings [44].

Respiratory gating
Respiratory motion causes blurring of lesions in the thorax and upper abdomen, 
and can cause additional artefacts because of an inaccurate attenuation correction 
due to a mismatch between PET and CT [45]. This results in a lower detectability 
of tumors, inaccurate SUVs, and sub-optimal radiotherapy treatment planning [46, 
47]. Respiratory gating can be used to create an essentially motion-free PET image. 
There are two methods that are most common. For the first method, the respiration 
of the patient is tracked and only a part of the PET data is used to reconstruct a 
motion-free image. For the second method, the respiration is also tracked, but all 
PET data is used to reconstruct a motion-free image by translating gated images 
of the different respiratory phases. In recent years, several respiratory gating 
methods have been developed for PET imaging [46, 48]. For the first method, to 
maintain image quality, respiratory gating requires a longer scan time and/or a 
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higher injected activity. Therefore, respiratory gating is nowadays not routinely 
used for diagnostic imaging [49, 50]. However, it is more commonly applied for 
radiotherapy planning, where an accurate delineation and quantification is even 
more important [51-53].

Different vendors offer different respiratory gating methods. Philips, GE, and 
Toshiba use a phase-based gating method [54]. Siemens also allows phase-
based gating, but in addition offers an amplitude-based optimal gating method, 
called HD•Chest. With this method only PET data collected from the respiratory 
amplitude range with the least amount of motion are used [9, 46]. GE also 
introduced Q.Freeze, which should only be used for diagnostic purposes. Q.Freeze 
is a phase-based gating method in combination with a non-rigid translation of the 
other phases, so all collected data are used for the final motion free image [48]. An 
example of the impact of respiratory gating on a PET image is shown in Figure 4.

Metal artefact reduction
Metal artefact reduction is a standard tool in stand-alone CT systems and different 
methods are well described in the literature [55]. However in PET/CT, reduction of 
metal artefacts is relatively new, not commonly implemented, and little research 
has been performed on the impact of CT metal artefacts on PET imaging. Artefacts 
on CT images can influence the PET reconstruction, as CT data are used for PET 
attenuation correction. If the region of interest is located near the implant, the 
metal not only distorts the CT image but also influences the quantification of 
radiotracer uptake and can reduce the image quality and interpreter confidence 
[10, 56]. Metal artefact reduction is important for diagnosis [57] and therapy 
planning [58] in head and neck cancer, and it can improve the image quality 
of 68Ga-PSMA PET studies for metastasis detection in patients with one or two hip 
prostheses [10, 59].

Recently, iterative metal artefact reduction was introduced for some PET/CT 
scanners. Siemens introduced the iMAR algorithm [10], Philips introduced O-MAR 
and Toshiba SEMAR. It is expected that these algorithms result in an improved 
quantification and interpretation of the PET image near metal implants. An 
example is shown in Figure 5.
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Figure 4 18F–FDG PET/CT images (mCT, Siemens) of a patient with a non-small cell lung 
cancer lesion in the left lower lobe. (a) Non-gated and (b) an essentially motion-free image 

(HD•Chest). Both PET images have been reconstructed with a matrix size of 400×400, pixel size of 2×2 

mm2, with PSF modeling and TOF. For the non-gated images, the first 35% (126 s) of the acquired data 

was used for image reconstruction, resulting in an equal number of acquired true coincidences as the 

gated image. There is a considerable increase in SUVmean  of 70% and a decrease in volume of 80%. 

Images have been reproduced from [46]

Figure 5 18F–FDG PET/CT images (mCT, Siemens) of a patient with uptake in the palatine 
tonsils (arrows in a) and 18F–FDG-avid lymph nodes (arrows in b). Both PET images have been 

reconstructed with a matrix size of 200×200, pixel size of 4×4 mm2, with PSF modeling and TOF. The 

metal artefact is visible on the (a) standard PET/CT reconstruction, while the (b) PET/CT reconstruction 

with metal artefact reduction (iMAR) shows fewer CT artefacts. There is an SUVmean increase from 2.5 to 

2.8 g/cm3 when iMAR is used for the tonsil. Images have been reproduced from [10]

Continuous bed motion
Due to the limited axial FOV of PET scanners, more than one bed position is 
generally needed to cover the section of the body that needs to be imaged. Since 
the sensitivity decreases toward the edges of the axial FOV, these bed positions 
are chosen to partly overlap to improve the uniformity in sensitivity along the axial 
direction [60]. Recently, CBM acquisition was introduced by Siemens (FlowMotion). 
The PET scanner shows similar performance compared to its predecessor system 
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with discrete bed positions. The image quality was also similar for both techniques, 
with the exception of slightly increased noise levels for the planes at the edges of 
the outer bed positions in the standard acquisition [11, 61].

However, an advantage of the CBM technology is that the scan range can be 
selected without being restricted to a discrete number of bed positions, thus on 
average saving scan time by using a shorter scan range [62]. CBM could result in 
less CT radiation exposure due to this shorter range [62]. Finally, it has been stated 
that patients prefer the more fluent scanning of the CBM method over the more 
abrupt movements using discrete bed positions [61, 62].

Solid-state and digital PET
Recently, three vendors introduced PET scanners based on solid-state 
photodetectors, replacing the conventional photomultiplier tubes (PMTs). Siemens 
introduced their mMR PET/MR scanner that uses avalanche photodiodes (APD), 
which can operate in a magnetic field, thus offering the possibility of constructing 
an integrated PET/MR scanner. GE introduced their Signa PET/MR scanner using 
silicon photomultipliers (SiPM), which can also operate in a magnetic field. Philips 
introduced the Vereos PET/CT scanner based on SiPMs with digital readout, and 
GE released their Discovery MI PET/CT scanner, also based on SiPMs with digital 
readout.

In case of the digital PET scanner from Philips, the digital SiPMs are capable of 
detecting and processing single scintillation photons because their elements 
match the size of the scintillator crystal elements and they incorporate electronics 
to achieve a one-to-one relation between the scintillator crystal elements and 
the digital photomultipliers [63-65]. In terms of system performance, this design 
results in an improved spatial and timing resolution and relatively high maximum 
count rates. In case of the Discovery MI scanner (GE), 12 crystals (4×3) are coupled 
to an array of SiPMs (3×2), much like the block design of analogue PMT-based 
scanners. This reduces count-rate capability and spatial resolution compared to 
one-to-one coupling of crystals and SiPMs, but improves sensitivity.

Based on phantom and patient studies that were recently performed on a digital 
PET system [16, 66, 67], it is expected that digital PET can provide a higher image 
quality and/or allow for a lower radiopharmaceutical dose and improved small 
lesion detection for oncology scans, as compared to an analogue PET system with 
PMTs. Figure 6 shows PET images of an analogue, PMT-based system and a digital 
PET system, of a NEMA image quality phantom (sphere diameters 10–37 mm) and 
a micro hollow sphere phantom (sphere diameters 4–8  mm). The reconstructed 
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images demonstrate that image quality and small object detection improve using 
reconstruction settings with small voxels, on both the analogue and the digital 
PET. Furthermore, there is a higher contrast of the smallest spheres on the digital 
PET images as compared to the analogue PMT-based PET. Nguyen et al.[68] 
reported their initial experience in cancer patients with a prototype digital PET 
scanner compared to an analogue PET system with PMTs. They found a better 
image quality, diagnostic confidence, and accuracy with their digital PET.

Figure 6 PET images of a NEMA phantom (sphere diameters 10–37  mm) and micro 
phantom (sphere diameters 4-8 mm), filled with 20 and 2 kBq/ml FDG in the spheres 
and the background, respectively. Data were acquired on an analogue, PMT-based PET (Ingenuity 

TF, Philips) and a digital SiPM-based PET (Vereos, Philips). (a) Images of the analogue PET that fulfils 

EARL requirements. (b) Images of the analogue PET using 2×2×2 mm3 voxel reconstruction. (c) Images 

of a digital PET using a 2×2×2  mm3 voxel reconstruction (data are from Isala Hospital, Zwolle, The 

Netherlands)

Hybrid PET/MR imaging
During the development of hybrid PET/MR systems, two major challenges needed 
to be overcome. First of all, conventional PET photodetectors are based on PMTs 
that cannot be operated in the high magnetic field of an MR scanner and are too 
large to allow placement inside an MR body coil whilst still leaving a sufficiently 
large patient opening. Integrated PET/MR was achieved using (analogue) APDs or 
SiPMs for conversion of the light produced by the scintillator crystals. In addition to 
their ability to function properly in a magnetic field, both APDs and SiPMs are much 
smaller than traditional PMTs, allowing for detector rings of about 5 cm thickness 
inside a 70-cm MR bore, leaving a 60-cm patient port diameter. An advantage of 
SiPMs compared to APDs is that SiPMs allow for TOF, whereas APDs, due to their 
timing resolution of about 2000 ps, do not. Specifications of the PET components 
for two fully integrated PET/MR systems are given in Table 1.
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The second major challenge of quantitative PET with PET/MR, is that the PET 
attenuation correction needs to be derived from MR images, which essentially 
provide proton density rather than attenuation coefficients. Most PET/MR systems 
employ a dedicated (fast) MR sequence, followed by segmentations or tissue 
classification of the resulting MR image and assigning a priori known attenuation 
coefficients to a limited number of segmentation or tissue classes. This approach 
has several limitations. First of all, bone tissue is typically not included in this process 
and its attenuation is assumed to be equivalent to soft tissue attenuation. Secondly, 
lungs are segmented and assigned a uniform attenuation coefficient. Thirdly, the 
patient couch, fixation devices, and the coils used for MR image acquisition are 
not detected by the MR scanner and dedicated predefined attenuation templates 
need to be added to the attenuation image to compensate for them. Fourthly, 
the MR FOV is typically smaller than that of the PET scanner and truncation of 
the MR image in the transaxial direction is often observed, resulting in incomplete 
attenuation coefficient images and thus incorrect attenuation correction of the PET 
data. For most of the limitations indicated above, solutions have been proposed 
but not all of them are yet routinely available on all systems. For example ultra-
short echo time (UTE) or zero echo time (ZTE) MR can be used to visualize bone 
and has only recently been introduced for brain PET/MR [69]. Another approach 
would be the use of CT-based templates which are registered onto the patients 
MR images and finally combined and processed to generate patient-specific 
attenuation images [69]. MR truncation artefacts in the attenuation images can be 
solved by first performing a PET reconstruction without attenuation, then derive 
the outer contour of the patient from this image and assign soft tissue attenuation 
to the tissues missed in the MR image [69]. However, advanced reconstruction 
methods, such as maximum likelihood of activity and attenuation (MLAA), might 
also be used to correct for MR truncation or otherwise incorrect attenuation maps 
[70-72]. A more complete overview of current PET/MR technologies, opportunities 
and challenges can be found in a review by Quick and Boellaard [73].

Possible future implications of technological developments on 
imaging guidelines and applications

To date, most of the new technologies that were discussed in this paper are not 
yet widely spread in clinical practice. However, several of these, such as digital 
photodetector technology, PET/MR and novel PET reconstruction methods will 
become more available. We expect that they will be increasingly clinically used in 
the next decade and will have a large impact on image quality, lesion detection, 
and quantification in cancer PET imaging. These new technological developments 
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thus provide a technology push for the evolution of new standards and imaging 
guidelines.

Imaging guidelines and quantitative standards
The EANM guidelines for FDG-PET/CT tumor imaging and the associated PET/CT 
system accreditation program run by EARL aim to harmonize the use of FDG-PET/
CT in oncology as a quantitative imaging biomarker in multicenter studies [39]. 
To date, the EANM/EARL standard is based on the technological status for the 
majority of the installed PET/CT systems. In order to allow sites to benefit from the 
advantages of the new technologies described, two different PET reconstructions 
could be made: one optimized for visual interpretation and another meeting 
international quantitative standards [39, 74-76]. With the introduction of new 
acquisition and reconstruction techniques in the latest scanners from multiple 
vendors, and assuming that the availability and presence of PET scanners using 
older technology will decrease, it is expected that these technologies will become 
widely spread during the next 5 to 10  years. Consequently, EARL standards 
will need to be updated over time and the implication of new technologies on 
harmonized quantitative performance is presently being explored by EARL as 
discussed in more detail elsewhere in this supplement issue [77].

New applications facilitated by new technologies
The improved image quality can be used to adjust administered activity and/or scan 
duration. In 2013, de Groot et al.[78] published an optimized FDG-activity regimen, 
which is based on a quadratic relation between FDG-activity and patient’s body 
weight. They demonstrated that when using a quadratic administration regimen, 
the image quality (in terms of SNR in the liver) remains constant for patients 
with various body masses. This FDG-activity regimen has been mentioned as an 
alternative to the linear regimen in the second version of the EANM guidelines 
for FDG-PET tumor imaging [39]. Recently, a technical note was published by 
Koopman et al.[79] describing how to derive an FDG-activity formula, taking into 
account both EANM guidelines [39, 80] and a quadratic relation between FDG-
activity and patient’s body weight. Their equation can be applied for all PET/CT 
systems, regardless of their technological status. A drawback of the quadratic 
administration of FDG-activity is that it requires a high amount of FDG-activity 
in obese patients. Alternatively, a quadratic-dependent duration of the PET scan 
could be implemented in these cases.

An example of a new application of PET/CT that has been facilitated by the recent 
developments in PET/CT technology is the use of 90Y–PET/CT imaging in patients 
with liver metastasis who were treated by selective internal radiation therapy 
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(SIRT).  90Y is a radionuclide with a very small positron fraction (31.9  ×  10−6) and 
therefore it is challenging to use it for PET imaging [81]. However, several studies 
have recently compared Bremstrahlung  90Y–single-photon emission computed 
tomography (SPECT)/CT with  90Y–PET/CT and demonstrated that  90Y–PET/CT 
scans using state-of-the-art TOF-PET systems provide a higher image quality with 
improved lesion detection and more accurate quantification and dosimetry [82-
86].

Furthermore, the recent developments in PET/CT technology facilitate the use 
of low-count-rate PET studies such as imaging with 124I, which is performed in the 
follow-up of thyroid cancer. In general, the image quality for the 124I–PET scan is 
poor due to the complex decay scheme and especially the emission of prompt 
gamma rays with an energy of 602.7 keV, well within the standard energy window 
of a PET scanner. Furthermore, even higher energy gammas are present, which 
can downscatter into the energy window, or increase the dead time. For such a 
radionuclide, TOF results in a better SNR for the same number of counts [5, 87]. It is 
expected that recent developments in PET/CT technology, combined with a careful 
application of correction methods for the prompt gammas [88], further facilitate 
the use of 124I–PET/ CT [89] (or tracers labeled with other radionuclides such as 89Zr 
[90]) with an improved image quality and a more accurate quantification [91].

Conclusions

In recent years, the development of PET/CT scanners has mainly focused on 
improved small lesion detection. The introduction of TOF, PSF modeling, and 
smaller voxels were the main reasons for this improvement. Also, an increased axial 
length increased the sensitivity of the scanner [60], while the spatial resolution 
was improved by reducing the size of the scintillator crystal element and by 
using smaller voxels [60]. Other reconstruction techniques have been developed 
for specific problems, such as respiratory gating and metal artefact reduction. 
Together, all these advancements made it possible to improve the quality and 
quantification of PET/CT images and optimize radiation dose and scan time.

The increase in effective sensitivity and improved spatial resolution led to an 
improved visibility of small lesions, which is not only important for detection of 
lesions and metastases in  18F–FDG-PET/CT scans, but also for other tracers, for 
instance the use of  68Ga-PSMA for the detection of (lymph node) metastases in 
patients with prostate cancer, 89Zr-MAb immunoPET studies, 90Y imaging for patients 
who are treated for liver metastasis, or 124I imaging for follow-up of thyroid cancer. 
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This implies that PET/CT is nowadays not only used for detection and identification 
of lesions but has also been increasingly implemented for radiotherapy planning 
and therapy response monitoring [39]. For these applications, an accurate 
quantification and repeatability/reproducibility is of the utmost importance. The 
ongoing improvements discussed in this paper can contribute to this.
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Abstract

Background
For tumour imaging with PET, the literature proposes to administer a patient-
specific FDG activity that depends quadratically on a patient’s body weight. 
However, a practical approach on how to implement such a protocol in clinical 
practice is currently lacking. We aimed to provide a practical method to determine 
a FDG activity formula for whole-body PET examinations that satisfies both the 
EANM guidelines and this quadratic relation.

Results
We have developed a methodology that results in a formula describing the patient-
specific FDG activity to administer. A PET study using the NEMA NU-2001 image 
quality phantom forms the basis of our method. This phantom needs to be filled 
with 2.0 and 20.0 kBq FDG/mL in the background and spheres, respectively. After 
a PET acquisition of 10 min, a reconstruction has to be performed that results in 
sphere recovery coefficients (RCs) that are within the specifications as defined by 
the EANM Research Ltd (EARL). By performing reconstructions based on shorter 
scan durations, the minimal scan time per bed position (Tmin) needs to be extracted 
using an image coefficient of variation (COV) of 15 %. At Tmin, the RCs should be 
within EARL specifications as well. Finally, the FDG activity (in MBq) to administer 
can be described by 

Abstract 
Background 
For tumour imaging with PET, the literature proposes to administer a patient-

specific FDG activity that depends quadratically on a patient’s body weight. 

However, a practical approach on how to implement such a protocol in clinical 

practice is currently lacking. We aimed to provide a practical method to determine a 

FDG activity formula for whole-body PET examinations that satisfies both the 

EANM guidelines and this quadratic relation. 

Results 
We have developed a methodology that results in a formula describing the patient-

specific FDG activity to administer. A PET study using the NEMA NU-2001 image 

quality phantom forms the basis of our method. This phantom needs to be filled 

with 2.0 and 20.0 kBq FDG/mL in the background and spheres, respectively. After 

a PET acquisition of 10 min, a reconstruction has to be performed that results in 

sphere recovery coefficients (RCs) that are within the specifications as defined by 

the EANM Research Ltd (EARL). By performing reconstructions based on shorter 

scan durations, the minimal scan time per bed position (Tmin) needs to be extracted 

using an image coefficient of variation (COV) of 15 %. At Tmin, the RCs should be 

within EARL specifications as well. Finally, the FDG activity (in MBq) to administer 

can be described by A = 	c	 ∙ w' ∙ 	 ()*+
,

 with c a constant that is typically 0.0533  with c a constant that is typically 0.0533 
(MBq/kg2), w the patient’s body weight (in kg), and t the scan time per bed position 
that is chosen in a clinical setting (in seconds). We successfully demonstrated this 
methodology using a state-of-the-art PET/CT scanner.

Conclusions
We provide a practical method that results in a formula describing the FDG activity 
to administer to individual patients for whole-body PET examinations, taking into 
account both the EANM guidelines and a quadratic relation between FDG activity 
and patient’s body weight. This formula is generally applicable to any PET system, 
using a specified image reconstruction and scan time per bed position.

Keywords
FDG-PET; scan time protocol; tumour imaging; EANM guidelines
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Background

Positron emission tomography/computed tomography (PET/CT) scanning, using 
the radioactive tracer fluor-18 fluordeoxyglucose (FDG), has an important role in 
tumour imaging for patients with cancer. There is a trend towards standardization 
and harmonization in FDG-PET scanning to allow comparisons of FDG uptake 
parameters across patients, scanners and medical centres [1]. Recently, version 2.0 
of the European Association of Nuclear Medicine (EANM) procedure guidelines for 
FDG-PET tumour imaging was published. This guideline contains recommendations 
for tumour imaging with PET/CT by prescribing FDG activity as a function of a 
patient’s body weight, type of scanner, reconstruction method and scan duration 
[2].

It is widely known that PET image quality is influenced by a patient’s body weight. 
Heavier patients show more photon attenuation and higher scatter fractions, 
resulting in lower PET image quality for these patients when using a fixed tracer 
activity and scan time. This effect can be compensated by increasing the scan time 
and/or tracer activity in heavier patients [3-6]. De Groot et al.[7] demonstrated 
that the use of a dedicated FDG activity protocol, depending quadratically on 
a patient’s body weight, delivers a constant image quality across patients in 
several weight categories. Thereby, it provided an improved radiation exposure 
justification. This protocol has been included as an alternative in version 2.0 of the 
EANM procedure guidelines [2].

However, a practical approach on how to implement such a protocol in clinical 
practice is currently lacking. First, it is not clear how to translate minimum 
requirements for image quality into a quadratic formula that describes a patient-
specific FDG activity for a given scanner, reconstruction method and scan duration. 
Second, when using a particular patient-specific FDG activity, it needs to be 
verified that the applied PET reconstruction meets the harmonizing specifications 
for recovery coefficients (RCs), as described on the EANM Research Ltd (EARL) 
website [8].

Our aim was to provide an easy applicable method that results in a formula 
describing the FDG activity to administer to a patient, that is quadratically related 
to a patient’s body weight and satisfies EANM procedure guidelines [2]. We 
intended to obtain a formula that is applicable to any PET system, using a specified 
image reconstruction and scan time per bed position.
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Methods

The formula to be derived has to fulfil two demands. First, the product of FDG 
activity and scan time per bed position should depend quadratically on a patient’s 
body weight. Second, specifications of RCs as described by EARL should be 
satisfied [8]. 

In eight steps, we describe the method to derive this formula. Figure 1 shows a 
flow chart presenting all steps. A FDG-PET/CT phantom study using a NEMA NU2-
2001 image quality phantom (IQ phantom) [9] forms the basis of our method.

Step 1: phantom preparation
Prior to the phantom scan, the following materials should be available:

	 •	 A NEMA NU2-2001 IQ Phantom
	 •	 A bottle filled with 1000 mL water
	 •	� Two syringes, both with 20 MBq FDG activity (volume between 2 and 5 mL), 

specified at the expected phantom acquisition time Ta (hh:mm:ss).
	 •	 A dose calibrator

Figure 1 Flowchart demonstrating the eight steps to obtain a patient-specific FDG 
activity formula
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Filling of the spheres
	 •	� Measure the amount of FDG activity (in kBq) present in one syringe using 

the dose calibrator. Record the time of measurement Tm,1 (hh:mm:ss) and 
record the volume of FDG activity present in the syringe (in mL).

	 •	� Add the FDG activity from this syringe to the bottle with water. Make sure 
all activity is entered into the bottle.

	 •	� Homogenize the solution in the bottle by shaking the phantom. Fill all 
phantom spheres with this solution [1].

	 •	� Calculate the true FDG activity concentration at the time of measurement 
in the spheres, [Strue] at Tm,1 (in kBq/mL), by dividing the FDG activity from 
the syringe at Tm,1 as measured with the dose calibrator to the volume of 
the total solution of bottle and syringe [1].

 
Output
[Strue] at Tm,1 (in kBq/mL).

Filling of the background compartment
	 •	� Fill the background compartment of the IQ phantom completely with 

water.
	 •	� Remove 30 mL water from the background compartment.
	 •	� Measure the amount of FDG activity (in kBq) in the second syringe using 

the dose calibrator and record the time of measurement Tm,2 (hh:mm:ss).
	 •	� Add the FDG activity from this syringe to the phantom background 

compartment. Make sure all activity is entered into the phantom. 
Homogenize the solution by shaking the phantom.

	 •	� Calculate the true FDG activity concentration in the phantom background 
compartment, [Btrue] at Tm,2 (in kBq/mL), by dividing the FDG activity (in kBq) 
of the second syringe at Tm,2 to the volume of the phantom background 
compartment [1].

 
Output
[Btrue] at Tm,2 (in kBq/mL).

Step 2: PET/CT acquisition
	 •	� Position the IQ phantom on the scanner bed such that the centre of each 

sphere is located in a single transverse plane and at the centre of the axial 
field of view.

	 •	� Acquire a routine list-mode PET scan based on one bed position for at least 
10  min, using a whole-body FDG-PET/CT protocol. Include a CT scan for 
attenuation correction purposes.
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	 •	� Record the start time of the PET acquisition Ta and calculate the FDG activity 
concentrations in the spheres [Strue] and the background compartment 
[Btrue] at Ta. This can be done by correcting for FDG activity decay during the 
time between the FDG activity measurements Tm,1 and Tm,2 (step 1), and Ta 
[1].

 
Output
[Strue] at Ta (in kBq/mL) and [Btrue] at Ta (in kBq/mL)

Step 3: PET/CT image reconstruction
Apply an image reconstruction that corrects for geometrical response and detector 
efficiency (normalization), system dead time, random coincidences, scatter and 
attenuation. In version 1.0 of the EANM procedure guidelines for tumour PET 
imaging, a number of indicative reconstruction settings are given for different 
system types [1].

Step 4: EARL compatibility check
Based on the reconstructed image, measure the maximum and mean recovery 
coefficients (RCs) of the spheres, using the following definitions:

	 •	� The maximum activity concentration recovery coefficient (RCmax) of a 
sphere is defined as the maximum pixel value within a sphere as measured 
on the reconstructed PET image, divided by the true FDG activity in the 
sphere [Strue] at Ta [1].

	 •	� The mean activity concentration recovery coefficient (RCmean) of a sphere is 
determined by creating a volume of interest (VOI) at 50 % of the maximum 
pixel value, corrected for background uptake [1]. To obtain RCmean, the 
mean pixel value within this VOI is divided by the true FDG activity in the 
sphere [Strue] at Ta.

Check whether the measured RCs for all spheres are within the minimal and 
maximal RCs as defined by EARL [8]. If this is the case, continue to step 5. If not, go 
back to step 3 and revise the reconstruction settings, within the recommendations 
indicated in the EANM FDG-PET/CT procedure guidelines version 2 [2]. In general, 
by including or adapting a post-processing smoothing filter in the reconstruction, 
RCs can be reduced (by more filtering) or amplified (by less filtering) in such a way 
that they satisfy EARL requirements.
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Step 5: image coefficient of variation measurements at shorter scan 
times
	 •	� Perform additional reconstructions, using list-mode data and identical 

settings as determined at step 3, for shorter scan times at 75, 50, 25, 12.5, 
6.25 and 3.13 % of the original scan duration of 10 min. Each reconstruction 
should be based on data with start time Ta. In case re-reconstruction of 
data using list-mode acquisition is not possible, an alternative is to acquire 
multiple acquisitions, for example as described in the EARL procedure 
[10]. In that case, the scan time for each additional acquisition needs to 
be corrected for radioactive decay between the start time of the first 
acquisition Ta and the time of each next acquisition Tx, using correction 
factor 𝐶𝐶 =	2((01(2)/(5 6

 
with T1/2 is the half-life of fluor-18 (110 min).

	 •	� Create three rectangular regions of interest (ROIs), each of 900  mm2, in 
three axial planes within the phantom background compartment of the 
reconstructed images. For each ROI, the image coefficient of variation 
(COV) was determined by dividing the standard deviation to the mean pixel 
value within this ROI.

	 •	� The COV for a reconstructed image is obtained by taking the average of 
the nine measured COVs.

Output
COVs for images based on different scan times.

Step 6: derivation of the minimal scan time T min 
Create a graph comparing the COV on the y-axis with the scan time per bed position 
T (in seconds) on the x-axis. Include a power-law fit: COV = a T −b, with a and b as fit 
parameters. The minimal scan time per bed position (Tmin) can be derived using 
formula 1:

	
𝑇𝑇89: = 	

;
<=>?20

5
@ ∙ [BCDEF]

'.I
	  (1)

In this formula, [Btrue] at Ta (in kBq/mL) is the true FDG activity concentration in 
the background compartment of the phantom at the start of the PET scan, as 
determined in step 2. In case [Btrue] deviates from 2.0 kBq/mL, the ratio [Btrue]/2.0 
in formula 1 is necessary as in the EARL procedure [10], it is assumed that the 
background of the IQ phantom is filled with 2.0 kBq/mL FDG activity. An activity 
concentration of 2.0  kBq/mL would represent a patient with a reference body 
weight (wref) of 75  kg, who received a reference FDG activity (Aref) of 300  MBq, 
60 min prior to the scan time Ta [10]. Furthermore, a maximum COV (COVmax) of 
0.15 is proposed as a cut-off to set the minimal scan time [10].
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Output
Tmin at a predefined COVmax.

Step 7: EARL compatibility check at Tmin 
	 •	�	 Check whether the RCs are still within EARL specifications at Tmin.
	 •	�	 If this is the case, continue to step 8.
	 •	�	 If this is not the case, go back to step 3 and update the PET reconstruction 

settings, within the recommendations indicated in the EANM FDG-PET/CT 
procedure guidelines version 2.0 [2].

Step 8: derivation of a patient-specific FDG activity formula
To determine the final FDG activity formula, the following input parameters are 
required:

	 •	�	 Tmin (in seconds): the minimal scan time to reach COVmax, as derived in step 6.
	 •	�	 Aref and wref: a reference FDG activity and reference body weight.

Formula 2 shows the formula for the product of FDG activity (A in MBq) to 
administer and the scan time t (in seconds) per bed position as applied in a clinical 
setting.

	

𝐴𝐴 ∙ 𝑡𝑡 = L6

LDFM
6 ∙ 𝐴𝐴NOP ∙ 𝑇𝑇89:

𝐴𝐴 ∙ 𝑡𝑡 = 	 0.0533	 ∙ 	𝑤𝑤' ∙ 	 𝑇𝑇89:   

	 (2)

The product A • t depends quadratically on a patient’s body weight and satisfies the 
EANM guideline in terms of RCs and COV.

Using wref = 75 kg and Aref = 300 MBq as suggested by [10], formula 2 simplifies to:

	

𝐴𝐴 ∙ 𝑡𝑡 = L6

LDFM
6 ∙ 𝐴𝐴NOP ∙ 𝑇𝑇89:

𝐴𝐴 ∙ 𝑡𝑡 = 	 0.0533	 ∙ 	𝑤𝑤' ∙ 	 𝑇𝑇89:   	 (3)

Results

We have tested the methodology described above using a state-of-the-art PET/CT 
scanner (Ingenuity TF, Philips Healthcare).

Step 1: phantom preparation
We filled the IQ phantom with FDG activity. At Tm,1 = 16:24:00, the concentration 
in the phantom spheres [Strue] was 30.2  kBq/mL. Furthermore, the phantom 
background concentration [Btrue] was 2.4 kBq/mL at Tm,2 = 16:58:00.
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Step 2: PET/CT acquisition
We performed a PET/CT scan which started at Ta = 17:38:00. Consequently, [Strue] 
and [Btrue] at Ta were 18.9 and 1.84 kBq/mL, respectively.

Step 3: PET/CT image reconstruction
We made a PET reconstruction using a default 3D ordered-subset iterative TOF 
reconstruction technique with 144 × 144 matrices (voxel size 4 × 4 × 4  mm3), 3 
iterations, 43 subsets and a relaxation parameter 1.0 (“normal” smoothing setting), 
consistent with the reconstruction setting suggestions in the EANM guideline [1]. 
The reconstruction method is based on blobs, to compensate for detector blurring. 
The blob had a 2.5 mm radius, with a blob shape parameter of 8.4 mm. Figure 2 
shows an axial PET and CT image of the IQ phantom filled with FDG.

Step 4: EARL compatibility check
Mean and maximum RCs at 10 min scan duration are shown in Table 1. All RCs were 
within the EARL specifications.

Table 1 RCmean and RCmax ranges as defined by EARL [8], compared with RC results for all 
spheres at 10 min and 62 s scan duration. For all spheres, RCs were within EARL specifications

Sphere 
volume (mL)

EARL: RCmean 
range

RCmean at 
t = 600 s

RCmean at 
t = 62 s

EARL: RCmax 
range

RCmax at 
t = 600 s

RCmax at 
t = 62 s

26.52 0.76–0.89 0.79 0.80 0.95–1.16 0.98 1.05

11.49 0.72–0.85 0.75 0.74 0.91–1.13 0.96 1.04

5.57 0.63–0.78 0.72 0.69 0.83–1.09 0.97 0.94

2.57 0.57–0.73 0.68 0.64 0.73–1.01 0.93 0.90

1.15 0.44–0.60 0.44 0.48 0.59–0.85 0.59 0.71

0.52 0.27–0.38 0.33 0.27 0.31–0.49 0.44 0.40

Step 5: image coefficient of variation measurements at shorter scan 
times
We used list-mode data with start time Ta to perform additional reconstructions 
with shorter scan durations and determined the COV from nine ROIs with three 
rectangular ROIs, as illustrated in Figure 2, in three planes each.
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Figure 2 Phantom PET/CT images. Axial PET (A) and attenuation CT (B) images from 
the IQ phantom on the scanner bed. The phantom spheres and background were filled with FDG 

activity (ratio 10:1), and the scan duration was 10 min. The squares illustrate three ROIs in one axial 

plane that are used to determine the COV

Step 6: derivation of the minimal scan time Tmin 
In Figure 3, the measured COVs are presented as a function of the scan duration. 
The values of the power-law fit parameters were a = 1.26 and b = 0.51. Using 
formula 1 with COVmax = 0.15 and [Btrue] = 1.84 kBq/mL, the minimal scan time Tmin 
was found to be 62 s.

Figure 3 Comparing COV in the phantom background compartment measured at several 
scan durations, in graphs with standard scale (A) and log-log scale (B). A power-law fit 

resulted in COV = 1.26 T−0.51. The coefficient of determination r2 was 0.98, which indicates a good fit of 

the trend line to the data. Using the fit result, [Btrue] = 1.84 kBq/mL and COVmax = 0.15, formula 1 resulted 

in Tmin = 62  s. The log-log scale graph can be described by log (COV) = log (a) − b · log (T) in which the 

steepness of the curve is described by b
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Step 7: EARL compatibility check at Tmin 
Mean and maximum RCs at Tmin = 62 s scan duration are shown in Table 1. All RCs 
were within the EARL specifications.

Step 8: derivation of a patient-specific FDG activity formula
Using formula 3 with Tmin = 62 s, we derived the following body-weight-dependent 
formula for the product of FDG activity to administer and scan time per bed 
position:

	
𝐴𝐴 ∙ 𝑡𝑡 =	 3.29	𝑤𝑤'  	 (4)

Discussion

The FDG activity formula presented in this paper provides a constant and 
standardized PET image quality for all patients [7]. Changing the value of COVmax 
will impact image quality and quantification accuracy. Ideally, its value should be 
chosen in such way that it provides the highest diagnostic accuracy. Note, however, 
that according to [10], COVmax should remain below 15 %, to keep image quality and 
quantification accuracy within acceptable limits. A lower COVmax value can easily 
be implemented in formula 1 and will result in higher FDG activity per patient, 
compared to the result based on a COVmax of 0.15. Furthermore, we used the EARL 
prescription that a phantom background compartment filled with 2.0 kBq/mL FDG 
activity represents a patient of 75 kg who received 300 MBq FDG activity. However, 
these reference values can be easily modified using formulas 1 and 2.

Our method includes a RC verification step on PET data acquired with the minimal 
scan time Tmin. This is important because it has been shown that an upward bias 
of (maximal) RCs can be expected at low scan statistics [11, 12]. In case RCs are 
above EARL requirements, it may therefore be helpful to apply an additional post-
smoothing filter in the reconstruction that may compensate for this bias. It may 
also occur that an individual RC measurement does not fit EARL RC specifications 
due to statistical uncertainties at a shorter scan duration. When the difference 
between RCs and EARL requirements is relatively small, possibly after updating 
the reconstruction settings, it may also be useful to just repeat the reconstruction 
at a different time frame, e.g. starting at Tmin and ending at 2 · Tmin.

Our suggested FDG activity formula provides an image quality that is achievable 
with multiple scanners at multiple PET centres. However, the reconstruction 
settings within this protocol are not necessarily optimized for optimal image 
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quality. The latest generation PET scanners can provide an improved image 
quality. For example, the use of smaller voxels or point-spread function modelling, 
may improve the detection of small lesions [13, 14]. However, such reconstructions 
may also increase the image coefficient of variation and could therefore require a 
higher dose.

Furthermore, as already mentioned by de Groot et al.[7], the quadratic FDG activity 
regime results in very high levels of administered FDG activity for very heavy 
patients, when the scan time is not adapted. This may increase count rate losses 
of the system, and it increases the radiation burden for both the patient and the 
technician. Typically, it is recommended not to administer more than 530 MBq FDG 
activity for lutetium oxyorthosilicate systems [1, 6]. Using formula 4, with, e.g. an 
intrinsic scan time t of 90 s, this would imply that for patients with a body weight 
above 120 kg, it is advised not to further increase the administered FDG activity.

We derived the minimal scan time Tmin by applying a power-law fit, to reduce the 
impact of single COV measurements at fixed time points. It can be discussed 
whether a power law is the best fit to describe the COV as a function of scan time. 
We assume that a power law can fit the data as noise properties in PET generally 
can be represented by a Poisson model, i.e. COV is generally inversely proportional 
to the square root of the measured counts. However, COV measurements, that 
are based on reconstructed data, may be influenced by detector dead time, 
normalization, attenuation correction or the reconstruction algorithm that is 
applied [4, 15]. Thereby, measured noise may not necessarily be represented by 
a Poisson model and hence a power-law fit may not be the best function to fit 
our COV data as a function of scan time. Furthermore, other techniques might be 
applied to estimate Tmin, for example by connecting the data points and reading 
the graph at a given COVmax. In our study, the coefficient of determination r2 of 
0.98 indicates a good fit of the power-law trend line to our data.

Conclusion

This technical note provides a practical method that results in a formula 
describing the FDG activity to administer to individual patients for whole-body 
PET examinations, taking into account both the EANM guidelines and a quadric 
relation between FDG activity and a patient’s body weight.
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Abstract

Background
Our aim was to evaluate if a recently introduced TOF PET system with digital photon 
counting technology (Philips Healthcare), potentially providing an improved image 
quality over analogue systems, can fulfil EANM research Ltd (EARL) accreditation 
specifications for tumour imaging with FDG-PET/CT.

Findings
We have performed a phantom study on a digital TOF PET system using a NEMA 
NU2-2001 image quality phantom with six fillable spheres. Phantom preparation 
and PET/CT acquisition were performed according to the European Association 
of Nuclear Medicine (EANM) guidelines. We made list-mode ordered-subsets 
expectation maximization (OSEM) TOF PET reconstructions, with default settings, 
three voxel sizes (4×4×4 mm3, 2×2×2 mm3 and 1×1×1 mm3) and with/without point 
spread function (PSF) modelling.

On each PET dataset, mean and maximum activity concentration recovery 
coefficients (RCmean and RCmax) were calculated for all phantom spheres and 
compared to EARL accreditation specifications. The RCs of the 4×4×4 mm3 voxel 
dataset without PSF modelling proved closest to EARL specifications. Next, we 
added a Gaussian post-smoothing filter with varying kernel widths of 1–7  mm. 
EARL specifications were fulfilled when using kernel widths of 2 to 4 mm.

Conclusions
TOF PET using digital photon counting technology fulfils EARL accreditation 
specifications for FDG-PET/CT tumour imaging when using an OSEM reconstruction 
with 4× 4×4 mm3 voxels, no PSF modelling and including a Gaussian post-smoothing 
filter of 2 to 4 mm.

Keywords
Digital PET; EANM guidelines; EARL accreditation; FDG-PET Tumour imaging 
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Introduction

Recently, a time-of-flight (TOF) positron emission tomography (PET) system was 
introduced by Philips Healthcare, with digital photon counting technology using 
silicon photomultipliers. The replacement of conventional photomultipliers 
by digital detectors, including the implementation of single-photon avalanche 
photodiodes, provides true digital photon counting without the need of additional 
analogue-to-digital conversions [1-3]. Moreover, the detector elements and the 
scintillator crystals have equal sizes which enables one-to-one coupling. Acceptance 
tests on performance characteristics showed that this digital PET provides a higher 
timing resolution and improved spatial resolution, as compared to state-of-the-art 
analogue PET using conventional photomultipliers [4, 5]. In clinical practice, digital 
PET may provide a higher image quality and improved small lesion detection and 
quantification [6].

PET/computed tomography (CT) scanning, using fluor-18 fluordeoxyglucose (FDG), 
has an important role in tumour imaging for patients with cancer. There is a trend 
towards standardization in FDG-PET scanning to allow quantitative comparisons 
of FDG-uptake parameters across patients, scanners and medical centres [7]. To 
support standardization between scanners and medical centres, the European 
Association of Nuclear Medicine (EANM) has published guidelines on FDG-PET 
tumour imaging [7, 8]. Furthermore, the EANM launched the EANM research Ltd 
(EARL) to promote nuclear medicine research and multi-centre studies. EARL has 
developed an accreditation programme for tumour imaging with FDG-PET/CT [9].

In clinical practice, the EARL FDG-PET/CT accreditation specifications are 
widely implemented. These specifications, which are primarily about activity 
concentration recovery coefficient (RC) measurements on PET images, are based 
on analogue PET systems using conventional photomultipliers [7, 8]. Intrinsically, 
higher RCs may be expected using digital PET, due to improved spatial and time-of-
flight resolution compared to other non-digital, but state-of-the-art systems [5]. 
Our aim was to evaluate if a recently introduced TOF PET/CT system with digital 
photon counting technology can fulfil EARL requirements as well.

Method

Phantom study
We have performed a phantom study using a NEMA IEC-61675-1 NU2-2001 image 
quality phantom (IQ phantom) with six fillable spheres (10, 13, 17, 22, 28 and 37 mm 
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diameter). According to the EANM guidelines [7], the IQ phantom was filled with 
FDG-activity, with a sphere-to-background ratio of 10:1. Using a TOF PET/CT system 
with digital photon counting technology (Philips Healthcare) [6], we performed a 
PET scan of one bed position with a scan duration of 10 min. Additionally, a CT scan 
was acquired for attenuation correction. Prior to our measurements, the digital 
PET was calibrated with FDG and verified to be within an offset of 2%, using the 
method as described in [7].

PET reconstructions
We have performed six default TOF PET reconstructions, using blob-based 
ordered-subsets expectation maximization (OSEM) [10], with three voxel sizes and 
with/without point spread function (PSF) modelling, which corrects for partial-
volume effects in PET images. When incorporating PSF modelling, we used a noise 
regularization kernel of 6 mm full-width at half-maximum and 1 PSF iteration. For 
each voxel size, we used a fixed number of iterations and subsets, as recommended 
by the manufacturer.

	 1.	 4×4×4 mm3, with 3 iterations and 15 subsets, without PSF
	 2.	 4×4×4 mm3, with 3 iterations and 15 subsets, with PSF
	 3.	 2×2×2 mm3, with 3 iterations and 17 subsets, without PSF
	 4.	 2×2×2 mm3, with 3 iterations and 17 subsets, with PSF 
	 5.	 1×1×1 mm3, with 3 iterations and 9 subsets, without PSF
	 6.	 1×1×1 mm3, with 3 iterations and 9 subsets, with PSF

 On each reconstructed PET dataset, we calculated mean and maximum activity 
concentration recovery coefficients (RCmean  and RCmax) for all phantom spheres, 
according to EANM guidelines [7]. Next, we compared our RC results with EARL 
accreditation specifications [9].

To evaluate reconstruction settings for digital PET that meet the requirements 
for EARL accreditation, we performed additional reconstructions. We selected 
the reconstructed PET dataset whose RCs fitted best to the EARL accreditation 
specifications and added a 3D Gaussian post-smoothing filter with varying 
kernel widths of 1–7  mm, using standard vendor software. Again, RCmean  and 
RCmax were measured for all phantom spheres and compared to EARL accreditation 
specifications.
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Results

Figure 1 shows RCmean and RCmax results for all spheres, for each of the six default 
PET reconstructions. For each reconstruction, at least one RCmax value was above 
EARL accreditation specifications. The PET reconstruction without PSF modelling 
and using 4×4×4 mm3 voxels showed RCs nearest to EARL requirements. For this 
specific reconstruction, only RCmax for the 10-mm sphere was above the EARL limit. 

Figure 1 RCmean and RCmax values for all phantom spheres, as compared to EARL minimal 
and maximal accreditation specifications. a. RCmean for six default TOF PET reconstructions. Only 

for a PET reconstruction using 4×4×4 mm3 voxels without PSF modelling, RCmean values were all within 

accreditation specifications. b. RCmax for six default TOF PET reconstructions. For all reconstructions, at 

least one RCmax was above maximal accreditation specifications

 
Table  1  shows the impact of an additional Gaussian post-smoothing filter 
with 1 to 7  mm kernel widths, on RCmean  and RCmax  in a PET reconstruction 
using 4 × 4 × 4  mm3  voxels, without PSF modelling. As shown in Figure  2, EARL 
accreditation specifications for RCmean and RCmax can be achieved with digital PET 
using filters with kernel widths of 2 to 4 mm.
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4Figure 2 Impact of a Gaussian post-smoothing filter using a kernel width of 2, 3 and 
4 mm on RCmean (a) and RCmax (b) for a TOF PET reconstruction with 4×4×4 mm3 voxels 
without PSF modelling. For all phantom spheres, both RCmean and RCmax fulfilled EARL accreditation 

specifications

Table 1 The impact of a Gaussian post-smoothing filter with a kernel width of 1–7 mm 
on RCmean and RCmax for a TOF PET reconstruction with 4×4×4 mm3 voxels, without PSF 
modelling. RCs within EARL accreditation specifications are marked in italic style

             
            Recon

Sphere 
diameter 
(mm)

EARL 
minimum

EARL 
maximum

No 
filter

Filter
1 mm

Filter
2 mm

Filter
3 mm

Filter
4 mm

Filter
5 mm

Filter
6 mm

Filter
7 mm

RCmean

10 0.27 0.38 0.34 0.33 0.32 0.30 0.28 0.26 0.24 0.22

13 0.44 0.60 0.52 0.51 0.49 0.48 0.45 0.42 0.39 0.35

17 0.57 0.73 0.67 0.65 0.65 0.64 0.61 0.58 0.55 0.52

22 0.63 0.78 0.73 0.72 0.72 0.71 0.69 0.67 0.64 0.62

28 0.72 0.85 0.77 0.77 0.77 0.77 0.76 0.74 0.72 0.71

37 0.76 0.89 0.82 0.81 0.81 0.80 0.80 0.78 0.77 0.76

  RCmax

10 0.31 0.49 0.52 0.51 0.49 0.46 0.42 0.38 0.34 0.31

13 0.59 0.85 0.81 0.80 0.77 0.73 0.68 0.63 0.57 0.51

17 0.73 1.01 0.93 0.92 0.91 0.89 0.86 0.82 0.77 0.72

22 0.83 1.09 0.96 0.96 0.94 0.92 0.91 0.90 0.89 0.87

28 0.91 1.13 0.98 0.98 0.96 0.96 0.94 0.93 0.92 0.91

37 0.95 1.16 0.98 0.98 0.97 0.96 0.95 0.94 0.94 0.94
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Conclusion

PET with digital photon counting technology typically shows an activity 
concentration recovery coefficient above EARL specifications, especially for 
small objects. To meet EARL standards, a TOF OSEM reconstruction without PSF 
modulation, with 3 iterations, 15 subsets, 4×4×4 mm3 voxels and a Gaussian post-
smoothing filter with a kernel width of 2 to 4 mm can be used.

Discussion

To meet EARL standards for PET with digital photon counting technology, the use 
of relatively large 4×4×4 mm3 voxels and a post-smoothing filter is recommended. 
With smaller voxel sizes and/or PSF modelling, RCs in our study were above 
EARL specifications. This has been demonstrated for state-of-the-art analogue 
PET systems as well [11, 12]. With the introduction of advanced reconstruction 
algorithms (e.g. using small voxels or incorporating PSF modelling), eventually 
combined with new digital PET technologies, EARL specification updates may be 
needed in the future. Under the assumption that the availability and presence 
of PET scanners using older technology will decrease, a way to maintain the 
uniformity across modern PET cameras is to increase both lower- and upper RC 
EARL specifications, especially for small spheres. Furthermore, the use of smaller 
phantom spheres, for example as available in a micro phantom that we used in 
a previous study [11], may be warranted to be able to compare reconstruction 
algorithms for smaller sphere sizes and to harmonize the quantification of small 
lesions across scanners.

Besides, given the high RCs that can be achieved with digital photon counting 
technology combined with advanced reconstruction settings, it might be 
appropriate to perform multiple PET reconstructions for different purposes. Next 
to an EARL-approved reconstruction to perform quantitative analyses, a high-
resolution small-voxel PET reconstruction could be made for visual evaluation and 
optimal small lesion detection [8, 11, 13].

This short communication focused on determing PET reconstruction settings to 
fulfil EARL RC specifications. However, to obtain the EARL accreditation, these 
reconstruction settings should be chosen to meet both RC requirements and 
specifications for the calibration QC [7], and EANM guidelines should be fully 
implemented in clinical practice [7, 8].
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Abstract

Background
A high SUV-reproducibility is crucial when different PET scanners are in use. 
We evaluated the SUV variability in whole-body FDG-PET scans of patients with 
suspected or proven cancer using an EARL-accredited conventional and digital PET 
scanner.

In a head-to-head comparison we studied images of 50 patients acquired on a 
conventional scanner (cPET, Ingenuity TF PET/CT, Philips) and compared them 
with images acquired on a digital scanner (dPET, Vereos PET/CT, Philips). The 
PET scanning order was randomised and EARL-compatible reconstructions were 
applied.

We measured SUVmean, SUVpeak SUVmax and lesion diameter in up to 5 FDG-positive 
lesions per patient. The relative difference ΔSUV between cPET and dPET was 
calculated for each SUV-parameter. Furthermore, we calculated repeatability 
coefficients, reflecting the 95% confidence interval of ΔSUV.

Results
We included 128 lesions with an average size of 19±14 mm. Average ΔSUVs were 
6-8% with dPET values being higher for all three SUV-parameters (p<0.001). 
ΔSUVmax was significantly higher than ΔSUVmean (8% vs. 6%, p=0.002) and then 
ΔSUVpeak (8% vs. 7%, p=0.03). Repeatability coefficients across individual lesions 
were 27% (ΔSUVmean and ΔSUVpeak) and 33% (ΔSUVmax) (p<0.001).

Conclusions
With EARL-accredited conventional and digital PET, we found a limited SUV 
variability with average differences up to 8%. Furthermore, only a limited number 
of lesions showed a SUV difference of more than 30%. These findings indicate that 
EARL standardisation works.

Keywords
FDG-PET; EARL-accreditation; Conventional PET; Digital PET, Cancer
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Background

Positron emission tomography/computed tomography (PET/CT) using fluor-18 
fluorodeoxyglucose (FDG) is widely used for tumour imaging in patients with 
cancer. There are ongoing efforts towards standardization of FDG-PET imaging to 
allow a quantitative comparison between patients, scanners and medical centres. 
In 2009 and 2015 the European Association of Nuclear Medicine (EANM) published 
procedure guidelines on FDG-PET/CT tumour imaging [1, 2]. Furthermore, the EANM 
launched the EANM Research Ltd. (EARL) to promote nuclear medicine research, 
including multi-centre trials. In 2010, EARL started an accreditation program for 
FDG-PET/CT tumour imaging. This includes EARL-accreditation requirements 
based on activity concentration recovery coefficients (CRCs) as measured in PET 
images of a NEMA NU2-2001 image quality phantom. A recent evaluation among 
the first 200 accredited systems from 150 sites worldwide showed that setting up 
a harmonizing accreditation program is feasible and achievable, and that the FDG-
PET/CT program has reduced the variability in semi-quantitative PET performance 
[3].

Recently, time-of-flight (TOF) PET systems with silicon photomultipliers (SiPM) with 
digital readout were introduced in clinical practice [4-6]. Although these systems 
potentially improve image quality compared to PET systems using conventional 
photomultiplier technology, they can also fulfil EARL accreditation specifications 
for tumour imaging with FDG-PET/CT when appropriate reconstruction settings 
are used [6, 7]. Hence, independent of detector technology, PET systems should 
provide comparable semi-quantitative results once they fulfil EARL specifications. 
To our knowledge, this has not yet been explored in clinical practice in a 
substantial group of patients. Therefore, our aim was to investigate the variability 
in standardized uptake values (SUVs) on whole-body FDG-PET scans from patients 
with cancer, using both a conventional and digital EARL-accredited PET scanner.

Materials and methods

Inclusion
We performed a prospective single-centre side-by-side comparison study in 50 
patients with suspected or proven cancer who were referred for whole-body FDG-
PET/CT. Written informed consent was obtained from all participants included in 
this study. The Medical Ethical Committee of our institution (METC Isala, Zwolle, 
Netherlands) approved the study protocol (NL52329.075.15).
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PET/CT acquisition
Patients fasted for at least 6h prior to the PET scan. Blood glucose levels were 
measured before intravenous injection of FDG, to ensure a value below 10 mmol/L. 
Patients were administered a FDG-activity based on 𝐴𝐴 = 6.2	𝑤𝑤( 𝑡𝑡 , where A is the 
FDG-activity administered in Megabecquerel (MBq), w is the patient’s body weight 
in kilogram (kg) and t is the acquisition time per bed position in seconds (s) [8].

For each patient whole-body PET scans from head to groin were acquired in 
supine position using a state-of-the-art TOF PET/CT scanner with conventional 
photomultiplier technology (cPET, Ingenuity TF, Philips Healthcare) and a TOF 
PET/CT scanner with digital SIPMs and digital readout (dPET, Vereos, Philips 
Healthcare). Both systems were EARL-accredited. For both PET scanners the error 
in cross-calibration with the associated dose calibrator was less than 5%. The PET 
scanning order was randomized per patient. We included 25 patients who were 
first scanned on dPET and afterwards on cPET (dPET-first group) and we included 
25 patients who were first scanned on cPET and afterwards on dPET (dPET-second 
group). Per patient and per scan we collected ΔT which was defined as the time 
between FDG-administration and the start of the PET scan.

PET acquisition times of the first scan were 72 s and 144 s per bed position for 
patients with body weight ≤80 kg and >80 kg, respectively. For the second scan 
the scan time per bed position was equal to the scan time of the first scan plus 
a compensation for the radioactive decay of fluor-18. The resulting average scan 
time of the second PET scan was 85 s (range 72-91 s) for patients ≤80 kg and 180 s 
(range 147-205 s) for patients >80 kg.

Prior to each PET scan a CT scan was acquired for attenuation correction. The CT 
scan parameters were 120 kV, 64 mAs (range 39-136 mAs), 64×0.625 mm slice 
collimation, a pitch of 0.83 and a rotation time of 0.5 s.

PET/CT reconstruction
For both systems we used EARL-compatible reconstructions. For cPET an Ordered 
Subset Expectation Maximization (OSEM) TOF PET reconstruction was applied 
with 4x4x4 mm3 voxels and a relaxation parameter of 1.0, without point spread 
function (PSF) modelling, as previously described [9]. For dPET we performed an 
OSEM TOF PET reconstruction with 4x4x4 mm3 voxels and a 3 mm Gaussian post-
smoothing filter, without PSF modelling, as previously described [7]. For both cPET 
and dPET attenuation correction was applied using iteratively reconstructed CT 
data with iDose level 4 and a slice thickness of 3 mm.
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Semi-quantitative evaluation
Semi-quantitative analyses were performed using the quAntitative onCology 
moleCUlar Analysis suiTE (ACCURATE) tool [10]. For each patient we included a 
maximum of 5 FDG-positive lesions, to prevent a possible bias from patients with 
many lesions. In case a patient had more than 5 eligible lesions, we selected the 5 
lesions with the shortest diameter on the CT scan and which were measurable on 
both PET scans using the ACCURATE tool.

For each lesion we measured the mean, peak and maximum standardized uptake 
value (SUVmean, SUVpeak and SUVmax) on cPET and dPET images. SUVmean was based on 
the 3D isocontour derived at 50% of the maximum pixel value. SUVpeak was defined 
as the average SUV of a spherical 1 cm3 volume-of-interest in the tumour-region 
with the highest uptake [11]. Furthermore, we measured the short-axis diameter 
on the axial slice of the CT scan.

Following the paper by Lodge [12] we calculated the relative difference ΔSUV per 
lesion between cPET and dPET for SUVmean, SUVpeak and SUVmax using formula 1.

	
 ∆𝑆𝑆𝑆𝑆𝑆𝑆 = ./012345./06234

<
(1) 

(./012348./06234)∙;.

 𝑅𝑅𝑅𝑅 = 1.96×𝑆𝑆𝐷𝐷(∆𝑆𝑆𝑈𝑈𝑈𝑈) (2)

	 (1)

In addition, we derived the standard deviation (SD) of ΔSUV and we calculated the 
repeatability coefficient (RC) using formula 2.

	

 ∆𝑆𝑆𝑆𝑆𝑆𝑆 = ./012345./06234
<

(1) 
(./012348./06234)∙;.

 𝑅𝑅𝑅𝑅 = 1.96×𝑆𝑆𝐷𝐷(∆𝑆𝑆𝑈𝑈𝑈𝑈) (2)	 (2)

The RC reflects the 95% confidence interval of ΔSUV. Moreover, we counted the 
number of lesions with an absolute ΔSUV ≥30% for all three SUV-parameters 
as this cut-off value is considered by PERCIST to indicate a switch from “stable” 
disease to either “progression” or “response” [13].

Statistical analysis
The statistical analysis was performed using SPSS Version 24. Quantitative results 
were presented as mean ± SD. Data distribution normality was evaluated using 
the Shapiro-Wilk test. For data that were not normally distributed the median 
was included as well. We performed an independent-samples t-test to compare 
patient and scan characteristics (age, body weight, administered FDG-activity 
and ΔT) between patients in both scanning groups. Furthermore, we performed 
the Mann-Whitney U-test to compare lesion diameters between lesions in both 
scanning groups. Differences in average SUVmean, SUVpeak and SUVmax between cPET 
and dPET were evaluated with the Wilcoxon signed-rank test. To test whether 
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average ΔSUV differences between the two PET systems were similar for the 
three SUV-parameters, we pairwise compared ΔSUVmean, ΔSUVpeak and ΔSUVmax 
using a paired 2-samples t-test. Furthermore, we performed the Pitman-Morgan 
test (using R studio, package PairedData) to pairwise compare the RCs of the three 
SUV-parameters. Moreover, we performed a linear regression analysis (Pearson’s 
correlation coefficient and F-test) to determine correlations between ΔSUV and 
the time between FDG-administration and the start of the dPET scan (ΔTdPET), and 
between ΔSUV and lesion diameter. A p-value less than 0.05 was considered to 
indicate statistical significance.

Results

Patient characteristics
We included 50 patients (27 males, 23 females) with suspected or proven lung 
cancer (n=35), breast cancer (n=8), lymphoma (n=3), oesophageal cancer (n=3) 
or gastric cancer (n=1). Patient and scan characteristics per scanning group are 
presented in Table 1. The characteristics of both groups were comparable (p≥0.16). 
In total we evaluated 128 FDG-positive lesions, among which 66 lesions were part 
of the dPET-first group and 62 lesions of the dPET-second group. The  average 
lesion diameter was 19±14 mm (median 15 mm, range 4–90 mm) with comparable 
sizes across both scanning groups (p=0.36). The number of included lesions per 
patient was 1 in 17 patients, 2 in 11 patients, 3 in 7 patients, 4 in 7 patients and 5 
in 8 patients.

 
Table 1 Patient (n=50) and scan characteristics 

dPET-first group 
(n=25) 

dPET-second 
group (n=25) 

p-value

Age (in years)a 64±10 67±12 0.23

Body weight (in kg)a 83±19 76±16 0.16

Glucose level (in mmol/L)a 5.7±0.8 6.0±1.0 0.25

Administered FDG-activity (in MBq)a 413±105 397±97 0.60

ΔT from FDG administration 

   until first PET scan (in min)a

   until second PET scan (in min)a
64±10
96±11

66±10
97±13

0.51
0.79

a Continuous variables are described as mean ± SD
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Semi-quantitative evaluation
SUVmean, SUVpeak and SUVmax over all 128 lesions are shown in Table 2 and Figure 1 
for cPET and dPET separately. Average dPET values were higher than cPET values 
for all three SUV-parameters (p<0.001). 

Figure 1 SUVmean (a), SUVpeak (b) and SUVmax (c) as measured on cPET and dPET across all 
lesions (n=128). The y-axis is shown on a log scale. Average dPET values were significantly higher 

than cPET values for all three parameters (p<0.001)

Table 2 Average SUVmean, SUVpeak and SUVmax across all lesions (n=128), the relative 
difference ΔSUV between both systems and the RC per SUV-parameter. dPET SUVs were 

higher than cPET SUVs (p<0.001) with average ΔSUVs of 6-8%

cPETa dPETa ΔSUV (%)a RC p-value

SUVmean 5.3 ± 3.8 (4.1) 5.6 ± 4.3 (4.6) 6% ± 14% 27% <0.001

SUVpeak 6.4 ± 5.2 (4.7) 6.8 ± 5.9 (5.2) 7% ± 14% 27% <0.001

SUVmax 8.4 ± 6.3 (6.6) 9.1 ± 7.0 (7.3) 8% ± 17% 33% <0.001
a Continuous variables are described as mean ± SD (and median if not normally distributed)

 
Furthermore, relative SUV differences (ΔSUV) between cPET and dPET are shown in 
Table 2 and Figure 2. The average variability in SUVmax was significantly higher than 
in SUVmean (8% vs. 6%, p=0.002) and in SUVpeak (8% vs. 7%, p=0.03), while ΔSUVmean 
and ΔSUVpeak were similar across all lesions (6% vs. 7%, p=0.08). Furthermore, 
corresponding RCs were 27% (ΔSUVmean and ΔSUVpeak) and 33% (ΔSUVmax), with the 
RC of SUVmax being higher than the RCs of SUVmean and SUVpeak (p<0.001). SUVmean 
and SUVpeak RCs were similar (p=0.35). 
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Figure 2 ΔSUV variability for SUVmean, SUVpeak and SUVmax between cPET and dPET across 
all lesions (n=128). The average variability in ΔSUVmax was larger than the variability in ΔSUVmean 

(p=0.002) and ΔSUVpeak (p=0.03). Furthermore, ΔSUVmax had a higher variance as compared to ΔSUVmean 

and ΔSUVpeak (p<0.001)

 
The number of lesions with an absolute ΔSUV ≥30% was 3 (2%) for SUVmean, 4 (3%) 
for SUVpeak and 15 (12%) for SUVmax. All lesions but one with a ΔSUV variability of 
≥30% were part of the dPET-second group.

Correlations between ΔSUV and ΔTdPET are presented in Figure 3 for all three SUV-
parameters. It shows that ΔSUVmean, ΔSUVpeak and ΔSUVmax increased at prolonged 
ΔTdPET (p<0.001) with correlation coefficients of 0.54, 0.55 and 0.59, respectively. 
Furthermore, the average ΔSUV of lesions in the dPET-second group was 
significantly higher as compared to lesions in the dPET-first group, with ΔSUVmean 
of 16% and -3%, respectively (p<0.001), ΔSUVpeak of 16% and -2%, respectively 
(p<0.001), and ΔSUVmax of 21% and -4%, respectively (p<0.001). In Figure 4 we 
compared ΔSUV for each lesion with its diameter. We found no correlation between 
these two parameters (R<0.09, p>0.33).
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Figure 3 Scatterplot comparing the relative change in SUVmean (a), SUVpeak (b) and SUVmax 
(c) with ΔTdPET, defined as the time between FDG-administration and start of the dPET 
scan. ΔSUVmean, ΔSUVpeak and ΔSUVmax increased with prolonged ΔTdPET (p<0.001)

Figure 4 Scatterplot comparing the relative change in SUVmean (a), SUVpeak (b) and SUVmax 
(c) with lesion diameter. The x-axis is shown on a log scale. There were no significant correlations 

between ΔSUV and lesion diameter with R=0.09 for ΔSUVmean and ΔSUVpeak (p=0.32), and R=0.01 for 

ΔSUVmax (p=0.96)

Clinical example
In Figure 5, FDG-PET/CT images are shown from a patient with suspected lung 
cancer in the dPET-second group. Both PET scans showed bilateral adrenal gland 
metastases with higher SUVs (ΔSUV 7-15%) on the second dPET scan that was 
acquired 24 minutes after the cPET scan.
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Figure 5 Axial FDG-PET/CT images from a lung cancer patient with bilateral adrenal 
gland metastases showing higher SUVs on the dPET scan (b) that was acquired 24 min 
after the cPET scan. The left-gland metastasis (diameter 11 mm) showed ΔSUVs of 7% (SUVmean), 10% 

(SUVpeak) and 15% (SUVmax). ΔSUVs of the right-gland metastasis (diameter 14 mm) were 13% (SUVmean) 

and 11% (SUVpeak and SUVmax). In this case the impact of the digital scanner cannot be separated from 

the SUV rise caused by the prolonged FDG-uptake. Meanwhile, the visual image quality of both PET 

scans appeared comparable in terms of image noise, texture and FDG-uptake as intended with an EARL-

compatible protocol

Discussion

We evaluated the SUV variability in whole-body FDG-PET scans from 50 patients 
with cancer by comparing conventional and digital EARL-accredited PET. The 
average SUV variability across 128 FDG-positive lesions was limited with ΔSUVs of 
6-8%. Furthermore, only a limited number of lesions showed a SUV difference of 
more than 30%. These findings indicate that EARL standardisation works.

We compared the variability of three SUV-parameters in a pairwise fashion and 
as expected we found the variability in SUVmax to be higher than in SUVmean and 
SUVpeak (p≤0.03), although the average differences were relatively small (8% vs. 
6-7%). We used automated software to identify the tumour region with the highest 
uptake within the lesion and it has been suggested that this method provides a 
lower variability for SUVpeak as compared to SUVmax [12]. Recently, EARL adopted 
SUVpeak as an additional metric in the updated EARL accreditation standards [14], 
as it appeared to be less sensitive to changes in reconstruction parameters and 
acquisition durations than SUVmean or SUVmax [15]. However, a drawback of common 
SUVpeak definitions that its volume of 1 cm3 is not suitable for (sub)centimeter 
lesions [15].

We found repeatability coefficients of 27% (SUVmean and SUVpeak) and 33% (SUVmax). 
This variability is likely caused by a combination of three factors: a difference in 
EARL CRCs between our cPET and dPET system, the impact of prolonged FDG-
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uptake and the SUV test-retest variability. These 3 factors are discussed in the next 
3 paragraphs.

Concerning CRC differences, the EARL protocol for our dPET system was based on 
relatively high CRCs for sub-15 mm small spheres [7] as compared to the CRCs of 
our cPET EARL protocol [9], with 10-20% higher CRCs on dPET. This explains why 
we found average ΔSUVs of 6-8% with dPET SUVs being higher than cPET values 
(p<0.001) in most cases. Larger variations can be expected at other PET sites or in 
clinical trials that use multiple EARL-accredited PET systems with divergent CRCs. 
This is possible because current EARL accreditation specifications [16] accept 
relatively large differences in CRCs, especially for small spheres (Table 3). To 
further harmonize the semi-quantitative results of EARL-accredited PET scanners, 
PET reconstruction settings could be further aligned to provide more similar 
CRCs. Naturally, SUV variability could also be reduced by using the same system 
and therefore this should be applied in longitudinal PET comparisons of the same 
patient [17].

Table 3 CRCmean and CRCmax limits for the six phantom spheres as defined by EARL [16]. 
For each sphere, relative differences between the upper and lower CRC limits were calculated using 

 𝐶𝐶𝐶𝐶𝐶𝐶CDE % = GHIJGKGLML5GJNJGKGLML
GHIJGKGLML8GJNJGKGLML ∗;.< 

∙ 	100

    Limits

Sphere
diameter

CRCmean CRCmax

min-max CRCdif (%) min-max CRCdif (%)

10 mm 0.27 – 0.43 46% 0.34 – 0.57 51%

13 mm 0.44 – 0.60 31% 0.59 – 0.85 36%

17 mm 0.57 – 0.73 25% 0.73 – 1.01 32%

22 mm 0.63 – 0.78 21% 0.83 – 1.09 27%

28 mm 0.72 – 0.85 17% 0.91 – 1.13 22%

37 mm 0.76 – 0.89 16% 0.95 – 1.16 20%

 
Concerning the time-interval between the first and the second scan, it is known 
that SUVs generally increase with prolonged FDG-uptake [18, 19]. We corrected 
for this effect by randomizing the PET scanning order. Consequently, the average 
ΔSUV across all lesions is likely not influenced by this effect. However, ΔSUVs 
of individual lesions were higher after the longer interval as shown in Figure 3. 
It is likely that the higher average ΔSUV for lesions in the dPET-second group is 
both caused by an increase in SUV due to prolonged FDG-uptake as well as the 
effect of the digital scanner with its higher CRCs. Conversely, in the dPET-first 
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group an increase in SUV on the second scan caused by prolonged FDG-uptake is 
partly being compensated as cPET images were based on a reconstruction with 
lower CRCs as compared to dPET. For example, the average ΔSUVmax in the dPET-
first group was -4% whereas the average ΔSUVmax in dPET-second group was 21%. 
Based on these averages, we expect that about (21%+4%)/2=13% of the higher 
SUVmax on the second scan can be attributed to the prolonged FDG-uptake time. If 
this theoretical correction of 13% is applied to all individual ΔSUVs, only 1 lesion 
(1%) remains with a ΔSUVmax ≥30%.

Concerning the SUV test-retest variability, it is known that biological, technical 
and methodological factors [12, 19] play a role. Several studies have evaluated 
this in different types of cancer [12, 20-22]. In a recent review, Lodge [12] stated 
that with a strict protocol, lesion-SUV has a within-subject coefficient of variation 
(wCV) of 10% (SUVmean and SUVpeak) and 11% (SUVmax). In our study, we found RCs of 
27-33%, representing wCVs of 10% (SUVmean and SUVpeak) and 12% (SUVmax) when 
using 𝑤𝑤𝑤𝑤𝑤𝑤 = 𝑅𝑅𝑅𝑅	 (   2 ∗ 1.96).. This indicates that the average ΔSUV in our study 
is comparable with values reported by Lodge [12]. However, our study includes 
two aspects that make it difficult to compare our wCVs with the data reported by 
Lodge. First, we performed both PET scans on the same day after a single FDG-
administration while Lodge [12] only included results based on two separate 
FDG-administrations. Second, the lesions that we included were relatively small 
(median size 15 mm) while Lodge [12] described that most repeatability studies 
included lesions with a minimum diameter of 20 to 30 mm.

Our conclusion that EARL standardisation works is in agreement with findings 
from a recently published paper by van Sluis et al.[23]. They performed a cPET 
versus dPET comparison study, using scanners from another vendor, in a small 
group of patients with cancer (n=20). Although they did not calculate relative 
differences or repeatability coefficients, they observed a good agreement in 
SUV measurements between both PET/CT systems, in particular when using EARL 
compliant reconstructions on both systems [23].

The present study has some limitations. We included 128 lesions across 50 
patients where the included number of lesions varied between 1 and 5 lesions per 
patient, but we did not take a possible intra-patient correlation between lesions 
into account in the statistical analysis. Yet, the number of lesions in both scanning 
groups was almost similar (66 vs. 62 lesions). Furthermore, our study was not a 
full test-retest study since for each patient both PET scans were acquired on the 
same day and with just a single FDG-injection. Therefore, variability associated 
with patient preparation, biological factors and FDG-administration was not fully 
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taken into account in our study. However, other factors such as patient motion, 
breathing and potential CT-PET mismatches could still have influenced the ΔSUV 
in this intra-individual comparison of EARL-accredited cPET and dPET scans. Still, 
given that the impacts of the PET systems, biological effect and test-retest are 
intricate and that biological effects are not negligible, it would be useful to repeat 
this semi-quantitative comparison of EARL-accredited PET scans in a full test-retest 
setting to confirm our results. Another limitation is the wide range in ΔT for the 
second scan as shown in Figure 3, which influences individual ΔSUVs. Fortunately, 
the average FDG-uptake time per scan between both scanning groups was similar.

While the present study is based on current EARL accreditation specifications 
[16], an update of those specifications has been proposed because in recent years 
different vendors launched new PET/CT systems equipped with novel techniques 
such as TOF, resolution modelling/PSF technologies and digital detectors. These 
modern systems can deliver PET images with higher CRCs, especially for small 
spheres and therefore an update of the EARL accreditation specifications is 
desirable. Kaalep et al.[15] evaluated the feasibility of harmonising performance 
for novel PET/CT systems and they also proposed new EARL criteria. In these newly 
proposed CRCs the relative difference (%) between upper and lower limits is similar 
to current EARL specifications [16]. Therefore, it is expected that the potential 
variability in semi-quantitative FDG-PET with such updated EARL-compatible 
protocols will remain similar.

Conclusion

With EARL-accredited conventional and digital PET, we found a limited SUV 
variability with average differences up to 8%. Furthermore, only a limited number 
of lesions showed a SUV difference of more than 30%. These findings indicate that 
EARL standardisation works. When EARL-accredited systems with divergent CRCs 
are used, larger SUV differences can be expected.
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Abstract

Purpose
Performance standards for quantitative 18F-FDG PET/CT studies are provided by 
the EANM Research Ltd (EARL) to enable comparability of quantitative PET in 
multicentre studies. Yet such specifications are not available for 68Ga. Therefore 
our aim was to evaluate 68Ga-PET/CT quantification variability in a multicentre 
setting.

Methods
A survey across Dutch hospitals was performed to evaluate differences in clinical 
68Ga PET/CT study protocols. 68Ga and 18F phantom acquisitions were performed by 
eight centres with thirteen different PET/CT systems according to EARL protocol. 
The cylindrical phantom and NEMA image quality (IQ) phantom were used to 
assess image noise and to identify recovery coefficients (RCs) for quantitative 
analysis. Both phantoms were used to evaluate cross-calibration between the PET/
CT system and local dose calibrator.

Results
The survey across Dutch hospitals showed a large variation in clinical 68Ga PET/CT 
acquisition and reconstruction protocols. 68Ga PET/CT image noise was below 10%. 
Cross-calibration was within 10% deviation, except for one system to overestimate 
18F and two systems to underestimate the 68Ga activity concentration. RC-curves 
for 18F and 68Ga were within and on the lower limit of current EARL standards, 
respectively. After correction for local 68Ga/18F cross-calibration, mean 68Ga 
performance was 5% below mean EARL performance specifications.

Conclusions
68Ga PET/CT quantification performs on the lower limits of the current EARL RC 
standards for 18F. Correction for local 68Ga/18F cross-calibration mismatch is advised, 
while maintaining the EARL reconstruction protocol thereby avoiding multiple 
EARL protocols. 

Keywords
Quantification; 68Gallium PET/CT; Image Quality; Harmonisation 
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Introduction

The use of 68Gallium (68Ga)-labelled peptides for PET imaging has increased in the past 
years with the market authorisation for 68Ga/68Ge-generators. The main applications 
include imaging of neuroendocrine tumours using somatostatin analogues and 
prostate cancer imaging using the prostate specific membrane antigen [1, 2]. Though 
interpretation of 68Ga-PET/CT is mainly based on visual assessment, quantitative 
measures should be used to evaluate or predict therapy response. 

Previous experience with 18Fluorine (18F) expressed the need for standardization 
of acquisition and reconstruction protocols in order to retrieve comparable 
quantitative imaging data. The EANM Research Ltd (EARL) provides an 
accreditation program to ensure PET/CT system harmonisation in multicentre 
18F-FDG PET/CT studies [3]. This approach is based on standardizing the recovery 
coefficient (RC) for six phantom sphere with different sizes, thereby minimizing 
inter- and intra-institute variability. For other isotopes, quantification should 
be evaluated separately as isotope characteristics can result in different image 
quality and quantification accuracy. For example, Makris et al. studied 89Zirconium 
(89Zr) PET and showed the need for a specific harmonisation step including  
post-reconstruction smoothing to enable comparable quantitative measures 
among PET/CT systems [4]. In contrast, a recent 18F performance study showed that 
post-reconstruction filtering is not required for state-of-the-art PET/CT systems in 
relation to this isotope [5]. However, for 68Ga such studies are not yet available.

In general, PET quantification accuracy depends on reconstructions, noise and 
spatial resolution [6]. For 68Ga, the lower positron yield (89%), long positron range 
due to high initial positron energy (max 1.90 MeV, mean 0.84 MeV), short physical 
half-life (68 minutes) and small prompt gamma branching (3.2%, 1.077 MeV) may 
result in an inferior image quality compared to 18F [7]. Therefore, the aim of this 
study was to assess 68Ga-PET/CT quantification accuracy and reproducibility in a 
multicentre setting based on EARL standards. 

Materials and Methods

Clinical protocol evaluation
A survey among eight Dutch hospitals was performed to evaluate factors that 
affect quantification and to assess variability in clinical 68Ga-PET/CT acquisition 
protocols. Questions focussed on administered activity, PET/CT system, and 
acquisition- and reconstruction settings. 
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18F and 68Ga PET/CT phantom acquisitions 
Eight European hospitals with thirteen PET/CT systems performed phantom 
acquisitions, of which eleven systems were EARL accredited, but all had recoveries 
within the published EARL specifications. Six Biograph mCT systems (Siemens 
Healthineers, Erlangen, Germany), three Discovery systems (GE Healthcare, 
Milwaukee, WI, USA) and four Philips systems (Philips Healthcare, Eindhoven, The 
Netherlands) were included. 

18F and 68Ga acquisitions were performed in the end of 2017 and beginning of 
2018 with two phantoms which were prepared using a standardized procedure by 
experienced staff from each centre. First, the NEMA PET cylindrical phantom was 
filled with 6-13 kBq/ml of 18F and 68Ga. Second, the NEMA NU-2 Image Quality (IQ) 
phantom was imaged using a 1:10 ratio with 2.0 and 20.0 kBq/ml of 18F and 68Ga in 
background compartment and spheres (37, 28, 21, 17, 13 and 10 mm diameter), 
respectively. Acquisitions of both phantoms were performed with minimal 2 bed 
positions and at least 5 minutes per bed position. Images were reconstructed 
according to local settings, including corrections for decay, randoms, dead time, 
CT-based attenuation and scatter. 

Data analysis 
Image noise was characterized for 68Ga only using the coefficient of variation (CoV) 
along a 30×30×160 mm bar in the centre of the cylindrical phantom. Image quality 
was based on the RC of all six spheres, analysed by the EARL semi-automatic tool 
[5, 8]. The RCmax, RCpeak and RCmean were determined as a function of sphere size 
based on the maximum voxel value (RCmax), the 1.0 cm3 volume with the maximized 
average value (RCpeak) and the mean value of 50% isocontour of the maximum 
voxel value (RCmean) with contrast correction, respectively. A spherical volume-of-
interest (VOI) of ~300 ml in the centre of the cylindrical phantom and ten VOIs in 
the background of the IQ phantom were used for local PET and dose calibrator 
cross-calibration. IQ phantom background volume was 9400ml, unless specified 
otherwise by the institute. 

Results

Eight Dutch hospitals provided their clinical acquisition- and reconstruction 
protocols (Table 1), which showed to be different. An overview of all PET/
CT systems and reconstruction settings is provided in Table 2. For local 
cross-calibration, most systems performed within 10% deviation of the 
dose calibrator (Figure 1). The median [IQR] ratio was 0.93 [0.91 – 0.98] and 
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0.99 [0.97 – 1.01] for 68Ga and 18F, respectively. Two systems showed identical 
calibration accuracy for both isotopes (system 2 and 11, all other show a consistent 
underestimation for 68Ga. The 68Ga CoV in the centre of the cylindrical phantom 
was below 10% (Figure 2).

Figure 1 Accuracy of the measured activity by the PET/CT system and local dose 
calibrator, based on the average between the cylindrical and IQ phantom. Numbers 

correspond to Table 2

Figure 2 Noise across the cylindrical phantom filled with 68Ga, visualized as coefficient 
of variation (CoV)

The 18F RC-curves of all PET/CT systems satisfied the current EARL specifications 
(Figure 3A-C). However, for 68Ga the RC-curves were located around the lower limit 
of the EARL specifications (Figure 3D-F). In addition, 68Ga showed a reduced mean 
recovery and larger variation between PET/CT systems compared to the 18F. The 
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variation for all spheres of the RCmean, RCmax and RCpeak for 18F was 6%, 6% and 8%, 
respectively. For 68Ga, the mean range was 11%, 11% and 15% (largest variation 
was 19%). Furthermore, the mean RCmax and RCmean were both 11% lower compared 
to the mean EARL specifications for 18F. The mean 68Ga/18F calibration difference 
within one scanner was 7% (range 1-13%).

Figure 3 RC for 18F with the current EARL standards and RC of 68Ga. Solid lines: maximum 

and minimum values according to EARL limits as applicable before 2019

 
After correction for the local difference between 68Ga/18F cross-calibration (Figure 
1), the 68Ga RC-curve was within EARL limits for all but two scanners (Figure 4). The 
mean 68Ga RCmax and RCmean were accordingly 5% lower compared to mean EARL 
standards. 

Figure 4 68Ga RC-curves corrected for the 18F/68Ga calibration mismatch according to 
local cross-calibration. Solid lines: maximum and minimum values according to EARL limits as 

applicable before 2019
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Discussion

In this study, quantitative 68Ga PET/CT performance was evaluated in a multicentre 
setting. In a survey across Dutch hospitals, differences in clinical acquisition 
and reconstruction protocols were observed, underlining the need for clinical 
harmonisation. Although eleven out of the thirteen PET/CT systems were EARL 
accredited, all systems showed 18F recovery performance within EARL standards. 
For this reason, all systems were included for 68Ga evaluation. 

The absence of local and central dose calibrator cross-calibration for 68Ga is a 
limitation in this study. This would increase local calibrator harmonisation and 
improves PET/CT comparability across sites. Most institutes use a long-lived 
(Ceasium-137) source to assess constancy and accuracy of the dose calibrator 
on a daily basis, and perform actual cross-calibration with the PET/CT system at 
least once a year using 18F. Still, in all but three PET/CT systems the measured 18F 
and 68Ga activity concentrations were within 10% deviation from the local dose 
calibrator. High energy prompt gammas emitted by 68Ga are likely detected by the 
dose calibrator causing a disconcordance, yet in fewer extent by the PET system. 
Because of this, the dose calibrator overestimates 68Ga-activity, and a persistent 
underestimation for 68Ga compared to 18F is seen in Figure 1. A recent study by 
Bailey et al. also showed an underestimation of ±15% for 68Ga, which was primary 
related to an inaccurate scaling factor for the dose calibrator of a specific vendor 
[9]. To avoid these issues, they calibrated the dose calibrator towards the PET, 
after verifying that the scanner has a good response for 18F. These results are also 
supported by the fact that on specific Siemens scanners (scanner 1 and 2) a traceable 
68Germanium (68Ge) source was used to verify absolute PET response independent 
of a dose calibrator. When imaging the 68Ge-source, the PET/CT system did not show 
the same offset as was observed when imaging the 68Ga cross-calibration phantom 
(roughly a deviation of <1% vs. 6% and 7%, respectively). For sake of simplicity we 
would suggest to correct the RC-curve for the local 68Ga/18F discrepancy, as after 
correction for this 68Ga/18F difference in our group (Figure 4) all but two scanners 
were within EARL specifications. This correction has to be performed off line in 
multicentre quantitative studies. The 68Ga used for this study was produced either 
locally or by a pharmaceutical institution and was therefore not traceable to a 
central dose calibrator. We expect that the response between the dose calibrator 
and the PET-system could be uniform in future clinical 68Ga-PET/CT studies if a 
traceable (NIST) source is used to harmonise protocols between centres.

68Ga image noise was below 10% for all PET/CT systems which is in concordance 
with the EANM/EARL guidelines [3, 8]. The RC variation is larger for 68Ga compared 
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to 18F (Figure 3). However, 68Ga performance nearly reached EARL performance 
specifications after correction for the local 68Ga/18F ratio. Surprisingly, the RCpeak 

variation (8% and 15%) is larger in contrast to RCmax and RCmean (both 6% and 
11%) for both 18F and 68Ga, respectively. The study of Kaalep et al. showed the 
opposite result in RCpeak variation [5]. The RCpeak is expected to be less prone to 
noise compared to RCmax; therefore, it was expected to be more comparable over 
all PET-systems. The difference could be explained by the fact that the standard 
deviation of RCmax and RCpeak are similar: 8.4% and 8.6% for 68Ga and 4.8% and 5.0% 
for 18F, respectively. Yet the mean RCpeak value is lower, therefore resulting in a 
higher CoV. Next to that, the larger 68Ga variation in the RC-curves compared to 
18F is likely related to the higher positron energy of 68Ga and thereby revealing a 
lower signal-to-noise ratio. This effect is enhanced by post-reconstruction filtering. 
Finally, previous single centre studies show 68Ga RC-curves similar [10] or somewhat 
better due to point spread function reconstruction [11] as observed in the current 
study. The EARL limits as applicable before 2019 (EARL1) are shown in Figure 3 
and 4, as all acquisitions were acquired before 2019 and therefore site-specific 
acquisition and reconstruction protocols are designed to meet the EARL1 limits. 
RCpeak specifications are not available for EARL1 and are therefore not shown in 
Figure 3 and 4. EARL2 limits (applicable from 2019) for RCmax and RCmean increased 
with ~25% in comparison to EARL1. We expect that the gap between 18F and 68Ga 
recoveries will further increase with this new limits, as already for EARL1 not all 
scanners agreed to EARL1 limits after 68Ga/18F correction (Figure 4).  

Based on the results we propose to correct 68Ga recovery towards 18F recovery 
to correct for the current dose calibrator deviation. We suggest, therefore, to 
apply the EARL acquisition and reconstruction protocol and to correct for 68Ga/18F 
cross-calibration mismatch. One can assume that 68Ga recovery is steady if 18F 
specifications of a PET-system are stable during regular yearly assessment. Unless 
the acquisition and reconstruction protocol is changed or major maintenance is 
performed to the PET/CT-system, we recommend to perform additional 68Ga IQ 
acquisitions only when regular 18F evaluations are deviating. An EARL accreditation 
program for 68Ga can thus be based on the 18F accreditation but extended with a 
cross-calibration verification between 68Ga measured by the dose calibrator and 
PET/CT system only, similarly as proposed by Kaalep et al. for 89Zr [12]. In addition, 
frequent 18F cross-calibration acquisitions using the cylindrical phantom are 
advised, especially after PET/CT system maintenance.
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Conclusion

This evaluation of multicentre 68Ga PET/CT performance showed that 68Ga RCs 
perform at the lower limits of current 18F EARL standards. For practical reasons we 
recommend to use the 18F EARL approved reconstruction settings and to correct 
for 68Ga/18F calibration mismatch based on local cross-calibration. Finally, we 
suggest to evaluate 68Ga PET/CT recovery performance once and repeat only when 
18F specifications are changed.
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Abstract

Objective
Modern PET/CT scanners have significantly improved detectors and fast time-
of-flight (TOF) performance and this may improve clinical performance. The 
aim of this study was to analyze the impact of a current generation TOF PET/CT 
scanner on standardized uptake values (SUV), lesion-background contrast and 
characterization of the adrenal glands in patients with suspected lung cancer, in 
comparison with literature data and commonly used SUV cut-off levels.

Methods
We included 149 adrenal glands from 88 patients with suspected lung cancer, 
who underwent  18F-FDG PET/CT. We measured the SUVmax  in the adrenal gland 
and compared this with liver SUVmean  to calculate the adrenal-to-liver ratio (AL 
ratio). Results were compared with literature derived with older scanners, with 
SUVmax values of 1.0 and 1.8 for normal glands [1, 2]. Final diagnosis was based on 
histological proof or follow-up imaging. We proposed cut-off values for optimal 
separation of benign from malignant glands.

Results
In 127 benign and 22 malignant adrenal glands, SUVmax  values were 2.3  ±  0.7 
(mean  ±  SD) and 7.8  ±  3.2 respectively (p<0.01). Corresponding AL ratios were 
1.0 ± 0.3 and 3.5 ± 1.4 respectively (p<0.01). With a SUVmax cut-off value of 3.7, 96% 
sensitivity and 96% specificity was reached. An AL ratio cut-off value of 1.8 resulted 
in 91% sensitivity and 97% specificity. The ability of both SUVmax and AL ratio to 
separate benign from malignant glands was similar (AUC 0.989 vs. 0.993,  p=0.22).

Conclusions
Compared with literature based on the previous generation of PET scanners, 
current generation TOF 18F-FDG PET/CT imaging provides higher SUVs for benign 
adrenal glands, while it maintains a highly accurate distinction between benign 
and malignant glands. Clinical implementation of current generation TOF PET/CT 
requires not only the use of higher cut-off levels but also visual adaptation by PET 
readers.

Keywords
18F-FDG; PET/CT; Adrenal glands; Lung cancer
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Introduction

Metastatic spread in non-small cell lung cancer (NSCLC) typically involves the brain, 
bone, liver, contralateral lung and adrenal glands [3]. An accurate evaluation of the 
adrenal glands is important, especially when the glands are enlarged on computed 
tomography (CT) [4, 5].

The adrenal glands can be characterized with several imaging techniques, like CT, 
magnetic resonance imaging (MRI), positron emission tomography (PET) using the 
tracer fluorine-18 fluordeoxyglucose (18F-FDG) and combined 18F-FDG PET/CT. All 
these techniques are capable of distinguishing benign from malignant adrenal 
masses, although with different degrees of accuracy [6]. Especially 18F-FDG PET/
CT performs well and is often used for this purpose as it is part of standard clinical 
practice in NSCLC.

The combination of the small size of the normal adrenal gland with the low 18F-FDG 
uptake make the glands usually invisible on older PET scanners because of 
relatively low resolution. In 2004, a paper about the appearance of the normal 
adrenal gland on 18F-FDG PET was published, which reported an average maximum 
standardized uptake value (SUVmax) around 1.0 [1]. More recently, Kim et al.[2] 
reported an average SUVmax value around 1.8 for normal glands. The introduction 
of combined PET/CT made the evaluation of adrenal glands with 18F-FDG PET easier 
because the location of tracer uptake could now be more accurately assigned to 
the adrenal gland as seen on CT [1]. The visual aid provided by CT therefore led to 
a larger proportion of gland visualization, although 18F-FDG uptake was still similar 
to the PET/CT era. Furthermore, it was demonstrated that the use of combined 
PET/CT improved the distinction between benign and malignant adrenal masses 
[7, 8].

In the past decade, however, PET technology itself has been upgraded with 
new, faster scintillators like Lutetium-Orthosilicate (LSO) and Lutetium-Yttrium-
Orthosilicate (LYSO). As a consequence, time-of-flight (TOF) PET became the new 
standard technology for PET manufacturers. Generally, incorporation of the TOF 
technique leads to a more accurate determination of the origin of the annihilation 
event [9], resulting in improved measurements of 18F-FDG uptake.

Even more recently, TOF performance is steadily improving in newer scanners. A 
recently introduced TOF PET/CT scanner (Ingenuity TF, Philips Healthcare) has a 
time-of-flight performance with a timing resolution of around 500  picoseconds 
[10], which translates to a location uncertainty of 7.5 cm on lines-of-response. The 
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improved temporal resolution induces a higher signal-to-noise ratio, higher spatial 
resolution and improved PET image quality [11].

Therefore, the current generation of PET scanners may lead to a better detection 
of the adrenal glands as well as other small lesions. Therefore, the aim of this 
investigation was to analyze the impact of a current generation TOF PET/CT 
scanner on SUVs, lesion-to-background levels and characterization of adrenal 
glands in patients with clinically suspected lung cancer.

Materials and methods

Patients
We included 88 patients, referred for a whole-body  18F-FDG PET/CT scan, to 
evaluate clinically suspected lung cancer. Only patients harboring at least one 
adrenal gland with a final diagnosis, based on histological proof or follow-up 
imaging, were selected for this study. For 27 patients who underwent a single 
adrenal gland biopsy, no follow-up imaging was available resulting in an unknown 
status for the contralateral gland that was not invasively evaluated. Consequently, 
in these patients, only the adrenal gland with histological proof was included.

We received a waiver from the Medical Ethical Committee of our institution to 
perform this partly retrospective and prospective study, as it only deals with 
additional evaluation of a clinical indicated scan. However, all patients agreed to 
the use of their data by signing an informed consent form.

PET/CT data acquisition
Patients fasted for at least 6 h prior to scanning. Before intravenous injection 
of  18F-FDG, blood glucose levels were measured to ensure a value below 
15  mmol/L. A dedicated dose protocol depending quadratically on patients’ 
body weight, as recently proposed in the literature [12], was routinely used. 
It is described by the formula A × t = 3.8 × w2, where A  is the  18F-FDG dose to 
administer (in MBq), t the time per bed position (in seconds) and w is the patients’ 
body weight (in kilogram).

All PET/CT scans were acquired with a current generation PET/CT scanner 
(Ingenuity TF, Philips Healthcare, Cleveland, OH, USA). This fully three-dimensional 
TOF scanner is combined with a 128-slice CT scanner. The PET system contains 
28,336 LYSO crystals (size 4×4×22 mm) divided across 44 detector rings. Regarding 
TOF performances, the timing resolution of the PET scanner is 495 picoseconds 
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with a TOF localization-accuracy of 7.4 cm. The PET scan was performed using a 
whole-body PET/CT acquisition protocol with 50% bed-overlap. Acquisition times 
for the patient studies were 1 and 2 min per bed position for patients with body 
weight ≤80 and >80  kg, respectively. The average administered  18F-FDG activity 
was 330 MBq (range 154–557 MBq).

Prior to PET imaging, a CT scan was acquired for attenuation correction. The CT 
scan parameters were: tube voltage 120 kV, average tube current 61 mA (range 
36–140 mA), slice collimation 64 × 0.625 mm, pitch 0.83 and rotation time 0.5 s. The 
average CT dose-index was 4.1 mGy (range 2.5–9.3) with an average dose-length 
product of 438 mGy cm (range 250–930).

PET/CT data reconstruction
PET data were reconstructed using the default reconstruction algorithm  
“Blob-OS-TF”, a 3D ordered subset iterative TOF reconstruction technique [13, 
14]. For all reconstructions, 3 iterations and 43 subsets were applied. PET images 
were reconstructed in 144×144 matrices with voxel size 4×4×4 mm3 and relaxation 
parameter 1.0. The blob had a 2.5  mm radius with a blob shape parameter of 
8.4 mm. Point-spread function modeling was not applied.

Raw CT data were reconstructed using an iterative reconstruction algorithm (iDose, 
Philips Healthcare, Cleveland, OH, USA) with iDose level 4 and a slice thickness of 
3 mm. The acquisition- and reconstruction protocol were both compatible with the 
guidelines of the European Association of Nuclear Medicine (EANM) [15].

PET/CT data analysis
Integrated PET/CT data were reviewed on a dedicated workstation (IntelliSpace 
Portal 6, Philips Healthcare, Cleveland, OH, USA). The attenuation CT scan was 
used to identify the adrenal glands and to characterize the gland as normal sized 
or enlarged. The adrenal gland was regarded as enlarged when an adrenal mass of 
at least 1 cm was detected on an axial CT slice.

When histological evidence was not available, adrenal glands were considered 
benign when they were stable in size and had identical 18F-FDG uptake on follow-up 
imaging. Adrenal glands were considered malignant when there was progression 
in size or  18F-FDG uptake had increased as evaluated by experienced readers. 
Furthermore, in patients who received systemic treatment during the follow-up 
period, glands were considered malignant when they showed a decrease in size 
or 18F-FDG uptake on follow-up imaging.
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Quantitative PET measurements were performed by an experienced PET reader, 
blinded to histological and follow-up findings, who measured the uptake on the 
axial slice through the adrenal with the highest visual uptake. Around the adrenal, 
an elliptical 2D region-of-interest (ROI) was drawn that included at least two-thirds 
of the gland. After accurate placement of the adrenal ROI was confirmed on axial 
PET/CT images, the SUVmax within the ROI was determined.

Furthermore, we performed background measurements in a homogenous region 
in the liver. On the axial PET image containing the largest liver area, we drew a 
circular 2D ROI of 2000 mm2 (5 cm diameter) in the right liver lobe and measured 
the mean standardized uptake value (SUVmean) within this ROI. We made sure that 
this liver section was homogeneous on  18F-FDG PET and free of any tumor or 
benign abnormality. For each adrenal gland, the adrenal-liver ratio (AL ratio) was 
derived by dividing adrenal gland SUVmax by liver SUVmean.

Data analysis
We calculated average SUVmax  and AL ratio values for benign and malignant 
adrenal glands, including a sub-analysis for normal-sized and enlarged glands. We 
determined the sensitivity and specificity of SUVmax and AL ratio for adrenal gland 
characterization at various cut-off levels, using the final diagnosis as a reference 
standard. For both parameters, the area under the curve (AUC) with the 95% 
confidence-interval (CI) was provided.

Statistical analysis
Results were presented as mean ± standard deviation (SD). Furthermore, ranges 
(minimum–maximum) in uptake values were included. We applied the Independent 
samples Mann–Whitney U test to compare the SUVmax and AL ratio between benign 
and malignant glands and normal-sized and enlarged glands, respectively. To 
evaluate differences in characterization performance between SUVmax and AL ratio, 
we compared the AUCs for both parameters using a Chi-square test. A p value less 
than 0.05 was considered to indicate statistical significance.

Results

Patient characteristics
Clinical data from 88 patients and 149 evaluated adrenal glands are presented 
in Table 1. All adrenal glands were identified on PET/CT images. There were 22 
malignant and 127 benign glands. 91% (20/22) of the malignant glands were 
enlarged. Conversely, 40% (20/50) of the enlarged glands were malignant. For 
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76% of the adrenal glands (113/149) the final diagnosis was based on follow-up 
imaging. The average follow-up period was 6.1  months, which is fairly long in 
relation to the general rate of progression of lung cancer.

Average uptake values for benign and malignant glands
Table 2 contains average SUVmax and AL ratios for benign (n = 127) and malignant 
(n = 22) adrenal glands. For both parameters, we found significantly higher uptake 
values for malignant glands as compared to benign glands (p < 0.001), but with a 
wide range in uptake values for both groups as visualised in Figure 1.

Table 1 Summary of patient characteristics

Patients characteristics (n=88)

	 Sex

		  Male 56

		  Female 32

	 Age (years) 66 ± 11

	 Bodyweight (kg) 78 ± 15

	 Glucose (mmol/L) 6.1 ± 1.4

	 Follow-up period (months) 6.1 ± 2.4

Adrenal glands (n=149)

	 Final diagnosis

		  Benign 127

		  Malignant 22

	 Final diagnosis from

		  Histological proof 36

		  Follow-up imaging 113

	 Gland characterization

		  Normal-sized 99

		  Enlarged 50

	 Enlarged glands (n=50)

	 Benign 30

	 Malignant 20

Table 2  SUVmax and AL ratios for benign and malignant adrenal glands

Benign glands (n=127) Malignant glands (n=22) p value

    SUVmax

Mean ± SD 2.3 ± 0.7 7.8 ± 3.2 p<0.001

Range 1.4–5.2 3.0–16.1

    AL ratio

Mean ± SD 1.0 ± 0.3 3.5 ± 1.4 p<0.001

Range 0.5–2.3 1.6–6.7
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Figure 1 Box plots of the adrenal gland SUVmax  (a) and AL ratios (b) for benign and 
malignant adrenal glands. *Significant difference (p<0.001) in SUVmax and AL ratio between benign 

and malignant glands.  Circle o values that are between 1.5 and 3.0  box  length from the percentile 

borders. Asterisk values that fall more than 3.0 box length outside the box borders

Normal-sized and enlarged adrenal glands
In Table  3, average SUVmax  and AL ratios for normal-sized (n=99) and enlarged 
(n=50) glands are presented. In enlarged glands, we found significantly higher 
uptake values when they were malignant (p<0.001). In normal-sized malignant 
glands, we also observed higher uptake values as compared to normal-sized benign 
glands, although the number of normal-sized malignant glands was limited (n=2).

Table 3 SUVmax and AL ratios for normal-sized and enlarged, benign and malignant glands

Normal-sized glands p value Enlarged glands p value

Benign 
(n=97)

Malignant 
(n=2)

Benign 
(n=30)

Malignant 
(n=20)

SUVmax

 Mean ± SD 2.3 ± 0.6 5.5 ± 0.8 p<0.001 2.6 ± 0.7 8.0 ± 3.3 p<0.001

 Range 1.4–4.6 4.9–6.1 1.4–5.2 3.0–16.1

AL ratio

 Mean ± SD 1.0 ± 0.3 2.8 ± 0.6 p<0.001 1.3 ± 0.3 3.6 ± 1.4 p<0.001

 Range 0.5–1.9 2.4–3.3 0.8–2.3 1.6–6.7

 
Furthermore, for enlarged benign glands there were slightly higher uptake values 
as compared to normal-sized benign glands (p=0.01 for SUVmax and p<0.001 for AL 
ratio, respectively). For both groups of benign glands, there was a wide range in 
uptake values as visualised in Figure 2.
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Figure 2 Box plots of the adrenal gland SUVmax  (a) and AL ratios (b) for normal-sized 
and enlarged benign adrenal glands. *Significant difference in SUVmax  (p=0.01) and AL ratio 

(p<0.001) between normal-sized and enlarged benign glands. Circle o values that are between 1.5 and 

3.0 box length from the percentile borders. Asterisk values that fall more than 3.0 box length outside 

the box borders

Adrenal gland visualization with 18F-FDG PET/CT
Figure 3  contains  18F-FDG PET/CT images of three patients with benign normal-
sized, benign enlarged and malignant adrenal glands. These examples present the 
typical visualization of adrenal glands as visualised on 18F-FDG TOF PET/CT imaging.

Adrenal gland characterization
Both the SUVmax and the AL ratio provided an accurate separation of benign from 
malignant glands. For the SUVmax, a cut-off value of 3.7 resulted in both 96% 
sensitivity and specificity. Using a lower SUVmax of 3.0, 100% sensitivity was reached. 
However, this resulted in only 84% specificity. Furthermore, a higher SUVmax of 5.7 
resulted in 100% specificity with 77% sensitivity.

For the AL ratio, a cut-off value of 1.8 resulted in 91% sensitivity and 97% specificity. 
Using a lower AL ratio of 1.6, 100% sensitivity was reached with 92% specificity. 
Furthermore at AL ratio 2.4, 100% specificity was reached with 86% sensitivity.

The Chi-square test showed that the ability of both SUVmax and AL ratio to separate 
benign from malignant glands was similar (p=0.22) with AUC values 0.989 (CI 
0.974–1.000) and 0.993 (CI 0.983–1.000), respectively.
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Figure 3 Single  18F-FDG PET (left) and fused  18F-FDG PET/CT (right) images of three 
patients.  a.  Two normal-sized adrenal glands (arrows) are visualised. Uptake values for the left 

adrenal gland were 3.4 (SUVmax) and 1.2 (AL ratio). For the right adrenal gland, the SUVmax and AL ratio 

were 3.2 and 1.1 respectively. A 6-months follow-up 18F-FDG PET/CT scan did not reveal any changes 

in adrenal gland size, shape and 18F-FDG uptake for both adrenal glands. b. Patient with an enlarged 

left adrenal gland (arrow), axial diameter 32 mm. Average uptake values were 2.6 (SUVmax) and 1.0 (AL 

ratio). A biopsy performed during endoscopic ultrasound was negative for tumor cells. Furthermore, 

3-month follow-up 18F-FDG PET/CT imaging did not reveal metastatic disease in this enlarged adrenal 

gland. c. Patient with a metastatic lesion in the left adrenal gland. On 18F-FDG PET images, we measured 

a SUVmax of 4.9 and an AL ratio of 3.3 for this adrenal gland. A biopsy performed during endoscopic 

ultrasound-guided fine-needle aspiration (EUS-FNA) confirmed the presence of an adrenal metastasis, 

originating from a lung tumor.
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Discussion

The present study shows that the use of current generation TOF PET/CT imaging 
yields higher SUVs in benign adrenal glands, as compared to values described in the 
literature based on the previous generation of PET scanners. Consequently, the 
visualization of normal glands on current generation TOF PET/CT has improved. 
Although theoretically the improved visualization of benign glands may lead to 
confusion, it appeared that the ability of  18F-FDG PET to distinguish between 
benign and malignant nature of the adrenal lesions remains very high, as SUVs in 
malignant glands is also significantly higher than before. Using appropriate cut-
off values, 96% sensitivity and 96% specificity can be reached, which leads to an 
accurate detection of metastatic adrenal gland lesions with modern PET/CT.

This study can be regarded as an update of published results in adrenal glands 
based on older PET/CT technology. Results from the present study differ in many 
aspects from previous investigations described in literature. For example, we 
found statistically different SUVs between normal-sized and enlarged benign 
glands (p = 0.01) which has been described before; however, in our study the mean 
difference in SUV between these groups was relatively small (SUV 2.3 vs. SUV 2.6). 
For enlarged adrenal glands (also mentioned adrenal lesions, nodules or masses), 
it is known that they may show an increased 18F-FDG uptake when benign [16, 17] 
and our results are comparable with values reported in the literature. However, for 
normal-sized glands, an average SUVmax of 2.3 as found in our study is considerably 
higher than values of 1.0 and 1.8 as reported in the literature [1, 2]. In other 
words, with current generation TOF PET/CT there is an increase in measured SUV, 
especially for normal-sized benign glands. Their SUVs get closer to the commonly 
reported uptake values for enlarged benign glands.

Furthermore, our study revealed a broad range (1.4–5.2) in SUVmax  for benign 
adrenal glands. The presence of a wide range in uptake values has been mentioned 
before [1, 2], but with much smaller ranges (0.95–2.46 and 1.0–3.3, respectively). 
Higher SUVs in normal-sized benign adrenal glands, as found in the present study, 
are likely caused by the improved resolution of current PET cameras with fast TOF 
providing a better image quality for more accurate SUV measurements [18]. Also 
the reduced partial volume effect contributes to the more accurate evaluation of 
small organs such as the adrenals.

In simplified terms, using older generation of PET scanners a clearly visualized 
adrenal could often times safely and correctly be reported as malignant. With 
the modern scanners, however, this is no longer the case. PET readers should 
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be aware of higher SUVs as well as wider ranges in benign adrenal glands when 
evaluating scans acquired with current generation TOF PET/CT. Readers should 
also update their cut-off levels if they decide to use SUV measurements to assist 
the visual diagnosis. It is expected that this new particular knowledge improves 
the diagnostic confidence of PET readers and prevents unnecessary adrenal gland 
biopsies when implementing current generation TOF PET/CT.

The main advantage of 18F-FDG PET/CT in adrenal gland evaluation is the ability to 
detect and exclude metastatic disease. Therefore, our finding that normal adrenal 
glands show higher 18F-FDG uptake values on TOF PET/CT may make interpretation 
more difficult, as it can be hypothesized that the presence of higher SUVs in 
normal adrenal glands makes the distinction between benign glands and (small) 
adrenal metastases more difficult. However, in our study uptake in malignant 
glands was also considerably higher and overall, we showed that  18F-FDG PET/
CT still has a great ability to detect metastatic disease in adrenal glands, with 
96% sensitivity and 96% specificity at a SUVmax cut-off level of 3.7. Many studies 
described lower SUVmax cut-off values ranging between 2.5 and 3.4 [2, 7, 19-22]. 
Furthermore, one study reported an optimal SUVmax  of 3.9 with a relative poor 
performance (sensitivity 96%, specificity 82%) [23] while another study recently 
found sensitivity and specificity values of 90% using SUVmax cut-off 5.2 [18].

Apart from the use of SUVmax  in image interpretation, adrenal gland uptake is 
always visually or quantitatively compared with tracer intensity in the liver. In the 
present study, SUVmax and AL ratio performances for adrenal gland characterization 
were comparable. Nonetheless, some studies suggested that the AL ratio is 
the most accurate parameter for gland characterization [18, 23, 24]. In the past 
15  years, many studies used a visual or quantitative AL ratio equal to or larger 
than 1.0 as cut-off value to separate benign from malignant adrenal glands [5, 8, 
24, 25]. In contrast, our study indicates that an AL ratio of at least 1.6 should be 
used for accurate distinction while recently, two other studies reported AL ratios 
of 1.4 and 1.5 with sensitivity and specificity values above 90% [18, 23]. Hence, 
this demonstrates that clinical implementation of current generation TOF PET/CT 
requires higher AL ratio cut-offs than used to the past, which demands a change in 
both quantitative and visual adrenal gland assessment by PET readers.

In this study we demonstrated that the current generation TOF PET/CT scanner is 
highly accurate in adrenal gland characterization. However, we also found a wide 
range in benign gland SUVs with some overlap in malignant gland SUVs. Therefore, 
when a gland with a SUV ranging between 3 and 6 is suspected to be the only 
metastatic location in a patient, the status is still often verified by biopsy (for left-
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sided glands) or short term follow-up imaging (for right-sided glands), despite the 
very high detection performance of PET.

The present study has some limitations. With an average follow-up of 6 months, 
the follow-up period in this study may be short, potentially biasing the results. 
However, on average NSCLC rapidly progresses even after chemotherapy. It seems 
unlikely that a normal sized metastatic gland remains unchained in this period, 
although we cannot completely exclude this possible small error. Furthermore, the 
diagnostic performance might be further improved if we would take additional 
information such as adrenal gland Hounsfield measurements and contrast 
washout into account [5, 7, 21]. Moreover, we focused on quantitative assessment 
of the adrenal glands, while visual adrenal-to-background evaluation on  18F-FDG 
PET remains important and sensitive in clinical practice [19, 26]. Finally, adrenal 
gland uptake may differ depending on the populations studied [2].

Conclusion

Current generation TOF  18F-FDG PET/CT imaging results in higher SUVs and 
adrenal-to-liver ratios in benign adrenal glands, as compared to literature based 
on older scanners. This leads to an improved visualization of both benign and 
malignant glands and requires adaptation of PET readers when evaluating current 
generation TOF PET/CT images. However, this study indicates that the quantitative 
differentiation between benign and malignant glands in patients with suspected 
lung cancer remains highly accurate, when appropriate cut-off levels are used.
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Abstract

A major disadvantage of 18F-FDG PET involves poor detection of small lesions and 
lesions with low metabolism, caused by limited spatial resolution and relatively 
large image voxel size. As spatial resolution and sensitivity are better in new PET 
systems, it is expected that small-lesion detection could be improved using smaller 
voxels. The aim of this study was to test this hypothesis using a state-of-the-art 
time-of-flight PET/CT device.

Methods
18F-FDG PET scans of 2 image-quality phantoms (sphere sizes, 4–37 mm) and 
39 consecutive patients with lung cancer were analyzed on a time-of-flight  
PET/CT system. Images were iteratively reconstructed with standard 4×4×4 mm 
voxels and smaller 2×2×2 mm3 voxels. For the phantom study, we determined 
contrast-recovery coefficients and signal-to-noise ratios (SNRs). For the patient 
study, 18F-FDG PET–positive lesions in the chest and upper abdomen with a volume 
less than 3.0 mL (diameter, <18 mm) were included. Lesion mean and maximum 
standardized uptake values (SUVmean  and SUVmax, respectively) were determined 
in both image sets. SNRs were determined by comparing SUVmax and SUVmean with 
background noise levels. A subanalysis was performed for lesions less than 0.75 mL 
(diameter, <11 mm). For qualitative analysis of patient data, 3 experienced nuclear 
medicine physicians gave their preference after visual side-by-side analysis.

Results
For phantom spheres 13 mm or less, we found higher contrast-recovery coefficients 
and SNRs using small-voxel reconstructions. For 66 included  18F-FDG PET–positive 
lesions, the average increase in SUVmean and SUVmax using the small-voxel images was 
17% and 32%, respectively (p<0.01). For lesions less than 0.75 mL (21 in total), the 
average increase was 21% and 44%, respectively. Moreover, averaged over all lesions, 
the mean and maximum SNR increased by 20% and 27%, respectively (p<0.01). For 
lesions less than 0.75 mL, these values increased up to 23% and 46%, respectively. 
The physicians preferred the small-voxel reconstructions in 76% of cases.

Conclusion
Supported by a phantom study, there was a visual preference toward  18F-FDG 
PET images reconstructed with 2×2×2 mm3 voxels and a profound increase in 
standardized uptake value and SNR for small lesions. Hence, it is expected that 
small-lesion detection improves using small-voxel reconstructions.

Keywords
18F-FDG PET; time-of-flight small-voxel reconstruction; lung cancer; small lesions
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Introduction

Whole-body  18F-FDG PET integrated with CT is widely used for primary tumor 
analysis and mediastinal lymph node staging in patients with non–small cell and 
small cell lung cancer [1, 2]. For these patients, accurate lymph node staging is of 
high importance because both prognosis and therapeutic management depend 
on the tumor stage [3]. A major disadvantage of  18F-FDG PET involves poor 
detection of small lesions and lesions with low metabolism. With a sensitivity of 
76% and specificity of 88% [4], PET/CT is less sensitive for nodal involvement of 
small nodes (diameter, <10 mm) [3, 5]. This poor detection is caused by limited 
spatial resolution and sensitivity [3, 6]. To improve work flow and patient comfort, 
relatively large image voxel sizes are generally preferred in clinical practice to 
effectively obtain more counts per voxel and subsequently a reduction in image 
noise [7]. However, the low spatial resolution introduces the partial-volume effect, 
which affects images both visually and quantitatively because small lesions may 
appear larger and their 18F-FDG uptake may seem lower than is actually the case 
[8]. Consequently, the detection of small lesions is limited by the partial-volume 
effect.

In the literature, several ways to improve lesion detectability on PET/CT are 
described. With the introduction of scintillators such as lutetium orthosilicate and 
lutetium yttrium orthosilicate, time-of-flight (TOF) PET became the new standard 
technology for PET manufacturers. With the implementation of TOF PET, the 
increased signal-to-noise ratio (SNR) appeared to improve the detectability of 
small lesions [9-12]. Furthermore, the detection of small lesions can be improved 
by changing reconstruction settings, for example, by optimizing the number of 
iterations and subsets and by modeling of the point-spread function [13-15].

In current practice, the image voxel size for whole-body  18F-FDG PET scans is 
typically around 4×4×4 mm3 [7, 16]. Conti [7] suggested that in combination with 
new high sensitive TOF PET/CT cameras, the use of reconstructions with smaller 
voxels might further improve the detection of small lesions. However, it was not 
assessed before to which extent small lesion detectability is influenced by the 
reconstruction voxel size. Therefore, the aim of this study was to determine the 
impact of a small-voxel reconstruction on the detectability of small lesions using a 
state-of-the-art TOF PET/CT device.
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Materials and methods

To study the impact of small-voxel reconstructions on lesion detectability using 
a state-of-the-art TOF PET/CT device, we first performed a phantom study and 
subsequently a patient study.

Phantom Study
We analyzed 2 image-quality phantoms consisting of spheres with varying 
sizes. The National Electrical Manufacturers Association (NEMA) International 
Electrotechnical Commission (IEC) Body Phantom Set (model PET/IEC-BODY-P) 
image-quality phantom (NEMA phantom) has an interior length of 18 cm and 
contains 6 fillable spheres with 10-, 13-, 17-, 22-, 28-, and 37-mm inner diameters. 
The large background compartment (with a volume of 9,300 mL) and the 6 spheres 
were filled with a solution of 18F-FDG, 2.0 and 19.9 kBq/mL, respectively, resulting 
in a sphere-to-background ratio of 10.0. The sphere-to-background ratio was 
consistent with the guidelines of the European Association of Nuclear Medicine 
(EANM) [17]. The cylinder-shaped Micro Hollow Sphere Phantom (model ECT/HS/
MMP) (microphantom) has an inside diameter of 40 mm, inside height of 82 mm, 
and volume of 103 mL. It contains 4 fillable spheres with 4-, 5-, 6-, and 8-mm inner 
diameters. The background compartment and 4 spheres were filled with a solution 
of 18F-FDG, 1.9 and 17.4 kBq/mL, respectively, resulting in a sphere-to-background 
ratio of 9.4.

Patient Study
Thirty-nine consecutive patients with lung cancer, who underwent 18F-FDG PET/CT, 
were analyzed. Patients signed a written informed consent form, and this study 
was approved by the local ethical committee of our institution. Patients fasted 
for at least 6 h before scanning. Before intravenous injection of  18F-FDG, blood 
glucose levels were measured to ensure a value below 15 mmol/L. A dedicated 
dose protocol, depending quadratically on patients’ body weight [18], was 
implemented using the formula A × t = 3.8 × m2. In this formula, A is the 18F-FDG 
dose to administer in MBq, t the time per bed position in seconds (s), and m the 
body weight in kilograms (kg). 18F-FDG dose and acquisition time were consistent 
with EANM guidelines for tumor PET imaging [17].

Data Acquisition
All PET/CT scans were acquired with the Ingenuity TF PET/CT scanner (Philips 
Healthcare). This fully 3-dimensional (3D) TOF scanner is combined with a 128-slice 
CT scanner. The PET system contains 28,336 lutetium yttrium orthosilicate crystals 
(size, 4×4×22 mm) divided across 44 detector rings. Regarding TOF performance, 
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the timing resolution of the PET scanner is 495 picoseconds, with a TOF localization 
accuracy of 7.43 cm. The scan duration for the NEMA phantom was 10 min per bed 
position, as proposed in the EANM guidelines [17]. Also for the microphantom, 
the duration of the PET scan was 10 min. Acquisition times for the patient studies 
were, respectively, 1 and 2 min per bed position for patients with a body weight 80 
kg or less and more than 80 kg. The administered 18F-FDG dose ranged from 185 to 
500 MBq. The PET scan was followed by a CT scan, used for attenuation correction.

Data Reconstruction
PET data were reconstructed using a default 3D ordered-subset iterative TOF 
reconstruction technique. Images were reconstructed in 2 types of matrices: 
144×144 matrices with a voxel size of 4×4×4 mm3 (standard-voxel reconstruction) 
and 288×288 matrices with a voxel size of 2×2×2 mm3 (small-voxel reconstruction). 
To compensate for detector blurring, a blob-based reconstruction was applied. 
These spheric symmetric image elements (blobs), originating from Kaiser–Bessel 
basis functions [19, 20], are used instead of voxels for image representation. In 
a blob reconstruction, there is blob overlap, enabling better contrast-to-noise 
performance without the need for postfiltering [20]. We used 2 types of blobs in 
this study. For the standard-voxel reconstruction, the blob had a 2.5-mm radius, 
with a blob shape parameter of 8.4 mm. The blob radius and shape parameter for 
the small-voxel reconstruction were 2.8 and 6.4 mm, respectively. Furthermore, 
the relaxation parameters for the standard- and small-voxel reconstruction were 
1.0 and 0.5, respectively. For both types of voxel reconstructions, 3 iterations and 
43 subsets were applied. All reconstruction parameters were default settings 
recommended by the manufacturer.

Data Analysis
Phantom Study
Quantitative measurements were performed on a dedicated workstation 
(IntelliSpace Portal 6; Philips Healthcare). For each sphere, we determined the 
mean and maximum  18F-FDG concentration (kBq/mL) in both standard- and 
small-voxel reconstructed image sets. The mean  18F-FDG concentration was 
calculated from a 3D isocontour created at 50% of the maximum pixel value. 
Furthermore, background measurements were performed in a circle-based 
region of interest (ROI) of approximately 2,000 mm2 (NEMA phantom) and 400 
mm2 (microphantom) localized in a homogeneous region in a background part of 
the phantom. For the NEMA phantom, we performed background measurements 
on the most central axial slice, at least 20 mm away from both the phantom edge 
and the phantom spheres to prevent influence of the partial-volume effect. For 
the microphantom, we performed the background measurements in an axial 
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slice 20 mm below the spheres. The mean 18F-FDG concentration and SD in the 
ROI were determined. Using Formula 1, we calculated the noise in the phantom 
background compartment.

	
𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍 = 	 𝑺𝑺𝑺𝑺𝒃𝒃

𝑪𝑪𝒃𝒃𝒃𝒃
 (1) 

𝐂𝐂𝐂𝐂𝐂𝐂 = 	 𝑪𝑪𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎
𝑪𝑪𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕

 (2) 

𝐒𝐒𝐒𝐒𝐒𝐒 = 𝑪𝑪𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎
𝑺𝑺𝑺𝑺𝒃𝒃𝒃𝒃

 (3)

	 (1)

In this formula, Cbg  and SDbg  are, respectively, the mean and SD of the  18F-FDG 
concentration as measured in the background of the reconstructed images. For 
each sphere, we determined the mean and maximum contrast recovery coefficients 
(CRCmean and CRCmax, respectively) using Formula 2.

	

𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍 = 	 𝑺𝑺𝑺𝑺𝒃𝒃
𝑪𝑪𝒃𝒃𝒃𝒃

 (1) 

𝐂𝐂𝐂𝐂𝐂𝐂 = 	 𝑪𝑪𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎
𝑪𝑪𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕

 (2) 

𝐒𝐒𝐒𝐒𝐒𝐒 = 𝑪𝑪𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎
𝑺𝑺𝑺𝑺𝒃𝒃𝒃𝒃

 (3)

	 (2)

CRC is defined as the ratio between the measured (maximum or mean)  18F-FDG 
concentration in the images (Cmeasured) and the true  18F-FDG concentration in the 
sphere (Ctrue). Cmeasured and Ctrue were both adapted for the background, to distinguish 
the uptake in the (small) spheres from background uptake. Hence, for the NEMA 
phantom spheres Ctrue  was 17.9 kBq/mL, and for the microphantom spheres 
Ctrue was 15.5 kBq/mL. Furthermore, we calculated the mean and maximum SNR 
(SNRmean and SNRmax, respectively) using Formula 3.

	

𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍 = 	 𝑺𝑺𝑺𝑺𝒃𝒃
𝑪𝑪𝒃𝒃𝒃𝒃

 (1) 

𝐂𝐂𝐂𝐂𝐂𝐂 = 	 𝑪𝑪𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎
𝑪𝑪𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕

 (2) 

𝐒𝐒𝐒𝐒𝐒𝐒 = 𝑪𝑪𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎
𝑺𝑺𝑺𝑺𝒃𝒃𝒃𝒃

 (3)	 (3)

In this equation, SDbg  is the SD of the  18F-FDG concentration as measured in the 
background of the images. For all parameters, we determined the relative changes 
between the standard- and small-voxel reconstructions.

Patient Study
For quantitative analysis of the patient data, the same workstation was used as 
for the phantom study. Lesion volume was determined by taking the average 
lesion volume (based on isocontours at 50% of the maximum pixel value) derived 
from both reconstructed PET images. Only  18F-FDG PET–positive lesions in the 
chest and upper abdominal region with an average lesion volume of less than 
3.0 mL (≈diameter, <18 mm) were included for analysis. Lesions were considered 
as 18F-FDG PET–positive when there was an increased uptake (visually assessed), 
compared with the mediastinal blood pool [21-23] on the standard-voxel 
reconstruction. A maximum of 3 lesions per patient was incorporated to avoid the 
impact of some patients with many small lesions. In these cases, the 3 smallest 
lesions were selected. In total, we included sixty-six 18F-FDG PET–positive lesions, 
located, respectively, in the mediastinum (n=30), lung (n=23), hilar region (n=8), 
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axilla (n=3), and high abdominal region (n=2). A subanalysis was performed for 
lesions less than 0.75 mL (≈diameter, <11 mm).

For each lesion, we measured the mean and maximum standardized uptake values 
(SUVmean  and SUVmax, respectively), where the mean value was again based on 
the isocontour at 50% of the maximum pixel value. We performed background 
measurements in the mediastinal blood pool, by drawing an ROI of approximately 
400 mm2. This way, the SUVmean  (SUVbackground) and SD in this background were 
determined. Subsequently, SNRmean, SNRmax and background noise were calculated 
in a similar way as for the phantom study. For all parameters, we determined the 
relative changes between the standard- and small-voxel reconstructions.

For a visual analysis, 3 experienced nuclear medicine physicians, who were unaware 
of the study purpose, performed a side-by-side analysis of the standard- and small-
voxel reconstructed images. For the 66 selected lesions, the physicians had to 
rank their preference based on lesion sharpness, lesion contrast, and diagnostic 
confidence.

Statistical Analysis
We used the Wilcoxon signed-rank test to compare SUVmean, SUVmax, SNRmean and 
SNRmax  measurements between the standard- and small-voxel reconstructions. 
Furthermore, we performed linear regression analysis to determine correlations 
between lesion volume and relative changes in SUVmean, SUVmax, SNRmean and SNRmax. 
In this perspective, we performed the F test and calculated Pearson correlation 
coefficients. A  p  value of less than 0.05 was considered to indicate statistical 
significance.

Results

Phantom Study
Figure 1 shows illustrations of the NEMA phantom and microphantom that were 
reconstructed using standard and small voxels. When  Figures 1A and 1B  are 
compared, it is clearly visualized that the 2 smallest spheres of the NEMA phantom 
have an enhanced contrast on the small-voxel reconstruction (Fig. 1B). Furthermore, 
as can be seen in Figure 1D, the contrast of the small spheres in the microphantom 
is clearly increased on the small-voxel reconstruction, compared with the standard-
voxel reconstruction (Fig. 1C). This particularly pertains for the smallest phantom 
sphere (4 mm) of the microphantom, which could not be distinguished from the 
background on the standard-voxel reconstruction, whereas it is clearly visualized 
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on the small-voxel reconstruction. Background noise levels in the NEMA phantom 
were 5.1% and 7.5% for the standard- and small-voxel reconstruction, respectively. 
For the microphantom, noise levels for these reconstructions were 4.0% and 5.6%, 
respectively.

Figure 1 18F-FDG PET images of NEMA phantom (A and B) and microphantom (C and 
D) using standard-voxel reconstruction (A and C) and small-voxel reconstructions (B 
and D). Sphere sizes for NEMA phantom were 10, 13, 17, 22, 28, and 37 mm, inner diameter, and 

sphere sizes for microphantom were 4, 5, 6, and 8 mm, inner diameter. For all spheres with diameter 

of 13 mm or less, contrast is clearly increased using small-voxel reconstruction. Moreover, smallest 

microphantom sphere cannot be distinguished from background on standard-voxel reconstruction (C), 

yet it can be detected on small-voxel reconstruction (D)

 
The impact of the small-voxel reconstruction on CRCmean, CRCmax, SNRmean and 
SNRmax  is summarized in  Table 1. As presented in this table, for all parameters 
we found increases for the small spheres (≤13 mm) using the small-voxel 
reconstruction. The relative increases were the highest for the smallest spheres 
(≤6 mm). In particular for the 5- and 6-mm spheres, we found relative increases 
of more than 100% for CRCmax and SNRmax. The 4-mm microphantom sphere could 
not be distinguished from the background on the standard-voxel reconstruction 
(listed as not applicable). For the larger spheres (≥17 mm), decreases in SNRmean and 
SNRmax were approximately 30%. These decreases were related to the increase of 
noise on the small-voxel reconstruction. However, the detection of these spheres 
on the small-voxel reconstruction was not compromised because the SNRs were 
still quite large (>60). Furthermore, the CRCs remained constant for the larger 
spheres as presented in Table 1.
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Table 1 CRCmean, CRCmax, SNRmean and SNRmax  for 10 phantom spheres for both voxel 
reconstructions, including relative changes (%)

Microphantom sphere diameter (mm) NEMA phantom sphere diameter (mm)

Parameter 4 5 6 8 10 13 17 22 28 37

CRCmean

	 Standard N/A 0.02 0.06 0.14 0.25 0.38 0.62 0.67 0.71 0.75

	 Small 0.03 0.04 0.12 0.25 0.37 0.45 0.65 0.69 0.73 0.71

	 % N/A 84% 84% 79% 46% 19% 5% 3% 3% −6%

CRCmax

	 Standard N/A 0.03 0.11 0.20 0.43 0.65 0.99 1.01 0.96 1.00

	 Small 0.06 0.10 0.24 0.44 0.72 0.85 0.97 0.96 0.99 1.00

	 % N/A 239% 118% 115% 68% 31% −2% −4% 2% 0%

SNRmean

	 Standard N/A 5 16 56 42 63 104 112 118 124

	 Small 9 10 30 64 42 52 74 79 83 80

	 % N/A 87% 85% 79% 0% −18% −28% −29% −30% −35%

SNRmax

	 Standard N/A 8 28 52 71 108 165 167 161 166

	 Small 14 27 61 112 82 97 110 110 113 114

	 % N/A 242% 119% 116% 15% −10% −33% −35% −30% −31%

Standard = standard-voxel reconstruction (4×4×4 mm3); N/A = not applicable; small = small-voxel 

reconstruction (2×2×2 mm3).

 
Figure 2 presents the CRCmean and CRCmax for the 10 spheres (the smallest 4 from 
the microphantom) for both reconstruction types. Furthermore, it includes the 
relative changes in CRC between the standard- and small-voxel reconstruction. As 
can be seen in this figure, for the spheres 13 mm or less, both the CRCmean and the 
CRCmax were higher on the small-voxel reconstruction, inducing relative increases 
up to 80% for the CRCmean and 200% for the CRCmax.

Patient Study
Regarding quantitative analysis, the average lesion volume was 1.18 mL (diameter, 
~18 mm), with 21 lesions smaller than 0.75 mL (diameter, ~11 mm). The average 
background noise was 19% higher on the small-voxel images (17% vs. 20% for 
standard- and small-voxel images, respectively).

The average changes in SUVmean and SUVmax we found using the small-voxel images 
were 17% (p<0.001) and 32% (p<0.001), respectively. These values increased up to 
21% and 44%, respectively, for lesions less than 0.75 mL. The increases in SNRmean 

and SNRmax were 13% (p=0.015) and 27% (p<0.001), respectively. For lesions less 
than 0.75 mL, these values improved toward 23% and 46%. We found moderate 
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Figure 2 CRCmean  (A) and CRCmax  (B) for phantom spheres using standard- and small-
voxel reconstructions, with relative changes (%) for both parameters presented in plot 
C and D. For small spheres (≤13 mm), we found increases for CRCmean and CRCmax using small-voxel 

reconstruction, with highest relative increases for 5- and 6-mm small spheres. As 4-mm small spheres 

could not be distinguished from background on standard-voxel reconstruction, no relative CRC changes 

were determined

Figure 3 Relative changes in SUVmax (A) and SNRmax (B) for all 66 included lesions using 
small-voxel reconstruction instead of standard-voxel reconstruction. Average changes in 

SUVmax and SNRmax across all lesions were 32% and 27%, respectively. For lesions smaller than 0.75 mL, 

we found average SUVmax and SNRmax increases of 44% and 46%, respectively
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correlations between lesion volume and relative changes in SUVmean, SUVmax, 
SNRmean and SNRmax with Pearson correlation coefficients of −0.34, −0.38, −0.23, and 
−0.27, respectively. Nevertheless, changes in SUVmean, SUVmax and SNRmax correlated 
significantly with lesion volume (p< 0.05). The correlation between lesion volume 
and relative change in SNRmean  was nonsignificant (p=0.07). Relative changes in 
SUVmax and SNRmax for all lesions, using the small-voxel reconstruction instead of 
the standard-voxel reconstruction, are presented in Figure 3.

Regarding visual analysis, the 3 physicians preferred the small-voxel images in, 
respectively, 64%, 77%, and 88% of cases (average, 76%). Furthermore, in 88% of 
cases, at least 2 physicians preferred the small-voxel images.

Figure 4 Transverse  18F-FDG PET images using standard-voxel reconstruction (A) and 
small-voxel reconstruction (B). Lesion in left lung (volume, 0.68 mL) with SUVmax  of 2.6 using 

standard-voxel reconstruction increased with 54% to 4.0 using small-voxel reconstruction. SNRmax 

increased with 115% (from 3.1 to 6.6). ROIs used for background measurements are illustrated by black 

circles

Figure 5 Coronal 18F-FDG PET images with standard-voxel reconstruction (A) and small-
voxel reconstruction (B). SUVmax of lesion in right hilar region (volume, 0.50 mL) with SUVmax of 3.0 

using standard-voxel reconstruction increased with 46% to 4.4 on small-voxel reconstruction (black 

arrow). SNRmax increased with 77% (from 9.8 to 13.3)
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In  Figure 4  and  Figure 5,  two clinical examples are presented comparing the 
standard- and small-voxel reconstructed PET images. The SUVmax and SNRmax of the 
lung lesion, visualized in Figure 4, increased with 54% and 115%, respectively. For 
the lesion in the right hilar region, as can be seen in Figure 5, we found SUVmax and 
SNRmax increases of 46% and 77%, respectively.

Discussion

In this investigation, we demonstrated that the detection of small lesions on a 
state-of-the-art TOF PET/CT device can be improved using reconstructions with 
smaller voxels. We found significant improvements in SUV and SNR, and moreover 
our physicians preferred the 18F-FDG PET images reconstructed with 2×2×2 mm3 
voxels in most cases.

The CRC measurements in our phantom study for both standard- and small-
voxel reconstructions are consistent with the results of Kolthammer et al.[16]. 
Furthermore, the improvement of CRCs for small-voxel reconstructions implies 
an improved image resolution, which has a direct impact on the interpretation of 
clinical SUV measurements of small lesions.

The use of a small-voxel reconstruction also influences image quality in terms 
of image noise. With equal administered  18F-FDG dose and acquisition time, the 
small-voxel reconstruction implies less counts per voxel, and therefore the image 
noise intrinsically increases. Furthermore, image noise is influenced by the image 
reconstruction process and the use of different reconstruction settings such as 
relaxation and blob shape parameters [7, 24, 25]. The increase in noise on the 
small-voxel reconstruction explains the 30% decrease in SNR we found for the 
large spheres (≥17 mm) in our phantom study. However, we showed that despite 
the increase in noise, the SNR of small spheres and lesions significantly improved 
using the small-voxel reconstruction on a state-of-the-art TOF PET/CT device.

For this study, we used default settings provided by the manufacturer, for both the 
standard- and the small-voxel reconstructions. Although it is expected that these 
settings are suitable for clinical PET/CT studies, these may not be the most optimal 
settings. Hence, optimization of the reconstruction settings such as the number 
of iterations, subsets, and blob and relaxation parameters could possibly further 
improve the detection of small lesions [26-28]. Moreover, previous studies have 
shown the added value of modeling of the point-spread function for the detection 
of small lesions [13, 14].
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In addition, in this study we evaluated the small-voxel reconstructions on the 
phantoms with a sphere-to-background ratio of 10, according to EANM procedure 
guidelines [17]. It would be valuable also to perform phantom studies with lower 
concentration ratios, for example, with a sphere-to-background ratio of 4, to study 
the impact of small-voxel reconstructions on the detectability of lesions with low 
contrast.

In this study, 3 nuclear medicine physicians were asked to compare the standard- and 
small-voxel reconstructed images and to give their preference. Before this study 
was executed, the physicians were not yet familiar with small-voxel reconstructed 
images. However, they all preferred the small-voxel reconstructed images in most 
of the cases, indicating that, in general, the higher image noise level on small-voxel 
images is accepted, with the advantage of improved small lesion detectability.

For the 3 physicians, the small-voxel image preference ranged between 64% and 
88%. This disagreement can be explained by the subjective origin of the study, 
small differences in experience with small-voxel images, and the inclusion of some 
cases in which the difference in lesion detectability between standard- and small-
voxel images was small, leading to some subjective random choices. However, the 
introduction of small-voxel images is subject to a learning effect and therefore we 
expect the preference to further increase after more experience with small-voxel 
reconstructions. An increase in physicians’ experience will probably also reduce 
interobserver disagreement.

A limitation of this study is that we did not assess the clinical impact of the small-
voxel reconstruction in terms of sensitivity and specificity, which was outside the 
scope of this study. However, we found improved CRCs and SNRs in small (phantom) 
spheres and higher SUVs and SNRs for small lesions. Therefore, we expect that 
cutoff values for small-lesion detection, for example, as published by Tournoy et 
al.[5] and Li et al.[29], will further increase for 18F-FDG PET studies acquired with 
state-of-the-art TOF PET/CT scanners, moreover for small-voxel reconstructions. 
Recently, this expectation was also discussed by Kolthammer et al.[16]. Validation 
studies are necessary to determine sensitivity and specificity and define new 
cutoff values to distinguish benign from malignant small lesions using state-of-
the-art TOF PET/CT.
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Conclusion

On the basis of our study, it is expected that detection of small lesions using 18F-FDG 
PET improves using small-voxel reconstructions on a state-of-the-art TOF PET/CT 
system. Supported by a phantom study, there was a preference by the physicians 
toward 18F-FDG PET images reconstructed with 2×2×2 mm3 voxels and a profound 
increase in SUV and SNR for small lesions (<11 mm). Validation studies are necessary 
to determine the impact of small-voxel reconstructions in terms of sensitivity and 
specificity. Furthermore, new (probably higher) cutoffs and lesion-to-background 
values need to be defined, to distinguish benign from malignant small lesions 
using small-voxel reconstructions on a state-of-the-art TOF PET/CT device.
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Abstract

Background
We evaluated the diagnostic implications of a small-voxel reconstruction for 
lymph node characterization in breast cancer patients, using state-of-the-art FDG-
PET/CT. We included 69 FDG-PET/CT scans from breast cancer patients. PET data 
were reconstructed using standard 4×4×4 mm3 and small 2×2×2 mm3 voxels. Two 
hundred thirty loco-regional lymph nodes were included, of which 209 nodes were 
visualised on PET/CT. All nodes were visually scored as benign or malignant, and 
SUVmax and TBratio (=SUVmax/SUVbackground) were measured. Final diagnosis was based 
on histological or imaging information. We determined the accuracy, sensitivity 
and specificity for both reconstruction methods and calculated optimal cut-off 
values to distinguish benign from malignant nodes.

Results
Sixty-one benign and 169 malignant lymph nodes were included. Visual evaluation 
accuracy was 73% (sensitivity 67%, specificity 89%) on standard-voxel images 
and 77% (sensitivity 78%, specificity 74%) on small-voxel images (p=0.13). Across 
malignant nodes visualised on PET/CT, the small-voxel score was more often 
correct compared with the standard-voxel score (89 vs. 76%, p<0.001). In benign 
nodes, the standard-voxel score was more often correct (89 vs. 74%, p=0.04).

Quantitative data were based on the 61 benign and 148 malignant lymph nodes 
visualised on PET/CT. SUVs and TBratio were on average 3.0 and 1.6 times higher in 
malignant nodes compared to those in benign nodes (p<0.001), on standard- and 
small-voxel PET images respectively. Small-voxel PET showed average increases 
in SUVmax and TBratio of typically 40% over standard-voxel PET. The optimal SUVmax 

cut-off using standard-voxels was 1.8 (sensitivity 81%, specificity 95%, accuracy 
85%) while for small-voxels, the optimal SUVmax cut-off was 2.6 (sensitivity 78%, 
specificity 98%, accuracy 84%). Differences in accuracy were non-significant.

Conclusions
Small-voxel PET/CT improves the sensitivity of visual lymph node characterization 
and provides a higher detection rate of malignant lymph nodes. However, small-
voxel PET/CT also introduced more false-positive results in benign nodes. Across 
all nodes, differences in accuracy were non-significant. Quantitatively, small-
voxel images require higher cut-off values. Readers have to adapt their reference 
standards.
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Background

In recent years, there has been an increasing role for fluorine-18 fluordeoxyglucose 
positron emission tomography (FDG-PET) combined with computed tomography 
(CT) in the diagnostic evaluation of patients with stage II–IV primary breast cancer 
[1, 2]. FDG-PET/CT has now largely replaced conventional staging that included a 
bone scan, abdominal echography and chest x-ray. This is due to PET/CT’s higher 
accuracy and the ability to perform whole-body staging in a single session [1, 3, 4].

In patients with stage II–IV primary breast cancer, accurate detection of loco-
regional lymph nodes and distant metastasis is crucial for treatment selection and 
prognosis prediction. However, the sensitivity and detection rate of small lesions 
and lesions with low metabolism using FDG-PET are restricted, due to the limited 
PET spatial resolution [5, 6]. For axillary lymph node staging using FDG-PET/CT, 
a systematic review based on seven studies found an average sensitivity of 56% 
with 93% specificity [7]. More specifically, for micro-metastatic lesions (diameter 
≤ 2  mm), a sensitivity of 11% was reported, while for macro-metastatic lesions 
(diameter > 2 mm), the sensitivity was 57% [7]. 

A PET reconstruction setting that possibly improves small lesion detection and 
sensitivity is the voxel size. In current practice, the image voxel size for whole-
body FDG-PET scans is typically around 4×4×4  mm3  [8]. However, it has been 
suggested that in combination with new highly sensitive time of flight (TOF) PET/
CT cameras, the use of reconstructions with smaller voxels might further improve 
the detection of small lesions [8, 9]. In a previous study, we have assessed to what 
extent small lesion detectability is influenced by the voxel size [10]. With the use of 
small 2×2×2 mm3 voxels, we found a profound increase in the standardized uptake 
value (SUV) and an improvement in signal-to-noise ratio (SNR) for small lesions, 
as compared to the values on PET images reconstructed with default 4×4×4 mm3 
voxels.

In clinical trials that assessed the value of FDG-PET/CT in primary breast cancer 
patients scheduled for neo-adjuvant chemotherapy, the use of small-voxels for loco-
regional lymph node characterization has been reported already [11, 12]. However, 
those studies did not compare standard- and small-voxel reconstructions in a clinical 
setting. Therefore, the diagnostic implications and potential clinical benefit of 
small 2×2×2 mm3 voxels, in terms of small lesion detection and sensitivity, remain 
unknown. The purpose of this study is to evaluate the diagnostic implications of a 
small-voxel reconstruction for loco-regional lymph node characterization in breast 
cancer patients, using state-of-the-art FDG-PET/CT.
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Methods

Inclusion
In this study, we have included 69 consecutive women with primary stage II–IV 
ductal primary breast cancer who had been referred for a pre-treatment whole-
body FDG-PET/CT scan. We only included patients with at least one loco-regional 
lymph node which could be classified as benign or malignant based on histological 
or imaging information. We received a waiver from the Medical Ethical Committee 
of our institution (METC Isala, Zwolle) to perform this retrospective study, as it 
deals with an evaluation of clinically indicated scans. Informed consent was 
obtained from all individual participants included in the study.

PET/CT data acquisition
Patients fasted for at least 6 h prior to scanning. Before intravenous injection of 
FDG, blood glucose levels were measured to ensure a value below 10  mmol/L. 
The mean glucose level was 5.4  mmol/L (range 3.8–9.3  mmol/L). A dedicated 
dose protocol depending quadratically on patients’ body weight was used. This 
protocol is described by the formula  A = 3.8 ×  w2/t, where  A  is the FDG activity 
to administer (in megabecquerel),  w  is the patients’ body weight (in kilogram), 
and t is the acquisition time per bed position (in seconds). This approach has been 
shown to result in an image quality that does not depend on patient’s weight [13]. 
Acquisition times for the patient studies were 1 and 2 min per bed position for 
patients with body weight ≤ 80 and > 80 kg, respectively. The average administered 
FDG activity was 331 MBq (range 155–533 MBq).

All scans were acquired with patients in supine position, using a state-of-the-art 
PET/CT scanner (Ingenuity TF, Philips Healthcare, Cleveland, OH, USA). This fully 
three-dimensional TOF PET scanner is combined with a 128-slice CT scanner. 
The PET scan was acquired 60  min post-injection, using a whole-body protocol. 
Before PET imaging, a CT scan was acquired for attenuation correction. The CT 
scan parameters were tube voltage 120 kV, dose modulation with an average tube 
current of 53 mA (range 37–94 mA), slice collimation 64 × 0.625 mm, pitch 0.83 and 
rotation time 0.5 s.

PET/CT data reconstruction
PET data were reconstructed using a list-mode TOF algorithm and line-of-
response row-action maximum-likelihood algorithm method [14, 15], called BLOB-
OS-TF. Images were reconstructed in two types of matrices: 144×144 matrices 
with voxel size 4×4×4  mm3  (standard-voxels) and 288×288 matrices with voxel 
size 2×2×2  mm3  (small-voxels). For the standard-voxel reconstruction, the blob 
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had a 2.5-mm radius with a blob shape parameter of 8.4  mm. The blob radius 
and shape parameter for the small-voxel reconstruction were 2.8 and 6.4  mm, 
respectively. Furthermore, the relaxation parameters for the standard- and small-
voxel reconstructions were 1.0 and 0.5, respectively. For both types of voxel 
reconstructions, 3 iterations and 43 subsets were applied. All reconstruction 
parameters were default settings recommended by the vendor. Point-spread 
function modelling was not applied.

CT data were reconstructed using an iterative reconstruction algorithm (iDose, 
Philips Healthcare, Cleveland, OH, USA) with iDose level 4 and a slice thickness 
of 3  mm. The administered FDG activity and PET/CT acquisition protocols were 
consistent with European Association of Nuclear Medicine (EANM) guidelines 
for tumour PET imaging [16, 17]. Moreover, the reconstructed PET images 
with standard-voxels fulfilled the EANM research Ltd. (EARL) accreditation 
specifications [18]. The small-voxel reconstruction does not fulfil the EARL 
accreditation specifications, because the recovery curves for the small 10- to 13-
mm spheres increase up to values above the maximum EARL specifications [10]. 

Visual evaluation
Integrated PET/CT data were reviewed on a dedicated workstation (IntelliSpace 
Portal 6, Philips Healthcare, Cleveland, OH, USA). First, each PET/CT scan was 
evaluated by two nuclear medicine (NM) physicians, with more than 5  years 
of experience in PET/CT viewing. They were blinded to the patient record and 
histological information and interpreted the PET/CT data by simultaneous viewing 
of PET, CT and fused PET/CT images. Both the standard- and small-voxel images 
were evaluated blindly, both separately and randomly. The NM physicians scored 
all loco-regional lymph nodes showing focal FDG-uptake on the standard- or small-
voxel images. They integrated their PET reading with the presence, absence, shape 
and size of lymph nodes on the low-dose CT scan, in an identical fashion as used in 
clinical interpretation.

Initially, each lymph node was scored using a five-point ordinal scale with 1: 
certainly benign, 2: probably benign, 3: equivocal, 4: probably malignant and 5: 
certainly malignant. If this initial interpretation between both physicians differed, 
consensus was reached. This was needed for 39 lymph nodes (19%) on standard-
voxel images and for 43 lymph nodes (21%) on small-voxels images. Next, to be 
able to evaluate the lymph node characterization performance, each lesion was 
assigned as benign or malignant using the following method. All lymph nodes with 
a score of 1 or 2 were allocated as benign. All lymph nodes with scores of 4 and 
5 were allocated as malignant. Lymph nodes with a score of 3 were once again 
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evaluated on the PET/CT images, and they received an ultimate score as benign or 
malignant.

Quantitative evaluation
All scored lymph nodes were evaluated semi-quantitatively by an experienced PET 
reader blinded to the patient record, histological information and visual PET/CT 
scores. The maximum standardized uptake value (SUVmax) was derived on the axial 
slice that contained the highest FDG-uptake of the lesion.

Next, we calculated the lymph node-to-background ratio (TBratio), defined as the 
ratio between the lymph node SUVmax  and the average SUV in the background 
(SUVbackground). To measure the SUVbackground, we defined two regions of interest 
(ROI1 and ROI2) on the axial PET image. ROI1 enclosed both the lymph node under 
study and a surrounding background area of 800 mm2, while ROI2 only enclosed 
the lymph node. For both ROIs, the area size and the average SUV (SUVmean) were 
collected to calculate the SUVbackground in a donut-shaped ROI using Formula 1:

	
𝑆𝑆𝑆𝑆𝑆𝑆$%&'()*+,- =

/012	456789:	×	/012<=>< ? /01@	456789:	×	/01@<=><
/012<=><	?	/01@<=><

(1)	 (1)

Finally, for all the scored lymph nodes, we measured the short-axis diameter on 
the axial slice of the attenuation CT scan.

Final diagnosis
The final diagnosis for each lymph node was based on histological information, 
follow-up (FU) imaging (FDG-PET/CT, contrast-enhanced CT or magnetic 
resonance imaging (MRI)) or additional imaging (contrast-enhanced CT or MRI) 
in the following way (Figure 1). For patients who initially underwent a surgical 
resection that included sentinel lymph node biopsy or axillary lymph node 
dissection, the final diagnosis was based on the histological information obtained 
during surgery. Pathology examination was part of the clinical evaluation and 
was centralised at our institution. Lymph nodes were histologically processed 
by formalin fixation followed by paraffin embedding, according to standardized 
procedures.

The lymph nodes were serially sectioned at 250  μm at three levels and stained 
with both hematoxylin and eosin, with an immune-histochemical cytokeratin 
staining (panCK). The immune-histochemical procedure was performed by a fully 
automated procedure, using pre-diluted antibodies on the Ventana Benchmark 
system (Roche Ventana, Tucson AZ, USA). The sizes of the metastases were 
measured on a conventional bright-field microscope (Leica, DM4000, Leica 
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microsystems Germany) using a micro-measuring scale on glass slide (definition 
= 0.1 mm). In all lymph nodes, the largest diameter of a metastasis was reported.

For patients who were treated with neo-adjuvant chemotherapy, the final diagnosis 
was based on the response to therapy as visualised on FU imaging combined with 
the histological information that was available from the subsequent surgical 
resection. For these patients, lesions were considered malignant when they 
showed a decrease in size or FDG-uptake induced by subsequent chemotherapy. 
Furthermore, lesions that were stable in size and FDG-uptake during neo-adjuvant 
therapy were considered to be benign unless there was proof of malignancy from 
histological information obtained during surgery. When histological information 
or FU imaging was not available, the final diagnosis was based on the results of 
additional contrast-enhanced CT or MRI.

Figure 1 Flow chart showing the method to derive the final diagnosis per patient (n)

Additionally, we collected information on all malignant loco-regional lymph nodes 
that were found during surgical resection but which had not been visualised on 
FDG-PET or the attenuation CT. For those lesions, we recorded the metastatic 
deposit size that was measured during a separate pathology examination, 
performed by one pathologist (JB). For visual PET performance evaluation, these 
lymph nodes were regarded as benign nodes on PET. Furthermore, for quantitative 
PET evaluation, these lymph nodes were not taken into account because it was not 
possible to perform measurements on PET images.
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Lymph node characterization
Visual evaluation scores were analysed on a lesion-per-lesion basis, by comparing 
the scores on standard- and small-voxel images for each lymph node. Quantitatively, 
we calculated average values for SUVmax and TBratio in both benign and malignant 
lymph nodes and for both voxel reconstructions. We created receiver operator 
curves (ROC) and calculated the area under the curve (AUC) with a 95% confidence 
interval (CI) for SUVmax and TBratio. For both reconstruction methods, we determined 
the sensitivity, specificity and accuracy for lymph node characterization from the 
visual and quantitative PET/CT evaluation, using the final diagnosis as a reference 
standard. We calculated optimal cut-off values for SUVmax and TBratio to distinguish 
benign from malignant lymph nodes on both voxel reconstructions. These cut-off 
values were based on the highest combined sensitivity and specificity (highest 
sum).

Statistical analysis
We used the McNemar test for paired samples to compare the visual scores for 
both reconstructions with the final diagnosis. Quantitative results were presented 
as mean ± standard deviation (SD). We included ranges in uptake values and lymph 
node size. Differences in SUVmax and TBratio between benign and malignant lymph 
nodes were evaluated using the Mann-Whitney U test. Furthermore, to evaluate 
differences in characterization performances between standard and small-voxels 
for SUVmax and TBratio, we compared the AUCs using a chi-square test. Additionally, 
the characterization performances for SUVmax  and TBratio  using optimal cut-off 
values were evaluated with the McNemar test for paired samples. A p value less 
than 0.05 was considered to indicate statistical significance.

Results

Patient characteristics
Clinical data from 69 patients are shown in Table  1. In total, 230 loco-regional 
lymph nodes were investigated (mean 3 ± 2 lymph nodes per patient). We have 
included 61 benign lymph nodes with an average size of 6 mm (range 3–12 mm), 
and 169 malignant lymph nodes with an average size of 8 mm (range 1–32 mm). 
During surgical resection in 11 patients, 21 malignant lymph nodes were found that 
were not visualised on PET/CT images. This group consisted of 6 micro-metastases 
(diameter ≤ 2 mm) and 15 macro-metastases with sizes varying between 2 and 7 mm 
diameter. The remaining 209 loco-regional lymph nodes, which were visualised on 
PET/CT, were visually and quantitatively evaluated in this study.
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Table 1 General characteristics

Patient characteristics
(n = 69)

Age (years) 53 ± 12 (mean ± SD)

Body weight (kilogram) 76 ± 14

Hormonal receptor 
status

Oestrogen 51 pos., 16 neg., 2 unknown

Progesterone 37 pos., 30 neg., 2 unknown

Human epidermal growth factor receptor 2 19 pos., 48 neg., 2 unknown

Loco-regional lymph 
nodes
(n = 230)

Location

	 Left region 108

	 Right region 122

Final diagnosis

	 Benign 61

	 Malignant 169

Final diagnosis based on the following:

	 Histological proof 128 (56%)

	 FU imaging 99 (43%)

	 Additional imaging 3 (1%)

pos. positive, neg. negative

Visual evaluation
For 173 out of 209 lymph nodes (83%), visual interpretation scores were exactly 
similar for both small and standard-voxels. Furthermore, 32 lymph nodes (15%) 
were scored malignant on the small-voxel images but benign on the standard-
voxel images. Contrarily, four lymph nodes (2%) were scored benign on the small-
voxel images but malignant on the standard-voxel images.

In Table 2, the final diagnosis of each lymph node is compared with the visual scores 
on both voxel reconstructions. Sensitivity, specificity and accuracy for standard-
voxel PET/CT images in visual evaluation were 67%, 89% and 73%, respectively. For 
small-voxel PET/CT images, we found a sensitivity, specificity and accuracy of 78%, 
74% and 77%, respectively. Across all lymph nodes, the differences in accuracy 
were not statistically significant (p=0.13).

Limiting this analysis to the 148 malignant lymph nodes that were visualised on 
PET/CT, the small-voxel score was correct in 132 cases (89%) while the standard-
voxel score was correct in 113 cases (76%), p<0.001. In benign lymph nodes (n = 61) 
only, the small-voxel score was correct in 45 cases (74%) vs. 54 correct scores (89%) 
on standard-voxel images (p=0.04).
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Table 2 Table comparing the final diagnosis with standard-voxel or small-voxel PET/CT 
visual scores for malignant lymph nodes, benign lymph nodes and all lymph nodes. For 

malignant lymph nodes, the small-voxel score was more often correct as compared to the standard-

voxel score (p<0.001), while for benign lymph nodes, the standard-voxel score was more often correct 

(p=0.04). Across all lymph nodes visualised on PET/CT, accuracies of standard- and small-voxel scores 

were comparable (p=0.13)

  Small-voxel correct Small-voxel not correct p-value

Malignant lymph nodes (n = 148)

	 Standard-voxel correct 112 1 < 0.001

	 Standard-voxel not correct 20 15

Benign lymph nodes (n = 61)

	 Standard-voxel correct 42 12 0.04

	 Standard-voxel not correct 3 4

All lymph nodes (n = 209)

	 Standard-voxel correct 154 13 0.13

	 Standard-voxel not correct 23 19

Quantitative evaluation
SUVmax and TBratio across all lymph nodes are shown in Table 3. For both SUVmax and 
TBratio, and in both types of voxel reconstructions, uptake values for malignant lymph 
nodes were averagely a factor of 3.0 and 1.6 higher, respectively, as compared to 
those for benign nodes (p<0.001). Furthermore, the use of small-voxels resulted in 
SUV increases of typically 40% (Table 3).

 
Table 3 SUVmax and TBratio for benign and malignant lymph nodes as measured on standard- 
and small-voxel PET images. SUVmax and TBratio for malignant lymph nodes were averagely 3.0 and 

1.6 times as high as compared to benign nodes for both types of voxel reconstructions (p<0.001). Mean 

SUVmax and TBratio typically increased with 40% when using small-voxels (p<0.001)

  Benign lymph nodes
(n = 61)

Malignant lymph nodes 
(n = 148)

SUVmax Standard-voxels 1.1 ± 0.4 (mean ± SD) 4.4 ± 3.3

Small-voxels 1.5 ± 0.5 5.9 ± 4.1

Percent change 37% 40%

TBratio Standard-voxels 2.0 ± 0.7 5.3 ± 4.2

Small-voxels 2.8 ± 1.4 7.3 ± 5.2

Percent change 44% 43%

Lymph node characterization by quantitative evaluation
Table  4  shows the sensitivity, specificity and accuracy of lymph node 
characterization for standard- and small-voxel PET images, using optimal cut-off 
values for SUVmax  and TBratio. Furthermore, receiver operator curves (ROC) for 
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SUVmax  and TBratio  are shown in Figure 2. TBratio  had a significantly lower AUC as 
compared to the SUVmax parameter, for both standard and small-voxels (p=0.003 
and p=0.002). AUC values for standard- and small-voxel images were comparable 
for both SUV parameters, with p=0.71 for SUVmax and p=0.61 for TBratio. Additionally, 
no significant differences were found in characterization performances based 
on the accuracy between standard- and small-voxel images, with  p=0.11 for 
SUVmax and p=0.29 for TBratio. Table 4 shows that the use of small-voxels required 
higher SUV cut-offs for accurate lymph node characterization.

Table 4 Sensitivity, specificity and accuracy for SUVmax and TBratio at optimal cut-offs, 
determined for standard- and small-voxel PET. The use of small-voxel images requires 

higher SUV cut-offs for accurate lymph node characterization. Furthermore, SUVmax showed a higher 

performance as compared to TBratio, with  p=0.04 for standard-voxels and  p<0.001 for small-voxels. 

However, the characterization performances were similar for standard- and small-voxel images, 

with p=0.11 for SUVmax and p=0.29 for TBratio

    Optimal cut-off Sensitivity Specificity Accuracy

SUVmax Standard-voxels 1.8 81% 95% 85%

Small-voxels 2.6 78% 98% 84%

TBratio Standard-voxels 2.4 80% 82% 80%

Small-voxels 3.3 84% 77% 82%

 
Clinical examples
Figure 3 shows FDG-PET/CT images from a patient with breast cancer. The visual 
score of the axillary lymph node altered from benign on standard-voxel PET/
CT to malignant on small-voxel PET/CT. Furthermore, SUVmax of this lymph node 
increased by 57% on small-voxel images. Follow-up imaging showed that this lymph 
node responded to chemotherapy, which indicated that this lesion was malignant. 
This confirmed the small-voxel score and the classification by the optimal SUVmax  
cut-off shown in Table 4.
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Figure 2 ROC curves for lymph node characterization using SUVmax and TBratio, measured 
on standard- and small-voxel PET images. AUCs for SUVmax were 0.93 (95% CI 0.90–0.97) and 

0.93 (95% CI 0.90–0.96) for standard- and small-voxels, respectively (p=0.71). AUCs for TBratio were 0.88 

(95% CI 0.84–0.93) and 0.87 (95% CI 0.82–0.92) for standard- and small-voxels respectively (p=0.61). 

AUCs for SUVmax were significantly higher as compared to AUCs for TBratio, for both standard- and small-

voxels (p=0.003 and p=0.002)

Figure 3 FDG-PET/CT images of a patient with proven breast cancer. a. Axial PET image, 

standard-voxels. b. Axial-fused PET/CT image, standard-voxels. c. Axial PET image, small-voxels. d. Axial-

fused PET/CT image, small-voxels. SUVmax for this small lymph node (red arrows) increased from 2.1 on 

standard-voxel PET with visual score benign to SUVmax 3.3 on small-voxel PET and visual score malignant. 

On follow-up imaging after chemotherapy, this lymph node showed regression, which indicated that 

the lymph node was malignant. This confirmed the small-voxel score and the classification using the 

optimal SUVmax cut-off
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Figure  4  shows FDG-PET/CT images from a breast cancer patient, with a small 
axillary lymph node. The visual score was benign on standard-voxel images while 
it was scored malignant on small-voxel images. In this case, SUVmax increased with 
64% on small-voxel images. However, during sentinel node biopsy, no malignancy 
was found. This indicated that this lymph node was benign and the standard-voxel 
score was correct.

Figure 4 FDG-PET/CT images of a patient with proven breast cancer. a. Axial PET image, 

standard-voxels. b. Axial-fused PET/CT image, standard-voxels. c. Axial PET image, small-voxels. d. Axial-

fused PET/CT image, small-voxels. For this lymph node, with short-axis diameter 5  mm in the right 

axillary region (blue arrows), SUVmax values were 1.4 and 2.3 (increase 64%) on standard- and small-

voxel images, respectively. Furthermore, the visual scores were benign on standard-voxel PET and 

malignant on small-voxel PET. The sentinel node biopsy procedure did not reveal any malignancy. This 

indicates that this lymph node was benign, confirming the standard-voxel score and confirming the 

classification using the optimal SUVmax cut-off
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Discussion

This study shows that small-voxel PET reconstructions improve the diagnostic 
sensitivity in the detection of lymph node metastases in breast cancer, at the 
expense of an impaired specificity. Based on visual evaluation of PET/CT images, 
the lymph node characterization accuracy did not change when using small-
voxels instead of standard-voxels (p=0.13). Nevertheless, limiting the analysis to 
malignant lymph nodes only, the small-voxel images were correct in 89% while 
the standard-voxel images provided concordant scores in only 76% of the cases 
(p<0.001). This shows that the visual evaluation and detection of malignant axillary 
lymph nodes improves using small-voxel PET/CT. Contrarily, benign lymph nodes 
were more often correctly scored on standard-voxel images as compared to those 
on the small-voxel images (74 vs. 89%, p=0.04).

Quantitatively, we found significant differences between benign and malignant 
lymph nodes for both parameters SUVmax  and TBratio  and both PET voxel sizes 
(2×2×2  mm3  and 4×4×4  mm3). Furthermore, the use of small-voxels resulted in 
higher FDG-uptake values of typically 40% for both benign and malignant lymph 
nodes. This increase is comparable with previously published values [10]. 

This study shows that the visual evaluation of malignant lymph nodes results in a 
higher accuracy and sensitivity when using small-voxel PET/CT. However, when 
looking quantitatively, both reconstruction voxel types can be used interchangeably 
for accurate loco-regional lymph node characterization. Furthermore, across all 
lymph nodes, both the quantitative and visual evaluation showed comparable 
performances in disease characterization. Moreover, when using small-voxel 
reconstructions, PET readers have to be aware of the risk of false-positives and the 
need of higher cut-off values to distinguish benign from malignant nodes. In the past, 
all visually FDG-positive axillary lymph nodes were considered as metastatic, because 
that approach resulted in high specificity [11, 12]. However, we demonstrated that 
on small-voxel PET images, benign loco-regional lymph nodes can also show some 
increased FDG-uptake. In the literature, this phenomenon has been described as well 
for the visualisation of benign nodes on PET images that incorporated point-spread 
function (PSF) modelling [19, 20]. Clinically, the main feature of small-voxel PET is 
the ability to detect more malignant axillary lymph nodes. This could lead to a higher 
disease stage and thereby potentially changes treatment. For example when the 
N-stage based on PET changes from N1 to N2, this could give rise to treat the patient 
with neo-adjuvant chemotherapy before surgery. Generally, with an improved 
detection of malignant axillary lymph nodes, the role of PET as an additional tool in 
the treatment decision plan can be further extended.
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Between the two parameters, SUVmax  and TBratio, which were evaluated in 
this study, we found a significant difference in clinical performance. For both 
voxel reconstruction types, the SUVmax  parameter was significantly better in 
distinguishing benign from malignant lymph nodes. This indicates that during 
quantitative PET evaluation, it is not required to take the surrounding background 
uptake around the lymph node into account for accurate characterization of loco-
regional lymph nodes.

Despite the use of a small-voxel PET reconstruction, the detection rate with 
FDG-PET/CT for small metastases remains restricted. In our study, 21 out of 230 
lymph nodes were not visualised on PET/CT images but were only found during 
the histological procedures after surgery. It is very likely that the size and/or the 
metabolic volume of those undetected lymph node metastasis was not large 
enough to be visualised with PET [2]. Currently, several developments in PET 
technology are taking place to further improve the diagnostic performance of 
PET/CT systems [21]. Together with the development of more specific radionuclide 
tracers for breast cancer, this may further improve the detection rate of PET/CT 
[22].

A limitation of this study is that the analysis was based on PET images together with 
low-dose CT only. Possibly, we did not incorporate all additional findings in case 
a diagnostic contrast-enhanced CT was obtained. It is likely that adding more CT 
aspects of lymph nodes, such as spherical shape and the absence of intra-nodal fat, 
will further improve the sensitivity, specifically of small-voxel reconstructions, and 
further reduce the false-positive rate. Moreover, there were some differences in 
visual scores between the two observers as consensus scoring was needed in 20% 
of the cases. This can be partly explained by the use of a five-point scoring system, 
which easily introduces small differences in visual scores between observers. 
Furthermore, the lack of a gold standard for the relatively new small-voxel PET 
images may have led to differences between observers. There is a learning curve 
involved in this new detailed method of reading the axilla in breast cancer patients. 
Also, possibly, results will improve by rigorous comparison with non-involved small 
nodes in the contralateral axilla as a normal reference.

The present study has some other limitations. The retrospective study design may 
have led to some bias in our study population, since only patients with a known 
lymph node status were included in this study. Additionally, since not all patients 
had a lymph node dissection, some microscopic nodes may have been missed in 
some patients. Moreover, the final diagnosis per lymph node in this study was 
based on three different references: histological data, FU imaging and additional 
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imaging. Although the value of additional imaging as a reference method can be 
difficult, the number of final diagnoses that was based on this method was very 
limited (1%). Moreover, FDG-PET may give a false-positive result, e.g. in case of an 
inflammation after biopsy which would also disappear after, but not due to, neo-
adjuvant chemotherapy.

Some recommendations can be made for further research. The small-voxel 
reconstruction protocol could be further optimized to improve image quality 
and lesion detectability. Recently, Bellevre et al.[19] demonstrated that the use 
of PSF modelling improved the performance of axillary staging in breast cancer 
patients. A combination of small-voxels and PSF modelling could be explored. 
Furthermore, the number of iterations and subsets could be optimized [20, 23, 24]. 
Meanwhile, other evaluation methods could be considered. For example, the value 
of combined standard- and small-voxel PET in visual evaluation can be explored, to 
further improve the accuracy. Also, the use of SUVpeak could potentially decrease 
differences between both reconstructions as it is less influenced by image noise 
as compared to SUVmax  [25]. Furthermore, the added value of the optimal SUV  
cut-offs as proposed in this study, onto the visual evaluation of small-voxel PET, 
can be studied. Also, optimal SUV cut-offs can be different in other types of 
breast cancers and may be influenced when incorporating data on the tumour 
proliferation index (ki67) or the hormone receptor status.

Apart from this, it can be interesting to study the clinical impact of small-voxel 
images in other body regions and for other diseases. For example, we previously 
evaluated the impact of a state-of-the-art PET/CT scanner on the visualisation 
and quantification of adrenal glands, using a standard-voxel reconstruction 
[26]. This could be extended towards an evaluation of the impact of a  
small-voxel reconstruction on adrenal gland quantification and classification with  
FDG-PET/CT.

Conclusions

We evaluated the diagnostic properties of a small-voxel reconstruction for loco-
regional lymph node staging in 69 patients with breast cancer, using state-of-the-
art TOF FDG-PET/CT. The use of small-voxels improves the sensitivity of visual  
PET/CT evaluation in malignant lymph nodes, as compared to standard-voxel 
analysis. However, it also introduced more false-positive results for benign nodes. 
Across all nodes, differences in accuracy were non-significant. Quantitatively, 
a small-voxel reconstruction implicates higher SUV cut-off values when 
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differentiating benign from malignant axillary lymph nodes. In case small-voxel 
images are used, readers have to adapt their reference standards visually and 
quantitatively.
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Dear Sir,

We read with great interest the recent article by Fuentes-Ocampo et al. entitled 
“Digital vs. analog PET/CT: intra-subject comparison of the SUVmax in target lesions 
and reference regions” [1]. The authors aimed to assess whether digital photon 
counting technology in digital PET provides better quantification of SUVmax 
in lesions and reference regions than analogue PET. They conclude that both 
improved photon counting technology in digital PET and the effects of delayed 
increased uptake and retention significantly increase SUVmax, and that this has 
to be taken into account before the systems can be used interchangeably in  
follow-up studies.

In our opinion, there is an important limitation in their PET image reconstruction 
method that is not mentioned in their paper. Fuentes-Ocampo et al. compared 
digital PET using 2-mm voxel reconstructions with conventional PET using 4-mm 
voxel reconstructions. This difference in reconstruction approach invalidates 
their comparison, because the introduction of 2-mm voxel reconstructions 
on a conventional PET system already significantly increases SUVs [2, 3].  
Fuentes-Ocampo et al. did not even cite these published studies. For example, in 
a conventional FDG PET study in 39 patients, we found an increase in SUVmax of 
32% across 66 lesions when using small 2-mm voxels instead of 4-mm voxels, and 
the value increased to as high as 44% for lesions smaller than 11 mm diameter [2]. 
In comparison, Fuentes-Ocampo et al. reported a mean percentage difference of 
35% across 87 lesions. This puts the conclusion of their paper on digital PET in a 
different light.

Perhaps it was not possible to perform 2-mm voxel reconstructions on the 
conventional PET system used by Fuentes-Ocampo et al. However, at least it 
should have been mentioned in the Discussion as a main study limitation, since it 
could have had a larger effect than the effects of two other limitations that were 
mentioned: the number of iterations and subsets, and the use of point-spread 
function modelling.

We emphasize that the image voxel size has a large effect on SUVmax, even on 
conventional non-digital scanners, and should therefore not be ignored in PET 
comparison studies. The use of both photon counting technology and different 
reconstruction settings, including voxel size, should be taken into account before 
different systems can be used interchangeably in follow-up studies.
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Abstract

Purpose
Recently introduced PET systems using silicon photomultipliers (SiPM) with digital 
readout (dPET) have an improved timing and spatial resolution, aiming at a better 
image quality, over conventional PET (cPET) systems. We prospectively evaluated 
the performance of a dPET system in patients with cancer, as compared to  
high-resolution (HR) cPET imaging.

Methods
After a single FDG-injection, 66 patients underwent dPET (Vereos, Philips 
Healthcare) and cPET (Ingenuity TF, Philips Healthcare) imaging in a randomised 
order. We used HR-reconstructions (2x2x2 mm3 voxels) for both scanners and 
determined SUVmax, SUVmean, lesion-to-background ratio (LBR), metabolic tumour 
volume (MTV) and lesion diameter in up to 5 FDG-positive lesions per patient. 
Furthermore, we counted the number of visible and measurable lesions on each 
PET scan. Two experienced nuclear medicine (NM) specialists, who were blinded to 
the scanner type, determined the TNM score from both image sets in 30 patients 
who were referred for initial staging. For all 66 patients and for both scans, these 
NM specialists separately and blindly evaluated the image quality (4-point scale) 
and determined the scan preference.

Results
We included 238 lesions (median size 9 mm) that were visible and measurable 
on both PET scans. We found 37 additional lesions on dPET in 27 patients (41%), 
which were unmeasurable (n=14) or invisible (n=23) on cPET. SUVmean, SUVmax, LBR 
and MTV on cPET were 5.2±3.9 (mean±SD), 6.9±5.6, 5.0±3.6 and 2991±13251 mm3, 
respectively. On dPET SUVmean, SUVmax and LBR increased 24%, 23% and 27%, 
respectively (p<0.001) while MTV decreased 13% (p<0.001) compared to cPET. 
Visual analysis showed TNM upstaging with dPET in 4/30 patients (13%). dPET 
images also scored higher in image quality (p=0.003) and were visually preferred 
in the majority of cases (65%).

Conclusion 
Digital PET improved the detection of small lesions, upstaged the disease and 
images were visually preferred as compared to high-resolution conventional PET. 
More studies are necessary to confirm the superior diagnostic performance of 
digital PET.

Keywords
Digital PET; Conventional PET; FDG-PET; lesion detection; cancer imaging
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Introduction

Positron Emission Tomography (PET) combined with Computed Tomography 
(CT), using fluor-18 fluordeoxyglucose (FDG), is increasingly important for cancer 
detection, disease staging and restaging, patient management and follow-up 
imaging in patients with cancer [1-4]. However, two major limitations of PET 
scanners are the limited system sensitivity, resulting in a low signal-to-noise ratio 
(SNR) and the low spatial resolution [5, 6] which introduces the partial volume 
effect (PVE) [7]. This PVE hampers the detection of small lesions (<20 mm), 
especially in case of low metabolic activity, because they appear blurred in the 
PET image, resulting in an underestimation of lesion FDG-uptake combined with 
an overestimation of lesion size [8].

A recent development in PET technology is the introduction of silicon 
photomultipliers (SiPM) with digital readout [9], replacing the conventional 
photomultipliers. It has been shown that PET systems with digital SiPMs have an 
improved spatial and timing resolution, potentially resulting in a better image 
quality with higher standardized uptake values (SUVs) compared to conventional 
PET (cPET) systems [10-12].

Previous studies compared cPET and dPET scans in patients with cancer using a 
prototype dPET [13] and clinically available dPET systems [14-16]. In general, these 
studies compared dPET using high-resolution (HR) reconstructions with cPET using 
standard-resolution (SR) reconstructions. It has been shown that moving from 
SR to HR reconstructions in cPET scans, e.g. by using smaller voxels, significantly 
improves image quality and already results in typically 25% higher SUVs and 
SNRs [17, 18]. It is unclear which part of the previously reported improvements 
in image quality and higher SUVs for dPET was the result of the dPET system and 
which part was due to the difference in image reconstruction between both PET 
systems [19]. Therefore, we prospectively evaluated the performance of a dPET 
scanner as compared to a cPET scanner in patients with various types of cancer, 
using HR reconstructions for both systems. We performed semi-quantitative and 
visual assessments and also investigated the effect of dPET on lesion detection 
capabilities as well as the impact on the TNM disease stage.
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Materials and methods

Inclusion
In this initial evaluation we prospectively included 66 patients with proven cancer 
who were referred for whole-body FDG-PET/CT for disease staging or restaging 
purposes, as part of an ongoing prospective single-centre side-by-side PET 
comparison study. Written informed consent was obtained from all participants 
included in this study. The Medical Ethical Committee of our institute (METC Isala, 
Zwolle, Netherlands) approved the study protocol (NL52329.075.15) and the study 
was registered at clinicaltrials.gov with identifier #NCT03457506.

PET/CT acquisition
Patients fasted for at least 6h prior to the start of the first PET scan. Patients were 
administered an FDG-activity based on 𝐴𝐴 = 6.2	𝑤𝑤( 𝑡𝑡 , where A is the administered 
activity (in MBq), w the patient’s body weight (in kg) and t the acquisition time per 
bed position (in s) [20].

For each patient whole-body PET/CT scans from head to groin were acquired in 
supine position using a state-of-the-art time-of-flight (TOF) PET/CT scanner with 
conventional photomultiplier technology (cPET, Ingenuity TF, Philips Healthcare) 
and a TOF-PET/CT scanner with digital SiPMs (dPET, Vereos, Philips Healthcare). 
The PET scanning order was randomized per patient. 27 patients were first scanned 
on dPET followed by cPET (dPET-first) and 39 patients were first scanned on cPET 
and then on dPET (dPET-second). Per patient we collected ΔTcPET and ΔTdPET, defined 
as the time between FDG-administration and start of the cPET scan and dPET scan, 
respectively.

PET acquisition times of the first scan were 72 s and 144 s per bed position for 
patients with body weight ≤80 kg and >80 kg, respectively. For the second scan we 
used the acquisition time of the first scan, corrected for fluor-18 decay between 
the two scans. The average administered FDG-activity was 397 MBq (range 212-660 
MBq). Prior to each PET scan a CT scan was acquired for attenuation correction. 
The CT scan parameters were 120 kV, 64 mAs (range 35-136 mAs), 64×0.625 mm 
slice collimation, a pitch of 0.83 and a rotation time of 0.5 s.

PET/CT reconstruction
We used PET reconstructions resulting in HR images, better suited for small lesion 
detection. For cPET, we applied an ordered subset expectation maximization 
(OSEM) TOF-PET HR reconstruction with 2x2x2 mm3 voxels, a relaxation parameter 
of 0.6, 3 iterations and 43 subsets, without point spread function (PSF) modelling. 
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For dPET we performed an OSEM TOF-PET HR reconstruction with 2x2x2 mm3 
voxels, 3 iterations and 17 subsets, without post-smoothing or PSF modelling, as 
previously described [21]. Attenuation correction was applied using iteratively 
reconstructed CT data with iDose level 4 and a slice thickness of 3 mm.

Semi-quantitative evaluation
We performed background measurements in the reconstructed PET images by 
drawing two regions-of-interest (ROIs) of 1000 mm2 in three axial slices containing 
healthy liver tissue. The average noise level in the liver was determined as the ratio 
between the standard deviation (SD) and the average SUV (SUVliver).

We also evaluated the lesion detection capabilities for both PET scanners. An 
experienced PET reader counted the number of lesions with increased FDG-uptake 
on both PET scans in a blinded-fashion. Thereby, we gathered all lesions that were 
unmeasurable or invisible on one of both PET scans as follows:
	 -	� unmeasurable lesion: it was not possible to define a 70% isocontour volume-

of-interest (VOI) based on the maximum pixel value without contaminating 
the lesion VOI with background tissue. This can occur when there is a 
relatively low lesion-to-background contrast and/or heterogeneous uptake 
of FDG [22].

	 -	 invisible lesion: it was visible on only one of the PET scans

For each patient a maximum of 5 FDG-positive lesions were included in the 
semi-quantitative evaluation to prevent bias from patients with many lesions. 
In case a patient had more than 5 eligible lesions, we selected the 5 lesions with 
the smallest diameter on the CT scan that were measurable on both PET scans. 
For all measurable lesions on both scans, we derived the mean and maximum 
standardized uptake value (SUVmean and SUVmax) and the metabolic tumour volume 
(MTV) in mm3 on cPET and dPET images, using IntelliSpace Portal (Version 9, Philips 
Healthcare). The MTV was defined as the volume of tumour tissue with increased 
FDG-uptake. SUVmean and MTV were based on the lesion-VOI that was set at 70% of 
the maximum pixel value [23]. Moreover, we calculated the lesion-to-background 
ratio (LBR) by dividing lesion’s SUVmax to the SUVmean in the background (SUVbkg) 
directly surrounding the lesion, using the method that we described previously 
[18]. Finally, we collected the size of each lesion by measuring the short-axis 
diameter on the axial CT slice.

TNM scoring
Two experienced nuclear medicine (NM) specialists who were blinded to scanner 
type, together determined the TNM score on both image sets of 30 patients 
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who were referred for initial disease staging, excluding the 5 patients with initial 
staging for lymphoma. Next, TNM score differences between both scans were 
collected per patient. We used the latest published version of the TNM system for 
each type of cancer, as available in August 2019.

Visual analysis and preferences
Both NM specialists separately compared both PET scans side-by-side, blinded to 
scanner type. With a 4-point score, they rated the image quality of each PET scan 
as 1: poor, 2: moderate, 3: good or 4: excellent and the diagnostic confidence per 
scan as 1: uncertain, 2: moderate certainty, 3: good certainty or 4: high certainty. 
Furthermore, they determined their preference (scan 1, scan 2 or no preference) 
for all 66 patients, again blinded to scanner type. In discrepant cases between 
both NM specialists, a third expert reader performed an additional read.

Statistical analysis
Semi-quantitative data are presented as mean ± standard deviation (SD). Data 
distribution normality was evaluated using the Shapiro-Wilk test. For data that 
were not normally distributed, the median is included as well. We performed an 
independent-samples t-test to compare patient and scan characteristics (age, 
body weight, administered FDG-activity, ΔT and lesion size) between patients in 
both scanning groups. The average SUVmean, SUVmax, LBR and MTV as measured on 
cPET and dPET were compared using the Wilcoxon signed-rank test. The noise in 
the liver as measured with both scanners was compared using a paired-samples 
t-test. Furthermore, for all semi-quantitative lesion-parameters (SUVmean, SUVmax, 
LBR and MTV) we calculated the relative difference Δx between cPET and dPET 
using Formula 1:

	 ∆𝑥𝑥 = (𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣	𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣	𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣	𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (1) 	 (1)

We used the independent-samples Mann-Whitney U test to compare Δx between 
lesions in the dPET-first group and the dPET-second group. Furthermore, we 
performed the F-test and calculated Pearson correlation coefficients between 
ΔTdPET and Δx, respectively. Finally, a chi-square test was performed to compare 
image quality and diagnostic confidence scores between cPET and dPET. A p-value 
less than 0.05 was considered to indicate statistical significance.
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Results

Patient and scan characteristics from all patients are shown in Table 1. We included 
238 FDG-positive lesions with an average size of 12±12 mm (median 9 mm, range 
4-90 mm) in 66 patients. The average lesion size was similar in both scanning 
groups with 12±9 mm in the dPET-first group and 13±13 mm in the dPET-second 
group (p=0.80).

 
Table 1 Patient and scan characteristics 

dPET-first group 
(n=27)

dPET-second group 
(n=39)

p-value

Gender (n)
	 Male
	 Female

15
12

23
16

Age (in years)a 65 ± 11 70 ± 17 0.19

Cancer type
	 Lung cancer
	 Breast cancer
	 Oesophageal cancer
	 Other

17
7
0
3

22
3
8
6

PET scan indication
	 Initial disease staging
	 Restaging or follow up

14
13

21
18

Body weight (in kg)a 84 ± 19 78 ± 15 0.14

Administered FDG-activity (in MBq)a 393 ± 111 400 ± 93 0.77

ΔT
	 until first PET scan (in min)a

	 until second PET scan (in min)a
62 ± 9
95 ± 12

65 ± 10
97 ± 12

0.18
0.48

a Continuous variables are described as mean ± SD

Lesion detection capabilities
In 27 out of 66 patients (41%) we found a total of 37 additional FDG-positive 
lesions on the dPET images, that were unmeasurable (n=14) or invisible (n=23) on 
the cPET images. Eight of these lesions were detected when dPET was performed 
first (4 unmeasurable, 4 invisible). The remaining 28 lesions (10 unmeasurable, 
19 invisible) appeared on the dPET-second scan, i.e. after prolonged FDG-uptake 
time. No additional lesions were found on cPET images.

Semi-quantitative results
The average SUVmean, SUVmax, LBR and MTV across 238 lesions as measured on cPET 
and dPET images are shown in Table 2. With dPET we found average increases 
of 24%, 23% and 27% in SUVmean, SUVmax and LBR compared to cPET, respectively 
(p<0.001), while the average MTV decreased with 13% on dPET. This decrease in 
MTV is also visible in Figure 1, showing a histogram with the number of lesions 
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in MTV-subgroups as measured on cPET and dPET. With MTV measurements 
performed on dPET, there were more lesions with a volume smaller than 200 mm3. 
Furthermore, the image noise in the liver was slightly higher on dPET (14.7%±1.9%) 
compared to cPET (13.3%±1.8%) (p<0.001).

Table 2 Semi-quantitative values as measured on both scanners across all lesions 
(n=238) and relative differences between cPET and dPET. SUVmean, SUVmax and LBR were 

typically 25% higher on dPET (p<0.001), while the MTV (in mm3) was on average 13% lower on dPET 

(p<0.001)

SUVmean SUVmax LBR MTV (in mm3)

cPET Mean ± SD 5.2 ± 3.9 6.9 ± 5.6 5.0 ± 3.6 2991 ± 13251

Median 3.8 4.9 3.8 492

dPET Mean ± SD 6.2 ± 4.4 8.3 ± 6.7 6.1 ± 4.1 2692 ± 10219

Median 4.7 6.0 4.9 360

Relative difference Δx (%) 24% ± 23% 23% ± 24% 27% ± 33% -13% ± 35%

 

Figure 1 Histogram showing the decrease in MTV on dPET images as compared to cPET, 
especially for lesions <200 mm3

The relative difference per lesion-parameter between cPET and dPET is presented 
in Table 3 for both scanning groups. ΔSUVmean, ΔSUVmax and ΔLBR were significantly 
higher for lesions in the dPET-second group as compared to lesions in the  
dPET-first group (p<0.001) while ΔMTV was similar in both scanning groups 
(p=0.18). In particular, in the dPET-first group we found an average increase of 9% 
for both ΔSUVmean and ΔSUVmax on dPET while for lesions in the dPET-second group 
we found average increases of 35% and 34% on dPET, respectively.
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Table 3 Relative differences in semi-quantitative parameters between cPET and dPET 
per scanning group. ΔSUVmean, ΔSUVmax and ΔLBR were significantly higher for lesions included 

in the dPET-second group compared to the dPET-first group, indicating that the scanning order and 

FDG-uptake time have significant impact on relative differences between cPET and dPET for these 

parameters. ΔMTV was similar across both groups

dPET-first (n=101) dPET-second (n=137) p-value

ΔSUVmean 
a 9% ± 17% 35% ± 21% <0.001

ΔSUVmax 
a 9% ± 17% 34% ± 22% <0.001

ΔLBR a 7% ± 27% 42% ± 28% <0.001

ΔMTV a -10% ± 33% -15% ± 37% 0.18

a Continuous variables are described as mean ± SD

 

Figure 2 Scatter plots comparing ΔSUVmean (a), ΔSUVmax (b), ΔLBR (c) and ΔMTV (d) with 
ΔTdPET for lesions in the dPET-first and dPET-second group. The relative change in SUVmean, 

SUVmax and LBR increased with prolonged ΔTdPET (p<0.001) while we found no correlation between 

ΔMTV and ΔTdPET (p=0.14)

In Figure 2, the relative change from cPET to dPET for all lesion-parameters is 
compared with ΔTdPET across all lesions. It shows that ΔSUVmean, ΔSUVmax and ΔLBR 
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further increased at prolonged ΔTdPET (p<0.001) with correlation coefficients of 
0.53, 0.52 and 0.50, respectively. ΔMTV was not correlated with ΔTdPET (p=0.14, 
correlation coefficient -0.09). 

TNM staging
We found TNM upstaging with dPET in 4/30 patients (13%). Clinical information 
about these four cases is presented in Table 4. In three of these cases this dPET 
scan was acquired after the cPET scan (dPET-second group). No TNM upstaging was 
found with cPET. 

 
Table 4 Description of four patients with TNM upstaging on dPET 

Pt Diagnosis Scanning 
group

TNM stage 
on cPET

TNM stage 
on dPET

Additional information

1 Breast cancer dPET-second T4N0M0 T4N3M0 Suspected internal mammary lymph 
node metastasis. Confirmed by 
pathology results.

2 Lung cancer dPET-first T4N3M1a T4N3M1b Suspected right adrenal gland 
metastasis on dPET. No validation 
information available. 

3 Lung cancer dPET-second T1aN2M0 T1aN3M0 Suspected lymph node metastasis 
near the thyroid gland. Further SUV 
rise on follow-up FDG-PET scans after 
6 and 12 months.

4 Oesophageal 
cancer

dPET-second T1N0M0 T1N0M1 Suspected FDG-positive lesion in 
the right pelvis region. No validation 
information available.

 
FDG-PET images from a patient with breast cancer with TNM upstaging on dPET 
are shown in Figure 3. The TNM score on the cPET scan was T4N0M0 but the dPET 
scan showed a FDG-positive internal mammary lymph node (SUVmean 3.2, SUVmax 4.0, 
MTV 264 mm3) that was not visible on cPET, revealing N3 disease. After surgery, 
pathology findings confirmed that this lymph node was malignant.

Another example with FDG-PET images from a patient with lung cancer in the 
dPET-second group is presented in Figure 4. In this case, the dPET scan showed 
three additional FDG-positive lesions with anatomical substrate on the CT scan 
which were not visible on cPET images.
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Figure 3 FDG-PET/CT images from a patient with breast cancer with upstaging from 
T4N0M0 on cPET (ΔT=54 min) (a) to T4N3M0 on dPET (ΔT=106 min) (b). dPET images 

revealed a FDG-positive internal mammary lymph node (blue arrow) with a diameter of 7 mm. During 

surgery, a sentinel node procedure was performed and it was confirmed by pathology that this lymph 

node was malignant

Figure 4 FDG-PET/CT images from a patient with lung cancer with three additional 
lesions on the dPET scan (d). a: CT scan showing two small lymph nodes in the mediastinum (blue 

arrows). b: CT scan (lung window) showing a small lung lesion (4 mm diameter) in the right lung (blue 

arrow). c: FDG-PET image acquired on cPET (ΔT=73 min) without FDG-positive lesions. d: FDG-PET 

image acquired on dPET (ΔT=114 min) showing three FDG-positive lesions (red arrows) corresponding 

to three lesions that are also visible on the CT scan (a, b)
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Visual analysis and preferences 
The results of image quality and diagnostic confidence scores are presented in 
Figure 5. dPET resulted in better image quality scores compared to cPET (p=0.003) 
while the diagnostic certainty of both scans was comparable (p=0.69). The majority 
of all PET scans resulted in a ‘good’ image quality (94% for cPET, 83% for dPET) 
while 15% of the dPET scans were regarded to have an ‘excellent’ image quality. 
The remaining 6% (cPET) and 2% (dPET) of the scans were scored as ‘moderate’ 
image quality.

Figure 5 Bar plots showing image quality (a) and diagnostic certainty scores (b) of 
cPET and dPET scans. Higher image quality scores were found for dPET scans (p=0.003) while the 

diagnostic certainty was comparable between cPET en dPET scans (p=0.68)

Figure 6 Bar plots showing scanner type preferences (a), scan order preferences (b) and 
scan order preferences per scanning group (c). Overall, the dPET scan as well as the second 

scan were preferred in the majority of the cases (65% and 61%, respectively). Moreover, the dPET scan 

was preferred in 85% of the cases when it was acquired after the cPET scan

The visual scan preference per patient is shown in Figure 6. The dPET scan was 
preferred in 65% of the cases, while the remaining 35% included both cPET scan 
preferences (11%) and no preferences (24%). Furthermore, the scan acquired 
after prolonged FDG-uptake (scan 2) was preferred in 61% of the cases while the 
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first scan was preferred in only 15% of the cases. In the dPET-second group, the 
dPET scan was preferred in 85% of the cases while in the dPET-first subgroup the 
preferences scores were more widely distributed with 37% preference for scan 1 
(being dPET), 26% preference for scan 2 (being cPET) and 37% of the scans with 
no preference.

Discussion

We performed the first prospective study that compared HR cPET with HR dPET 
in a relatively large cohort of 66 patients. With dPET we observed significantly 
higher semi-quantitative values as compared to cPET. Furthermore, in 27 out of 
66 patients (41%) we found additional lesions on dPET and in 4 patients (13%) 
we observed TNM upstaging on dPET as compared to cPET. Moreover, dPET 
images provided a better image quality and were visually preferred by the NM 
specialists.

This study shows that dPET provides an improved lesion detection capability. We 
detected 37 additional lesions with dPET that were unmeasurable or invisible on 
cPET images. Most of these lesions (78%) were found on the dPET scan that was 
acquired after the cPET scan, thus with prolonged FDG-uptake time, albeit we also 
detected 8 additional lesions (22%) on the dPET scan that was acquired prior to the 
cPET scan. We have not found additional lesions on cPET, neither in the dPET-first 
nor in the dPET-second group. At least three other studies previously observed 
additional lesions on dPET as compared to cPET. Nguyen et al.[13] reported 8 
additional lesions in 21 patients while Barrato et al.[14] found 37 additional lesions 
with focal FDG uptake in 50 patients. However, in these studies all dPET scans were 
acquired after the cPET acquisition which may introduce a bias due to prolonged 
FDG-uptake [24]. Another study by López-Mora et al.[16] reported 22 additional 
small (<10 mm) lesions on dPET images in 100 patients. However, they compared 
SR cPET with HR dPET and this difference in voxel sizes may influence the lesion 
detection capabilities as well. Furthermore, although they randomised the PET 
scanning order, it was not described whether the additional lesions were detected 
on the dPET-first or dPET-second scan.

Our semi-quantitative analysis showed average increases of 24% (SUVmean), 23% 
(SUVmax) and 27% (LBR) across 238 FDG-positive lesions when using HR dPET 
instead of HR cPET. The corresponding standard deviations of 23%, 24% and 
33% demonstrate that there was a wide distribution in relative changes between 
lesions (Figure 2). This variation is partly caused by methodological aspects such 
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as the impact of prolonged FDG-uptake time [24] and test-retest variations [22, 25] 
between two PET scans. 

Nevertheless, the average semi-quantitative increases with dPET in our study were 
lower than findings from earlier cPET-dPET comparisons. For example, Barrato et 
al.[14] reported an average SUV increase of 53% with dPET across 107 lesions. This 
increase is more than twice as high as the ΔSUV in our study. This can partly be 
explained by the difference in scanning order because in their study all dPET scans 
were acquired after the cPET scans and this could result in ΔSUV overestimations 
assigned to the dPET system [24]. Moreover, there were also some differences 
between their cPET and dPET reconstruction protocol which may further cause 
their larger SUV difference between both PET systems. Another study by Fuentes-
Ocampo et al.[15] recently reported an average SUV increase of 35% across 87 
lesions in 87 oncological patients but they compared SR cPET with HR dPET. This 
difference in reconstruction approach makes their comparison unvalid [19]. As we 
previously demonstrated, the use of a HR cPET reconstruction already results in 
SUV increases of typically 25% as compared to SR cPET [17, 18].

Furthermore, we observed a 13% decrease in lesion-MTV with dPET as compared 
to cPET, using 70% SUVmax thresholds. This decrease is likely caused by the 
higher resolution of the dPET system that decreases the PVE. Nguyen et al.[13] 
also compared tumour volume as measured on cPET and dPET in a study on 11 
patients with 24 lesions. Using 35% and 50% SUVmax thresholds for delineation, 
they reported tumour volume decreases of 31% and 19%, respectively. They 
stated that dPET has the potential to provide more robust and accurate tumour 
delineation and this can be beneficial for radiotherapy planning and systematic 
treatment monitoring [13].

The impact of prolonged FDG-uptake time is significant, which makes PET system 
comparisons after a single FDG injection difficult. Between the two scanning 
groups in our study, dPET-first and dPET-second, we observed significant 
differences in ΔSUVmean, ΔSUVmax and ΔLBR. For example, the average ΔSUVmean in 
the dPET-first group was only 9% whereas the average ΔSUVmean in dPET-second 
group was 35%. Based on these averages, we expect that about (35%-9%)/2=12% 
of the higher SUVs on the second scan can be attributed to the prolonged scan 
time, which was on average 32 minutes in our study. For certain tumour types, it 
has been reported that these time-dependent SUV increases can be even higher 
[24, 26]. Fuentes-Ocampo et al.[15] also reported significant differences between 
both scanning groups with higher dPET SUVs in the dPET-second group. Overall, 
this demonstrates that in FDG-PET comparison studies where the scan on the 
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newer system is always acquired after the scan on the older system [13, 14, 27], an 
overestimation of the added value of the newer PET system is likely.

The ultimate outcome of better PET detection is a better staging performance. In 
our study, visual analysis by two NM specialists revealed TNM upstaging with dPET 
in 4 out of 66 patients. In one case the additional finding on dPET that resulted in 
upstaging was confirmed by pathology while in another case the extra finding was 
confirmed on follow-up FDG-PET imaging showing a SUV rise for the suspected 
lesion. Moreover, the results of our visual analysis comparing cPET with dPET are 
in line with our semi-quantitative findings. Overall, dPET scans resulted in a better 
image quality and were visually preferred, especially when the dPET scan was 
acquired after the cPET scan (85% preference score). 

The present study also has some limitations. We randomised the scanning order 
per patient in order to reduce the impact of prolonged FDG-uptake. However, the 
number of patients per scanning group was not identical as we included 27 patients 
in the dPET-first group and 39 patients in the dPET-second group. This may cause 
some overestimation of the SUV increase that is assigned to dPET, although we 
demonstrated that general patient characteristics and lesion sizes between both 
groups were similar. Moreover, we aimed to perform a comparison of cPET and dPET 
using HR reconstructions for small lesion detection in order to solely determine 
the impact of new dPET technology. However, the image reconstructions were 
not similar as we did not have the same software possibilities available. Yet, we 
performed an extensive comparison between both PET systems in a substantial 
group of 66 patients with 238 FDG-positive lesions. Another limitation of our 
study is that we did not evaluate the diagnostic performance of dPET in terms of 
sensitivity, specificity and accuracy due to limited verification data. Further studies 
are required for this purpose.

Conclusion

In this prospective head-to-head evaluation, digital PET improved the detection of 
small lesions over high-resolution conventional PET. Digital PET scans were visually 
preferred by experienced readers, additional lesions were detected in 41% of the 
patients and the disease was upstaged in 13%. More studies are necessary to 
confirm the superior diagnostic performance of digital PET.
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Introduction and aim

Positron emission tomography/computed tomography (PET/CT) imaging, using 
fluor-18 (18F) fluordeoxyglucose (FDG) plays an important role in the diagnostic 
evaluation of cancer [1-4]. In daily practice FDG-PET/CT images are visually assessed 
together with semi-quantitative parameters such as the standardised uptake value 
(SUV). SUV measurements complement the visual interpretation and allow prediction 
of treatment response and prognosis [5-7] but are influenced by many biological and 
technical factors, including patient preparation, data acquisition, image reconstruction 
and processing [8, 9]. There are ongoing efforts towards standardisation of PET 
imaging to improve semi-quantitative comparisons of PET scans between patients, 
scanners and medical centres. Thanks to the development of European guidelines 
by the European Association of Nuclear Medicine (EANM) and the start of the EARL 
accreditation program for FDG-PET/CT tumour imaging, the variability in semi-
quantitative FDG-PET scans has been reduced in recent years [10-12].

PET imaging has two major limitations. The first limitation is its low spatial 
resolution, causing a limited detectability of small lesions (<20 mm), especially with 
low metabolism [13, 14]. The second limitation is the limited system sensitivity, 
resulting in a relatively low signal-to-noise ratio (SNR) [15]. Since the clinical 
introduction of whole-body PET 20 years ago, several techniques such as the use 
of time-of-flight (TOF) information in the image reconstruction, digital PET (dPET) 
detectors and new image reconstructions were developed to improve the image 
quality and diagnostic performance of PET.

The incorporation of TOF information in the reconstruction algorithm improves 
PET image quality because TOF enhances the SNR while the same number 
of photon coincidences is obtained [16]. Many studies demonstrated that  
TOF-PET resulted in a better image quality with improved small lesion detection, 
in particular in obese patients [17-19]. 

Another more recent development was the introduction of dPET technology. Since 
2017 three vendors (GE Healthcare, Philips Healthcare and Siemens Healthineers) 
replaced the conventional photomultiplier tubes (PMTs) in PET detectors by silicon 
photomultipliers (SiPM) with digital readout [20-23]. dPET systems have a better 
coincidence timing resolution, higher photon detection efficiency, better spatial 
resolution and higher system sensitivity as compared conventional PET (cPET) 
systems [21-24]. Consequently, PET systems with digital detectors potentially 
provide an improved image quality with higher SNRs and better small lesion 
detection.
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Further, in current practice the image voxel size for whole-body FDG-PET scans 
is relatively large (typically 4x4x4 mm3) [18, 25]. This provides PET images with 
acceptable noise levels but it amplifies the partial volume effect (PVE), thereby 
limiting small lesion detection. New TOF-PET cameras have the possibility to 
perform reconstructions with smaller voxels and this may improve small lesion 
detection as well.

The aim of this thesis is to evaluate the impact of these recent improvements in 
PET technology on the detection of small lesions in cancer imaging. We studied 
the influence of conventional TOF-PET scanners and small-voxel reconstructions 
on small lesion detectability in lung and breast cancer. Furthermore, we studied 
digital TOF-PET scanners and determined their impact on semi-quantitative uptake 
measurements, image quality and lesion detectability in patients with cancer. 
Moreover, we evaluated the impact of conventional and digital PET scanners 
on European guidelines and especially on EARL demands for two different 
radionuclides.

Thesis overview

Part I – PET standardisation
In Part I of this thesis we investigated how recent developments in PET technology 
and scan protocols can be incorporated to further standardise PET imaging.

Chapter 2 contains an overview of many technical developments that improved 
cancer imaging with PET/CT in recent years. It describes that the introduction of 
TOF, point spread function (PSF) modelling and new image reconstructions with 
smaller voxels have improved small lesion detection with PET. Further clinical 
benefit is expected from dPET and regularised reconstruction methods. Other 
techniques were developed for specific problems such as metal artefact reduction 
and respiratory gating. Together, all these developments provide the opportunity 
to improve quality and quantification of PET/CT cancer imaging. Three topics 
described in this review are addressed in more detail in following chapters of this 
thesis: the administration of a bodyweight-dependent FDG-activity (Chapter 3), 
the use of small-voxel reconstructions (Chapter 8 and 9) and the impact of digital 
SiPMs on PET image quality (Chapter 11).

Recently, it has been demonstrated that administrating an FDG-activity that 
depends quadratically on a patients’ body weight can provide a constant image 
quality across patients [26]. In Chapter 3 we provide a practical method on how to 
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implement this into clinical practice using the NEMA image quality (IQ) phantom, 
following European guidelines. This methodology was applied using a state-of-
the-art PET/CT scanner. The formula that we derived prescribes the FDG-activity 
to administer to individual patients for whole-body PET examinations and fulfils 
recent insights on patient-specific FDG-activity administrations. The method 
described in Chapter 3 is generally applicable to any PET system, using a specified 
image reconstruction and scan time per bed position.

Current EANM guidelines on FDG-PET tumour imaging are based on cPET systems 
and therefore it was unknown if dPET systems with digital SiPMs, that potentially 
provide an improved image quality over conventional systems, are able to fulfil 
EARL accreditation standards as well. This was evaluated in Chapter 4 for a 
recently introduced TOF-dPET system. We performed a phantom study following 
EANM guidelines using a NEMA IQ phantom with six spheres filled with 18F. For 
each sphere we calculated the contrast recovery coefficient (CRC), which is defined 
as the ratio between the measured (maximum or mean) 18F concentration in the 
image and the true 18F concentration in the sphere. We demonstrated that this 
dPET system typically showed CRCs above the upper limits of EARL specifications, 
especially for small objects. To meet EARL standards for dPET, the use of relatively 
large 4x4x4 mm3 voxels and a Gaussian post-smoothing filter of 2 to 4 mm are 
therefore recommended.

Once different PET systems fulfil EARL specifications, it is expected that they 
provide PET scans with comparable semi-quantitative results. This was investigated 
in Chapter 5 on whole-body FDG-PET scans from 50 patients with cancer using 
an EARL-accredited cPET and dPET scanner. Across 128 FDG-positive lesions with 
an average size of  19±14 mm, the average difference in SUV (ΔSUV) was 6-8% 
with dPET values being higher in most cases. Furthermore, we found repeatability 
coefficients of 27% (ΔSUVmean en ΔSUVpeak) and 33% (ΔSUVmax) (p<0.001), indicating 
that only a limited number of lesions showed a SUV difference of more than 30%. 
These findings indicate that EARL standardisation works.

In addition to the widely used 18F radionuclides, gallium-68 (68Ga) labelled 
peptides are increasingly used for PET imaging including in multi-centre trials [27]. 
However, EARL specifications have not been determined yet for 68Ga. In Chapter 
6 we evaluated the variation in semi-quantification with 68Ga-PET in a multi-centre 
setting. Eight centres in Europe with thirteen different PET/CT systems performed 
18F and 68Ga acquisitions using a cylindrical phantom and a NEMA IQ phantom. 
This study showed that 68Ga CRCs perform at the lower limits of current EARL 
CRC standards for 18F. For practical reasons we recommend to use the 18F EARL-
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approved reconstruction settings for 68Ga-PET quantification in multi-centre trials. 
This should be extended by a cross-calibration verification between 68Ga measured 
by the dose calibrator and by the PET system.

Part II - PET optimisation
In Part II of this thesis we investigated the value of three recent developments in 
PET technology: TOF (Chapter 7), small-voxel reconstructions (Chapter 8, 9 and 10) 
and dPET (Chapter 10 and 11). We evaluated the impact of these technologies on 
PET image quality and small lesion detectability in patients with cancer, focussed 
on lung cancer and breast cancer.

For example, the latest generation of cPET scanners, incorporating the TOF 
technique, may lead to a better detection of adrenal metastases. Moreover it 
could change how nuclear medicine (NM) specialists should evaluate these glands 
on FDG-PET images to distinguish benign from malignant ones. In Chapter 7 we 
analysed the impact of a conventional TOF-PET/CT scanner, using EARL-compatible 
reconstructions, on adrenal gland SUV and the adrenal-to-liver (AL) ratio in 
88 patients with suspected lung cancer. With a SUVmax cut-off value of 3.7, 96% 
sensitivity and 96% specificity was obtained. A cut-off value of 1.8 for the AL ratio 
resulted in 91% sensitivity and 97% specificity. Compared with literature based on 
a previous generation of non-TOF PET scanners, TOF-PET imaging provided higher 
SUVs for benign adrenal glands while a highly accurate distinction between benign 
and malignant glands remained. Clinical implementation of TOF-PET requires the 
use of higher cut-off levels to distinguish between benign and malignant glands, 
as well as visual adaptation by PET readers.

In Chapter 7 we still applied an EARL-compatible PET reconstruction with 
relatively large voxels (4x4x4 mm3). In combination with TOF-PET cameras, the 
use of reconstructions with smaller 2x2x2 mm3 voxels might further improve the 
detection of small lesions [18]. In Chapter 8 this was investigated on the NEMA IQ 
phantom (sphere sizes 10-37 mm), a micro hollow sphere phantom (sphere sizes 
4-8 mm) and 39 patients with lung cancer, using the same TOF-PET/CT scanner as 
in Chapter 7. This study showed that the use of a small-voxel reconstruction led 
to higher CRCs and SNRs for small spheres (≤13 mm) with relative increases up to 
80% (CRCmean) and 200% (CRCmax) for the smallest spheres. The average  increase 
of SNRmean and SNRmax across all phantom spheres was 12% and 39%, respectively. 
Moreover, the evaluation of 66 FDG-positive lesions in the patient study showed 
that when using small voxels, SUVmean and SUVmax increased with 17% and 32%, 
respectively (p<0.01). Additionally, the mean and maximum SNR increased by 
20% and 27%, respectively (p<0.01). Finally, three NM specialists preferred the 
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small-voxel images in 76% of the cases. In conclusion, we can improve small lesion 
detection with FDG-PET when using small-voxel reconstructions.

In Chapter 8 we did not yet assess the diagnostic implications and potential clinical 
benefit of these small-voxel reconstructions. This was evaluated in Chapter 9 by 
loco-regional axillary lymph node characterisation in 69 patients with breast cancer, 
using the same state-of-the-art TOF-PET/CT system. Two NM specialists visually 
evaluated all scans and semi-quantitative parameters were collected by measuring 
the SUVmax and tumour-to-background ratio (TBratio). Based on the evaluation of 61 
benign and 169 malignant axillary lymph nodes, we found that small-voxel PET/
CT improved the sensitivity of visual lymph node characterization from 76% to 
89% (p<0.001). This provides a higher detection rate of malignant lymph nodes. 
However, small-voxel PET/CT also introduced more false-positive results in benign 
nodes during visual evaluation. Across all nodes, there was no difference in 
accuracy between standard and small-voxel PET (p=0.13). Quantitatively, a small-
voxel reconstruction showed average increases in SUVmax and TBratio of typically 
40% over standard-voxel PET. This resulted in higher SUV cut-off values, moving 
from 1.8 to 2.6, when differentiating benign from malignant axillary lymph nodes. 
This implicates that PET readers have to adapt their reference standards visually 
and quantitatively when using small-voxel PET images.

In the preceding chapters we have determined the value of small-voxel 
reconstructions on cPET. A similar impact of small-voxel reconstructions using 
dPET can be expected as well and this should be kept in mind for fair comparisons 
between PET scanners. Chapter 10 contains a Letter to the Editor with our reply 
to a recent paper of Fuentes-Ocampo et al.[28]. They compared cPET and dPET 
in 100 oncological patients and found a mean SUV percentage difference of 35% 
across 87 lesions, which they attributed to the dPET technology. However in their 
study they applied a standard-voxel reconstruction (4x4x4 mm3) on their cPET 
scanner, while they used smaller (2x2x2 mm3) voxels with their dPET scanner. 
This difference in voxel size between the two PET scanners was not taken into 
account when they evaluated their results. This invalidates their comparison as 
the use of small-voxel reconstructions on cPET already results in increased SUVs, 
as demonstrated in Chapter 8 and Chapter 9. In our Letter we emphasized that the 
image voxel size has a large effect on SUV and should therefore not be ignored in 
PET comparison studies.

Finally in Chapter 11, we prospectively evaluated the visual and semi-quantitative 
performance of dPET compared to high-resolution cPET in 66 patients with various 
types of cancer. When using 2x2x2 mm3 high-resolution (HR) reconstructions for 
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both systems, we found approximately 25% higher SUVs with dPET as compared to 
cPET (p<0.001). dPET images were also visually preferred in the majority of cases 
(65%). Furthermore with dPET, we found 37 additional lesions in 27 patients (41%) 
and TNM upstaging in 13% of the patients. More studies are necessary to confirm 
the superior diagnostic performance of digital PET.

Future perspectives

Since the clinical introduction of whole-body PET for oncology imaging 20 years 
ago, multiple advances have taken place that improved small lesion detectability. 
In Chapter 2 we described which new hardware, software, acquisition and 
reconstruction methods were introduced by the current generation of PET/CT 
scanners. In the following paragraphs, further developments are described that 
can influence PET standardisation and further improve PET image quality and 
small lesion detection in the future.

Impact of new PET technology on standardisation

EARL update
A challenge in standardising PET/CT performance is the development of new 
techniques that improve PET image quality. In Chapter 4 we showed that an image 
reconstruction with relatively large voxels and a Gaussian post-smoothing filter 
is needed to fulfil EARL specifications with a dPET system. As PET technology 
continuously evolves, updated EARL specifications are needed in the future. This 
was investigated in 2018 by Kaalep et al.[29] by using four cPET systems from 
three major vendors equipped with TOF and PSF modelling techniques. They 
proposed an update of the EARL accreditation specifications to support higher 
CRCs. The EARL organisation has adapted this proposal into their accreditation 
program and for full implementation a transition phase of two years is expected. 
Moreover in the future, the use of smaller phantom spheres, for example as 
available in a micro phantom that we used in Chapter 8, is warranted to be able to 
compare reconstruction algorithms for smaller sphere sizes and to standardise the 
quantification of small lesions across scanners.

New semi-quantitative methods
Another approach that may further improve PET standardization is the use of 
semi-quantitative measures that are more reproducible and robust than SUVmean 

and SUVmax [29]. An example is the SUVpeak parameter, defined as the average SUV 
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within a fixed-size region of interest (ROI), typically 1 cm3, centred on a part of 
the tumour with high uptake of the radiopharmaceutical [30]. Thanks to its larger 
ROI volume, SUVpeak is less influenced by image noise than SUVmax. Unfortunately, 
there are various definitions of SUVpeak with differences in ROI shapes (cubic, 
circular, spherical), locations and sizes (7-17 mm) and these can significantly affect 
the results [31]. Furthermore with the majority of current SUVpeak definitions, the 
SUVpeak of sub-centimetre lesions is underestimated because the peak VOI size is 
exceeding the size of the lesion [29].

Standardised and optimised reconstructions
For PET systems that incorporate new technology, EARL-compatible 
reconstructions can be used for standardised quantification. However for optimal 
visual assessment, a different HR image reconstruction providing higher SNRs and 
better lesion detectability is frequently preferred [11, 32]. To fulfil both demands, 
often two sets of PET reconstructions are generated. Recently, a software tool 
(EQ.PET, Siemens Healthineers) has been developed that provides a single set of 
PET images that combines standardised SUVs with optimal HR images for visual 
assessment [33, 34]. The use of such an approach can save reconstruction and 
image interpretation time [34]. However, the current tool is only applicable to 
scanners and reconstruction algorithms of the vendor that developed it [33]. For 
the future, a vendor-neutral solution is desirable.

Further development of TOF-PET
The TOF performance of a PET system has been improved considerably since its 
introduction, thanks to technical developments as the digital SiPMs [35]. The first 
TOF-PET/CT scanner (Gemini TF, Philips Healthcare) was introduced in 2006 with 
a coincidence timing resolution of 600 ps [16] whereas the newest digital TOF-
PET/CT system (Biograph Vision, Siemens Healthineers), introduced in 2018, has 
a timing resolution of 210 ps [22]. This further facilitates the use of larger matrix 
sizes and consequently smaller voxels [36], which in turn potentially improves 
small lesion detection, as demonstrated in Chapter 8 and Chapter 9. Besides, TOF 
gain can also be used to reduce the amount of radioactivity that is administered 
to patients and/or it can be used to reduce the scan time, while maintaining image 
quality. In the future, an even higher TOF performance can be expected. Lecoq [37] 
recently described a systematic approach by different research groups worldwide 
aiming to achieve a timing resolution below 100 ps. Even a TOF performance of 10 
ps was regarded possible by Lecoq [37], although it will be extremely challenging. 
If such technology becomes available in future clinical practice, it is expected to 
introduce a paradigm shift in PET imaging because it allows major improvements 
in system sensitivity. This would allow substantial dose reductions, shorter scan 
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times and/or further improvement of PET image quality [37]. This may also allow 
PET-guided biopsies and PET imaging during interventional procedures.

New reconstruction methods
In the near future it is expected that new image reconstruction methods can 
further improve PET image quality and small lesion detection. GE Healthcare has 
recently introduced a Bayesian penalized likelihood reconstruction algorithm 
(BSREM) which provides a better image resolution and reduced image noise as 
compared to the widely used Ordered Subset Expectation Maximization (OSEM) 
algorithm [38]. Last year it has been shown that on FDG-PET/CT scans from 
patients with various types of cancer, BSREM provides an improved image quality, 
tumour conspicuity and image sharpness over OSEM [39, 40]. Moreover, Chilcott et 
al.[41] recently demonstrated that the use of BSREM results in a more consistent 
image quality and SNR in the liver than OSEM does, with the greatest benefit for 
the heaviest patients. It is expected that other vendors will incorporate Bayesian 
reconstruction methods as well. 

Another technology that may improve PET image quality is data-driven motion 
correction [42, 43]. This method extracts motion information from the PET 
acquisition signal itself. Compared to physical motion-measurements that we 
described in Chapter 2, data-driven motion correction has multiple advantages: it 
is operator-independent and can be implemented fully automated as a software 
solution while changes in the acquisition protocol are not required [44].

Artificial intelligence
An emerging field in medical imaging is the application of artificial intelligence (AI) 
methodologies, in particular machine learning and deep learning, by automatically 
quantifying radiographic patterns. AI is expected to have great utility in the 
detection, characterization and monitoring of tumours [45]. An example is the 
computer-aided detection of pulmonary nodules using PET/CT. In 2018, Schwyzer 
et al.[46] demonstrated that machine- and deep learning algorithms could aid 
almost fully automated lung cancer detection, even at ten- and thirty-fold reduced 
radiation doses. This may lead to new applications for FDG-PET. AI programs are 
also used to obtain information, which means that large amounts of quantitative 
features are extracted from medical images using data-characterisation algorithms 
[47]. This is known as radiomics. In recent years it has been shown that several 
features from PET images reflect intratumoral heterogeneity and this is related 
to tumour features [48]. Thereby, radiomics potentially reveal unique disease 
characteristics and could provide additional diagnostic and prognostic value.
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Both optimisation and standardisation of PET images are required for the 
implementation of radiomic features. Aide et al.[49] recently showed that the 
characterization of breast cancer requires HR PET images, especially when looking 
for relations between tumour heterogeneity on FDG-PET, using radiomic features 
and histological characteristics of the tumour. Meanwhile, PET standardisation 
remains essential as well, since differences in scanner models, acquisition and 
reconstruction protocols influence radiomic features and their outcomes [50].

Total-body PET
Recently, the construction of the world’s first human total-body (TB) PET/CT 
scanner has been completed [51]. While clinically available PET systems have an 
axial field-of-view of typically 15 to 25 cm, this TB PET system has a 194 cm field-
of-view. This enables visualisation of the entire human body with simultaneous 
coverage of all tissues and organs within one acquisition. Moreover with TB 
PET, detectors capture the majority of emitted photons, enabling a 40-fold gain 
in effective system sensitivity and a 6-fold increase in SNR compared to current 
clinical PET scanners [52]. This can enhance image quality (Figure 1) and can reduce 
scan times and/or the required amount of radioactivity. Furthermore, the system 
provides the possibility of TB dynamic acquisitions with high temporal resolution. 
Meanwhile, TB PET also brings many challenges, predominantly concerning system 
engineering and device expenses [52]. Future studies will have to demonstrate the 
value of TB PET imaging [51].

Figure 1 Total-body PET scan from a healthy volunteer, showing a total-body image in coronal 

(A) and sagittal view (B), head/neck view with carotid artery walls (C), chest view showing the walls of 

major blood vessels (D), abdominal view with spinal canal (E), abdominal-pelvis view including vertebra’s 

(F), knees with osteophytes (G) and lower extremities with detailed view of the medial tibial malleolus 

(H). Images obtained from [51]



Chapter 12

220

Clinical implementation and validation of new PET technology
In this thesis we demonstrated that new technologies have improved PET image 
quality and thereby small lesion detection. However for NM specialists, these 
developments could also make the evaluation of PET images more complicated. 
With an improved image quality, images contain more details that have to be 
interpreted, while there is a risk of false-positive findings as well (Chapter 7 
and Chapter 9). NM specialists have to adapt their reference standards and 
common SUV cut-off values to distinguish between benign and malignant lesions. 
Ultimately, the question is which image quality is most suitable to support the 
clinical demand. This may depend on the imaging purpose as well, whether the 
PET scan is performed for tumour detection, TNM staging, treatment response 
evaluation or follow-up. 

New PET technology may lead to a paradigm shift in oncology imaging. First of all, 
it is likely that PET imaging becomes more accessible and cost-effective because a 
FDG-PET scan with an image quality that fulfils EANM guidelines can yet be acquired 
using a limited amount of radioactivity and a total scan duration of only 5 to 10 
minutes [22]. With future technical developments as described in this chapter, it is 
likely that these scan durations can be reduced even further. On the other hand, 
HR PET imaging may provide new added value in disease characterisation and 
staging in certain types of cancer where with previous generations of PET scanners 
the diagnostic value of PET appeared to be limited, for example in pancreatic 
and colorectal cancer [53, 54]. An illustration of the potential of ultra-HR dPET 
is shown in Figure 2 with a FDG-PET scan from a patient with liver-metastasized 
pancreatic cancer. With an ultra-HR 1x1x1 mm3 voxel reconstruction of the digital 
PET scan with a three-times longer scan duration (Figure 2C), multiple small liver 
metastases were detected that were not visualised on Figure 2A (standard EARL 
scan) and only poorly visualised on Figure 2B (HR reconstruction with standard 
scan duration).
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Figure 2 FDG-PET images from a patient with liver-metastasized pancreatic cancer. 
A: dPET scan fulfilling EARL-standards, without any visible lesions in the liver. B: HR dPET scan using 

optimised reconstruction settings (as described in Chapter 11), only poorly visualising the lesions in the 

liver. C: dPET scan acquired with a three-times longer scan duration and reconstructed with ultra-HR 

settings, showing a clear lesion detectability of multiple liver metastasis (arrows)
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Introductie en doel

Positron emissie tomografie/computer tomografie (PET/CT) beeldvorming met 
fluor-18 (18F) fluordeoxyglucose (FDG) speelt een belangrijke rol in het diagnostisch 
traject van patiënten met kanker [1-4]. In de dagelijkse praktijk worden FDG-
PET/CT beelden visueel beoordeeld in combinatie met semi-kwantitatieve 
parameters zoals de ‘standardised uptake value’ (SUV). SUV metingen bieden 
een aanvulling op de visuele beoordeling en geven de mogelijkheid om een 
voorspelling te doen over de te verwachten respons op de behandeling en de 
prognose [5-7]. SUV metingen worden echter beïnvloed door allerlei biologische 
en technische factoren zoals de voorbereiding van de patiënt op het onderzoek, 
de data-acquisitie, de beeldreconstructie en beeldverwerking [8, 9]. Er wordt 
voortdurend gewerkt aan standaardisatie van de beeldvorming met PET om de 
semi-kwantitatieve vergelijking van PET scans tussen patiënten, scanners en 
ziekenhuizen te verbeteren. Dankzij de ontwikkeling van Europese richtlijnen 
door de European Association of Nuclear Medicine (EANM) en de start van het 
EARL accreditatieprogramma voor beeldvorming van tumoren met FDG-PET/CT is 
de variatie in semi-kwantificatie tussen FDG-PET scans de afgelopen jaren sterk 
gereduceerd [10-12].

PET beeldvorming heeft twee belangrijke beperkingen. De eerste is de lage 
spatiële resolutie, resulterend in een minder goede detectie van kleine laesies 
(<20 mm), met name die met een laag metabolisme [13, 14]. De tweede beperking 
is de systeem-sensitiviteit die leidt tot een relatief lage signaal-ruis verhouding 
(SNR) [15]. Sinds de klinische introductie van de PET scan voor het gehele lichaam 
20 jaar geleden zijn er diverse technieken ontwikkeld, zoals het gebruik van time-
of-flight (TOF) informatie in de beeldreconstructie, digitale PET (dPET) detectoren 
en nieuwe beeldreconstructietechnieken. Deze technieken zijn allen gericht op het 
verbeteren van de beeldkwaliteit en het verhogen van de diagnostische waarde 
van PET.

Het toevoegen van TOF informatie in het reconstructie-algoritme verbetert de PET 
beeldkwaliteit omdat TOF de SNR verhoogt bij eenzelfde hoeveelheid verzamelde 
foton-coïncidenties [16]. Diverse studies hebben aangetoond dat TOF-PET leidt 
tot een betere beeldkwaliteit met verbeterde detectie van kleine laesies, vooral 
bij patiënten met obesitas [17-19].

Een andere, recentere ontwikkeling is de introductie van dPET technologie. Sinds 
2017 hebben drie fabrikanten (GE Healthcare, Philips Healthcare en Siemens 
Healthineers) de conventionele fotomultiplier buizen (PMTs) vervangen door 
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silicium fotomultipliers (SiPMs) met digitale uitlezing [20-23]. dPET systemen 
hebben een betere tijdresolutie, hogere fotondetectie-efficiëntie, betere spatiële 
resolutie en een hogere systeem-sensitiviteit in vergelijking met conventionele PET 
(cPET) systemen [21-24]. Hierdoor bieden PET systemen met digitale detectoren 
in potentie een betere beeldkwaliteit met hogere SNRs en verbeterde detectie 
van kleine laesies.

Verder wordt bij FDG-PET tegenwoordig gebruik gemaakt van relatief grote voxels 
in de beeldreconstructie (typisch 4x4x4 mm3) [18, 25]. Dit levert PET beelden met 
een acceptabel ruisniveau maar het versterkt ook het ‘partial volume effect’ (PVE) 
wat de detectie van kleine laesies beperkt. Nieuwe TOF-PET scanners hebben de 
mogelijkheid om beeldreconstructies met kleinere voxels te maken en dit zou de 
detectie van kleine laesies ook kunnen verbeteren.

Het doel van dit proefschrift is het evalueren van de impact van deze recente 
ontwikkelingen in PET technologie op de detectie van kleine laesies bij de 
beeldvorming van kanker. We onderzochten de invloed van conventionele TOF-PET 
scanners en reconstructies met kleine voxels op de detectie van kleine laesies in 
patiënten met longkanker en borstkanker. Verder bestudeerden we digitale TOF-
PET scanners en bepaalden de invloed hiervan op SUV metingen, beeldkwaliteit en 
de detectie van kleine laesies bij patiënten met kanker. Ook onderzochten we de 
invloed van conventionele en digitale PET scanners op Europese richtlijnen en in 
het bijzonder op EARL accreditatie-eisen voor twee verschillende radionucliden.

Proefschrift overzicht

Deel I – PET standaardisatie
In deel I van dit proefschrift onderzochten we hoe recente ontwikkelingen in PET 
technologie en scanprotocollen ingezet kunnen worden om de PET beeldvorming 
verder te standaardiseren. 

Hoofdstuk 2 geeft een overzicht van diverse technische ontwikkelingen waardoor 
de beeldvorming van kanker met PET/CT de afgelopen jaren is verbeterd. We hebben 
beschreven hoe de ontwikkeling van TOF, point spread functie (PSF) modellering 
en nieuwe beeldreconstructietechnieken met kleine voxels de detectie van kleine 
laesies met PET heeft verbeterd. Verder is beschreven dat klinisch voordeel wordt 
verwacht van dPET en geregulariseerde reconstructiemethoden. Ook zijn er andere 
technieken ontwikkeld voor specifieke problemen, zoals metaal-artefactreducties 
en correcties van ademhalingsbewegingen. Samen bieden al deze ontwikkelingen 
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de mogelijkheid om de kwaliteit en kwantificatie van PET/CT beeldvorming bij 
patiënten met kanker te verbeteren. Drie onderwerpen die beschreven zijn in dit 
overzichtsartikel worden in meer detail uitgewerkt in de volgende hoofdstukken 
van dit proefschrift: de toediening van een gewichtsafhankelijke FDG-activiteit 
(Hoofdstuk 3), het gebruik van kleine voxel reconstructies (Hoofdstuk 8 en 9) en 
de invloed van digitale SiPMs op de PET beeldkwaliteit (Hoofdstuk 11).

Recent is aangetoond dat het gebruik van een FDG-activiteit die kwadratisch 
afhankelijk is van het gewicht van de patiënt, leidt tot een constante beeldkwaliteit 
bij patiënten [26]. Hoofdstuk 3 bevat een praktische methode waarin beschreven 
wordt hoe deze kwadratische dosering met behulp van het NEMA beeldkwaliteit 
(IQ) fantoom in de klinische praktijk kan worden toegepast met inachtneming 
van Europese richtlijnen. Wij hebben deze methode toegepast op een moderne 
PET/CT scanner. De formule die we hebben afgeleid beschrijft de FDG-activiteit 
die toegediend moet worden aan individuele patiënten en voldoet aan recente 
inzichten omtrent patiënt-specifieke FDG doseringen. De methode beschreven 
in Hoofdstuk 3 is generiek toepasbaar op elk PET systeem bij gebruik van een 
specifieke beeldreconstructie en een vaste scantijd per bedpositie.

De huidige EANM richtlijnen voor beeldvorming van tumoren met FDG-PET zijn 
gebaseerd op cPET systemen en daarom was het onbekend of dPET systemen met 
digitale SiPMs, die potentieel een betere beeldkwaliteit bieden dan conventionele 
systemen, ook in staat zijn om te voldoen aan de EARL accreditatiestandaarden. In 
Hoofdstuk 4 is dit onderzocht voor een recent geïntroduceerd TOF-dPET systeem. 
We hebben een fantoomstudie uitgevoerd op basis van de EANM richtlijnen. Met 
behulp van een NEMA IQ fantoom met zes bollen van verschillende grootte en 
gevuld met 18F, hebben we voor elke bol de contrast recovery coëfficiënt (CRC) 
berekend. De CRC is gedefinieerd als de ratio tussen de gemeten (maximale 
of gemiddelde) 18F concentratie in het PET beeld en de daadwerkelijke 18F 
concentratie in de bol. We hebben aangetoond dat dit dPET systeem CRC waarden 
gaf die hoger dan de bovengrens van de EARL voorschriften lagen, met name voor 
de kleinste bollen. Om met dPET te voldoen aan de EARL standaard wordt daarom 
aangeraden om gebruik te maken van relatief grote 4x4x4 mm3 voxels en een 
Gaussisch post-smoothing filter van 2 tot 4 mm. 

Voor PET systemen die voldoen aan de EARL specificaties is de verwachting dat 
ze ook vergelijkbare semi-kwantitatieve resultaten opleveren. Dit hebben we 
onderzocht in Hoofdstuk 5 door middel van FDG-PET scans van 50 patiënten met 
kanker waarbij gebruik werd gemaakt van een EARL-geaccrediteerde cPET en 
dPET scanner. Op basis van 128 FDG-positieve laesies met een gemiddelde grootte 
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van 19±14 mm vonden we een gemiddeld SUV verschil (ΔSUV) van 6-8%, met in 
de meeste gevallen hogere SUV-waarden voor de dPET scanner. Verder vonden 
we reproduceerbaarheidscoëfficiënten van 27% (ΔSUVmean en ΔSUVpeak) en 33% 
(ΔSUVmax) (p<0,001). De SUV variatie in deze studie werd voornamelijk veroorzaakt 
door een combinatie van drie factoren: een verschil in CRCs tussen het cPET en 
dPET systeem, de invloed van een langere FDG-opname in de patiënt en de test-
hertest variatie. Deze studie laat zien dat EARL standaardisatie werkt.

In aanvulling op de veelgebruikte 18F radionucliden, worden gallium-68 (68Ga) 
gelabelde peptiden steeds vaker gebruikt voor PET beeldvorming, ook bij 
multicenter studies [27]. Er zijn echter nog geen EARL specificaties vastgesteld 
voor 68Ga. In Hoofdstuk 6 hebben we daarom de semi-kwantitatieve variatie van 
68Ga-PET geëvalueerd in een multicenter onderzoek. Acht centra in Europa met 
dertien verschillende PET/CT systemen hebben 18F en 68Ga acquisities uitgevoerd 
van zowel een cilindrisch fantoom als een NEMA IQ fantoom. Uit dit onderzoek 
bleek dat 68Ga CRCs opleverde die onder de ondergrens van de huidige CRC 
standaarden voor 18F liggen. Om praktische redenen wordt echter aanbevolen om 
toch de 18F EARL-compatibele reconstructie-instellingen te gebruiken voor 68Ga-
PET kwantificatie in multicenter studies. Hierbij dient wel een cross-kalibratie 
uitgevoerd te worden tussen 68Ga gemeten met de dosiskalibrator en met het PET 
systeem.

Deel II – PET optimalisatie
In deel II van dit proefschrift hebben we de waarde van drie recente ontwikkelingen 
in PET technologie onderzocht: TOF (Hoofdstuk 7), reconstructies met kleine 
voxels (Hoofdstuk 8, 9 en 10) en dPET (Hoofdstuk 10 en 11). We hebben de impact 
van deze technologieën op de PET beeldkwaliteit en detecteerbaarheid van kleine 
laesies onderzocht bij patiënten met kanker, in het bijzonder bij longkanker en 
borstkanker.

Als voorbeeld van het opsporen van kleine laesies zouden de nieuwste 
generatie TOF-cPET scanners mogelijk kunnen leiden tot een betere detectie 
van bijniermetastasen. Bovendien kan dit invloed hebben op de wijze waarop 
nucleair geneeskundigen de bijnieren beoordelen op FDG-PET scans, specifiek 
bij het onderscheiden van benigne en maligne bijnieren. In Hoofdstuk 7 hebben 
we geanalyseerd wat de impact is van een conventionele TOF-PET/CT scanner bij 
gebruik van een EARL-compatibele reconstructie op de SUV van de bijnieren en op de 
bijnier-lever ratio bij 88 patiënten met longkanker. Met een SUVmax drempelwaarde 
van 3,7 werd een sensitiviteit van 96% en een specificiteit van eveneens 96% 
gevonden. Een drempelwaarde van 1,8 voor de bijnier-lever ratio leidde tot 91% 
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sensitiviteit en 97% specificiteit. In vergelijking met literatuur gebaseerd op een 
eerdere generatie niet-TOF PET scanners, leidt TOF-PET beeldvorming derhalve 
tot hogere SUVs voor benigne bijnieren terwijl het onderscheid tussen benigne 
en maligne bijnieren zeer nauwkeurig blijft. Klinische implementatie van TOF-
PET vereist dus het gebruik van hogere SUV drempelwaarden om onderscheid te 
maken tussen benigne en maligne bijnieren, evenals aanpassingen in de visuele 
evaluatie door PET beoordelaars.

In Hoofdstuk 7 werd nog gebruik gemaakt van een EARL-compatibele PET 
reconstructie met relatief grote 4x4x4 mm3 voxels. Met TOF-PET scanners kan het 
gebruik van reconstructies met kleine voxels (2x2x2 mm3) de detectie van kleine 
laesies mogelijk verder verbeteren [18]. Dit is onderzocht in Hoofdstuk 8 met een 
NEMA IQ fantoom (bol diameters 10-37 mm), een micro fantoom (bol diameters 
4-8 mm) en bij 39 patiënten met longkanker, waarbij gebruik is gemaakt van 
dezelfde TOF-PET/CT scanner als in Hoofdstuk 7. Dit onderzoek toonde aan dat het 
gebruik van een reconstructie met kleine voxels leidde tot hogere CRCs en SNRs 
voor kleine fantoombollen (≤13 mm) met relatieve toenames tot 80% (CRCmean) 
en 200% (CRCmax) voor de allerkleinste bollen. De gemiddelde toename in SNRmean 
and SNRmax over alle fantoombollen was respectievelijk 12% en 39%. Verder bleek 
uit de evaluatie van 66 FDG-positieve laesies in de patiëntenstudie dat bij gebruik 
van kleine voxels de SUVmean and SUVmax toenamen met respectievelijk 17% en 32% 
(p<0,01). Ook namen de gemiddelde en maximale SNR toe met respectievelijk 20% 
en 27% (p<0,01). Tot slot verkozen drie nucleair geneeskundigen de beelden met 
kleine voxels in 76% van de gevallen boven de beelden met de standaard voxels. 
Op basis van dit onderzoek kan geconcludeerd worden dat de detectie van kleine 
laesies met FDG-PET verbeterd kan worden door gebruik te maken van een PET 
reconstructie met kleine voxels.

In Hoofdstuk 8 werd echter nog niet gekeken naar de diagnostische consequenties 
en de potentiële klinische meerwaarde van deze kleine voxels reconstructies. Dit 
hebben we geëvalueerd in Hoofdstuk 9 door middel van locoregionale lymfeklier-
karakterisatie bij 69 patiënten met borstkanker waarbij gebruik is gemaakt 
van hetzelfde moderne TOF-PET/CT systeem als in Hoofdstuk 8. Twee nucleair 
geneeskundigen hebben alle scans visueel beoordeeld en semi-kwantitatieve 
parameters werden verzameld door het meten van de SUVmax en tumor-achtergrond 
ratio (TBratio). Op basis van de evaluatie van 61 benigne en 169 maligne okselklieren 
bleek dat bij gebruik van PET/CT beelden met kleine voxels de sensitiviteit van 
de visuele lymfeklier-karakterisatie verbeterde van 76% naar 89% (p<0,001). Dit 
biedt een hogere detectiegraad van maligne lymfeklieren. De PET reconstructie 
met kleine voxels leidde echter ook tot meer fout-positieve resultaten bij benigne 
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lymfeklieren tijdens de visuele beoordeling. De diagnostische accuratesse bleek 
gelijk tussen standaard en kleine voxel PET (p=0,13). Kwantitatief gezien leidde 
de kleine voxel reconstructie wel tot toenames in SUVmax en TBratio van gemiddeld 
40% ten opzichte van standaard voxel PET. Dit resulteerde in hogere SUV 
drempelwaarden van 1,8 naar 2,6 om onderscheid te kunnen maken tussen benigne 
en maligne locoregionale lymfeklieren. Dit impliceert dat PET beoordelaars hun 
referentiestandaarden visueel en kwantitatief moeten aanpassen wanneer ze PET 
beelden met kleine voxels beoordelen.

In de voorgaande hoofdstukken hebben we de waarde van kleine voxel 
reconstructies bepaald voor de cPET scanner. Een vergelijkbare impact van kleine 
voxel reconstructies kan worden verwacht bij gebruik van de dPET scanner en hier 
moet rekening mee gehouden worden bij het maken van eerlijke vergelijkingen 
tussen PET scanners. Hoofdstuk 10 bevat een brief naar de editor van het 
tijdschrift EJNMMI met onze reactie op een recente publicatie van Fuentes-
Ocampo et al.[28]. Zij vergeleken cPET en dPET bij 100 patiënten met kanker en ze 
rapporteerden een gemiddeld relatief SUV verschil van 35% bij 87 laesies, wat ze 
toewezen aan de dPET technologie. In deze studie werd echter een standaard voxel 
reconstructie (4x4x4 mm3) gebruikt bij de cPET scanner terwijl ze kleinere (2x2x2 
mm3) voxels toepasten bij de dPET scanner. Dit verschil in voxelgrootte tussen 
de twee PET scanners werd niet meegenomen in de evaluatie van de resultaten. 
Dit maakt de vergelijking van de twee systemen oneerlijk aangezien het gebruik 
van een reconstructie met kleine voxels op een cPET systeem al leidt tot hogere 
SUVs, zoals aangetoond in Hoofdstuk 8 en Hoofdstuk 9. In onze brief aan de editor 
hebben we benadrukt dat de voxelgrootte van de PET beeldreconstructie een 
grote invloed heeft op SUV metingen, en dat hier rekening mee gehouden dient te 
worden in PET vergelijkingsstudies. 

Tot slot hebben we in Hoofdstuk 11 een prospectieve evaluatie uitgevoerd van 
de visuele en semi-kwantitatieve waarde van dPET scans ten opzichte van hoge-
resolutie (HR) cPET scans bij 66 patiënten met verschillende soorten kanker. Bij 
gebruik van 2x2x2 mm3 HR voxel reconstructies voor beide systemen leidden 
de dPET scans tot gemiddeld 25% hogere SUVs in vergelijking met cPET scans 
(p<0.001). Ook kregen de dPET beelden op basis van visuele beoordeling de 
voorkeur in de meerderheid van de scans (65%). Verder vonden we op de dPET 
scans 37 extra laesies in 27 patiënten (41%) en een hogere TNM stadiëring bij 
13% van de patiënten. Vervolgonderzoek is nodig om de betere diagnostische 
performance van digitale PET te  bevestigen.
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Sinds de klinische introductie van PET scans voor oncologie beeldvorming 20 jaar 
geleden, zijn er diverse ontwikkelingen geïntroduceerd die de detectie van kleine 
laesies hebben verbeterd. In Hoofdstuk 2 hebben we reeds beschreven welke 
nieuwe hardware, software, acquisitie- en reconstructiemethoden geïntroduceerd 
zijn door de huidige generatie PET/CT scanners. In de volgende paragrafen worden  
nieuwe ontwikkelingen beschreven die in de toekomst PET standaardisatie kunnen 
beïnvloeden en de PET beeldkwaliteit en detectie van kleine laesies verder kunnen 
gaan verbeteren.

Invloed van nieuwe PET technologie op standaardisatie

EARL update
Een uitdaging in de standaardisatie van PET/CT is de ontwikkeling van nieuwe 
technieken die de beeldkwaliteit van PET verbeteren. In Hoofdstuk 4 hebben we 
aangetoond dat een beeldreconstructie met relatief grote voxels en een Gaussisch 
post-smoothing filter gebruikt moet worden om met een dPET scanner te kunnen  
voldoen aan EARL specificaties. Aangezien PET technologie zich voortdurend 
ontwikkelt, zijn in de toekomst nieuwe EARL specificaties nodig. Kaalep et al.[29] 
hebben in 2018 gekeken naar de prestaties van vier cPET systemen van drie grote 
leveranciers, voorzien van TOF en PSF modellering technologie en een voorstel 
gedaan voor een update van de EARL accreditatiespecificaties om hogere  CRCs 
te kunnen behalen. De EARL organisatie heeft dit voorstel overgenomen in het 
accreditatieprogramma en voor volledige implementatie hiervan wordt een 
transitiefase van twee jaar verwacht. Verder is in de toekomst het gebruik van 
kleinere fantoombollen, bijvoorbeeld zoals beschikbaar in het microfantoom 
(Hoofdstuk 8), gewenst om nieuwe reconstructie-algoritmen ook bij kleinere 
bollen te kunnen vergelijken om zo de kwantificatie van laesies kleiner dan 10 mm 
tussen scanners te standaardiseren.

Nieuwe semi-kwantitatieve methoden
Een andere benadering waarmee de PET standaardisatie verder zou kunnen 
verbeteren is het gebruik van semi-kwantitatieve meetmethoden die beter 
reproduceerbaar en robuuster zijn dan SUVmean and SUVmax [29]. Een voorbeeld 
hiervan is de SUVpeak parameter, gedefinieerd als de gemiddelde SUV in een 
vooraf bepaalde region-of-interest (ROI) van typisch 1 cm3, gecentreerd in een 
tumorgedeelte met hoge opname van de radioactieve stof [30]. Dankzij de relatief 
grote ROI wordt de SUVpeak minder beïnvloed door ruis dan de SUVmax. Er zijn echter 
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diverse definities voor de SUVpeak met verschillen in ROI vormen (kubus, circulair, 
bolvorming), locaties en groottes (7-17 mm) en gebruik hiervan geeft verschillende 
resultaten [31]. Ook is er met de meeste definities van SUVpeak momenteel sprake 
van een onderschatting van de SUVpeak bij laesies die kleiner zijn dan 1 cm, omdat 
de peak VOI groter is dan de laesie zelf [29].

Gestandaardiseerde en geoptimaliseerde reconstructies
Voor PET systemen met nieuwe technologie kunnen EARL-compatibele 
reconstructies gebruikt worden ten behoeve van gestandaardiseerde 
kwantificatie. Voor optimale visuele beoordeling wordt echter regelmatig de 
voorkeur gegeven aan een andere HR beeldreconstructie met hogere SNRs en 
betere laesiedetectie [11, 32]. Om aan wensen vragen te voldoen worden daarom 
regelmatig twee sets PET reconstructies gemaakt. Recent is een software pakket 
(EQ.PET, Siemens Healthineers) ontwikkeld dat één set PET beelden aanbiedt 
waarbij gestandaardiseerde SUVs gecombineerd worden met optimale HR beelden 
voor de visuele beoordeling [33, 34]. Het gebruik van deze aanpak kan zowel de 
reconstructietijd als de beeldinterpretatietijd reduceren [34]. De ontwikkelde 
methodiek is echter alleen beschikbaar voor scanners en reconstructiealgoritmen 
van de betreffende firma [33]. Voor de toekomst is een fabrikant-onafhankelijke 
oplossing wenselijk.

Verdere ontwikkeling van TOF-PET
Dankzij technische ontwikkelingen zoals de digitale SiPMs zijn de TOF prestaties van 
PET de afgelopen jaren aanzienlijk verbeterd [35]. De eerste TOF-PET/CT scanner 
(Gemini TF, Philips Healthcare) werd geïntroduceerd in 2006 met een coïncidentie 
tijdresolutie van 600 ps [16] terwijl het nieuwste digitale TOF-PET/CT systeem 
(Biograph Vision, Siemens Healthineers), geïntroduceerd in 2018, een tijdresolutie 
van 210 ps heeft [22]. Dit faciliteert het gebruik van een grotere matrix oftewel 
kleinere voxels [36], wat daardoor de detectie van kleine laesies in potentie 
verbetert, zoals aangetoond in Hoofdstukken 8 en 9. De winst in tijdresolutie kan 
ook gebruikt worden om de hoeveelheid radioactiviteit die wordt toegediend te 
verminderen en/of de scantijd te verkorten, terwijl de beeldkwaliteit behouden 
blijft. In de toekomst wordt een verdere verbetering van de tijdresolutie verwacht. 
Lecoq [37] beschreef recent een systematische aanpak door verschillende 
onderzoeksgroepen over de hele wereld met het doel een tijdresolutie van 
minder dan 100 ps te realiseren. Zelfs een TOF resolutie van 10 ps wordt mogelijk 
geacht door Lecoq [37], hoewel dit een extreme uitdaging zal zijn. Als dergelijke 
technologie in de toekomst beschikbaar komt in de klinische praktijk, zou dit 
een paradigmaverschuiving in PET beeldvorming kunnen veroorzaken omdat dit 
tot grote verbeteringen in systeemsensitiviteit zou leiden. Dit zou vervolgens 
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gebruikt kunnen worden voor bijvoorbeeld forse reducties in de stralingsdosis, 
verkorting van de scantijd en/of het verder verhogen van de PET beeldkwaliteit 
[37]. Ook zou dit mogelijkheden kunnen bieden voor PET-gestuurde biopsieën en 
PET-doorlichting tijdens interventieprocedures.

Nieuwe reconstructiemethoden
De verwachting is dat in de nabije toekomst nieuwe beeldreconstructiemethoden 
de PET beeldkwaliteit en detectie van kleine laesies verder gaan verbeteren. 
GE Healthcare heeft recent een Bayesiaanse penalized likelihood reconstructie 
algoritme (BSREM) geïntroduceerd die leidt tot een betere beeldresolutie en 
vermindering van de ruis in het PET beeld ten opzichte van het veelgebruikte 
Ordered Subset Expectation Maximization (OSEM) algoritme [38]. Het afgelopen 
jaar is met FDG-PET/CT scans van patiënten met verschillende soorten kanker 
aangetoond dat BSREM een verbeterde beeldkwaliteit met meer detail en een 
betere zichtbaarheid van tumoren oplevert ten opzichte van OSEM [39, 40]. 
Verder hebben Chilcott et al.[41] onlangs beschreven dat het gebruik van BSREM 
resulteert in een meer consistente beeldkwaliteit en SNR in de lever in vergelijking 
met OSEM, wat vooral ten goede komt aan de beeldvorming van obese patiënten. 
De verwachting is dat andere fabrikanten ook Bayesiaanse reconstructiemethoden 
zullen introduceren.

Een andere technologie die de PET beeldkwaliteit verder zou kunnen verbeteren 
is de datagedreven bewegingscorrectie [42, 43]. Deze methode extraheert 
bewegingsinformatie direct vanuit het PET acquisitiesignaal. In vergelijking met 
fysieke bewegingsmetingen zoals beschreven in Hoofdstuk 2 heeft datagedreven 
bewegingscorrectie een aantal voordelen: het is gebruikersonafhankelijk en kan 
volledig automatisch geïmplementeerd worden als softwareoplossing waarbij er 
geen aanpassingen in het acquisitieprotocol noodzakelijk zijn [44].

Kunstmatige intelligentie
Een opkomend vakgebied in de medische beeldvorming is de toepassing van 
kunstmatige intelligentie (AI), in het bijzonder machine learning en deep learning, 
door het automatisch kwantificeren van patronen. AI kan van waarde zijn in de 
detectie, karakterisatie en monitoring van tumoren [45]. Een voorbeeld hiervan 
is de computergestuurde detectie van longnoduli met PET/CT. In 2018 lieten 
Schwyzer et al.[46] zien dat machine- en deep learning algoritmes vrijwel volledig 
geautomatiseerde detectie van longkanker mogelijk maken, zelfs bij een tien- tot 
dertigvoudige dosisreductie. Dit zou kunnen leiden tot nieuwe toepassingen voor 
FDG-PET. AI programma´s worden ook gebruikt om kwantitatieve kenmerken uit 
medische beelden te extraheren door middel van data-karakterisatie algoritmes 
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[47]. Dit staat bekend onder de term radiomics. In de afgelopen jaren is aangetoond 
dat dergelijke kenmerken een goede weergave vormen van de intra-tumorale 
heterogeniteit wat gerelateerd blijkt te zijn aan tumorkenmerken [48]. Zodoende 
zouden met radiomics in potentie unieke ziektekarakteristieken ontdekt kunnen 
worden met toegevoegde diagnostische en prognostische waarde.

Voor de implementatie van radiomics is zowel standaardisatie als optimalisatie 
van PET beelden vereist. Aide et al.[49] toonden recentelijk aan dat de 
karakterisatie van borstkanker HR PET beelden vereist, met name wanneer er 
gezocht wordt naar relaties tussen tumorheterogeniteit op FDG-PET door middel 
van radiomics en histologische karakteristieken van de tumor. Tegelijkertijd blijft 
ook PET standaardisatie essentieel aangezien verschillen tussen scanners, evenals 
verschillen in acquisitie- en reconstructieprotocollen, de kwantitatieve kenmerken 
van tumoren en dus uitkomsten  kunnen beïnvloeden [50].

Total-body PET
Het afgelopen jaar werd de bouw van ’s werelds eerste total-body (TB) PET/CT 
scanner afgerond [51]. Terwijl klinisch beschikbare PET scanners een axiaal scanveld 
hebben van typisch 15 tot 25 cm, heeft dit TB PET systeem een axiaal scanveld van 
194 cm. Dit maakt visualisatie van het gehele menselijk lichaam mogelijk met een 
enkele acquisitie. Verder wordt door het geometrisch rendement van deze TB PET 
scanner het merendeel van de uitgezonden fotonen gedetecteerd, wat een factor 
40 aan winst oplevert in effectieve systeemsensitiviteit en een toename van een 
factor 6 in SNR in vergelijking met de huidige klinische PET scanners [52]. Dit kan 
de beeldkwaliteit verbeteren (Figuur 1) of gebruikt worden om de scantijd en/
of benodigde hoeveelheid radioactiviteit te reduceren. Verder biedt het systeem 
de mogelijkheid om dynamische opnames van het gehele lichaam te maken met 
een hoge temporele resolutie. Ondertussen genereert TB PET ook de nodige 
uitdagingen, voornamelijk gericht op de bouw van de scanner en de kosten die 
hiermee gepaard gaan [52]. Toekomstige studies zullen moeten aantonen wat de 
waarde van het TB systeem zal zijn [51].
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Figuur 1 Total-body PET scan van een gezonde vrijwilliger, met een scan van het gehele 

lichaam in coronaal (A) and sagittale oriëntatie (B), een beeld van het hoofd/hals gebied met de wanden 

van de halsslagaders (C), een beeld van de thorax inclusief de wanden van de grote vaten (D), een 

beeld van het abdomen en het wervelkanaal (E),  een beeld van het abdomen/bekken gebied inclusief 

wervels (F), een beeld van de knieën met osteofyten (G) en een beeld van de onderste extremiteiten 

met een gedetailleerd beeld van de mediale tibiale malleolus (H). Beelden overgenomen uit [51]

 
Klinische implementatie en validatie van nieuwe PET technologie
In dit proefschrift hebben we aangetoond dat nieuwe PET technologie heeft geleid 
tot een betere  beeldkwaliteit en verbeterde detectie van kleine laesies. Voor 
nucleair geneeskundigen kunnen deze ontwikkelingen het beoordelen van PET 
beelden echter ook gecompliceerder maken. Met een verbeterde beeldkwaliteit 
bevatten beelden ook meer details die geïnterpreteerd moeten worden en daarbij 
ontstaat een risico op fout-positieve bevindingen (Hoofdstuk 7 en Hoofdstuk 
9). Nucleair geneeskundigen moeten hun referentiestandaarden aanpassen en 
ook hogere SUV drempelwaarden gebruiken om onderscheid te kunnen maken 
tussen benigne en maligne laesies. Uiteindelijk is de vraag welke beeldkwaliteit 
noodzakelijk is voor de klinische vraag. Dit kan afhangen van het doel van de 
beeldvorming, bijvoorbeeld of de PET scan wordt gemaakt voor tumordetectie, 
TNM stadiëring, beoordeling van de respons op een behandeling of follow-up 
onderzoek. 

Nieuwe PET technologie kan leiden tot een paradigmaverschuiving in de 
beeldvorming van patiënten met kanker. Allereerst is het aannemelijk dat 
beeldvorming met PET gemakkelijker inzetbaar en kosten-effectiever wordt 
aangezien FDG-PET scans met een beeldkwaliteit die voldoet aan de EANM 
richtlijnen momenteel al gemaakt kunnen worden met een beperkte hoeveelheid 
radioactiviteit en een totale scantijd van 5 tot 10 minuten [22]. Met verdere 
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technologische ontwikkelingen zoals beschreven in dit hoofdstuk is het 
waarschijnlijk dat deze scantijden in de toekomst nog verder gereduceerd kunnen 
worden. Aan de andere kant kan hoge-resolutie PET nieuwe toegevoegde waarde 
bieden in de karakterisatie en stadiëring van een aantal typen tumoren, zoals 
het pancreascarcinoom en colorectale tumoren, waar bij oudere generaties PET 
scanners de diagnostische waarde van PET beperkt was [53, 54]. Een illustratie van 
de potentie van ultra-HR dPET is te zien in Figuur 2 waar een FDG-PET scan wordt 
getoond van een patiënt met een pancreascarcinoom met uitzaaiingen in de lever. 
Met een ultra-HR reconstructie van de digitale PET scan en extra lange scantijd 
(Figuur 2C) zijn meerdere kleine levermetastasen zichtbaar die niet zichtbaar zijn 
in Figuur 2A (standaard EARL scan) en slechts matig zichtbaar in Figuur 2B (HR 
reconstructie met een standaard scantijd).

Figuur 2 FDG-PET beelden van een patiënt met pancreascarcinoom en meerdere 
bewezen levermetastasen. A: dPET scan die voldoet aan de EARL standaard, zonder zichtbare 

afwijkingen in de lever. B: HR dPET scan met optimale reconstructie-instellingen (zoals beschreven 

in Hoofdstuk 11), waarbij de afwijkingen in de lever matig zichtbaar zijn. C: dPET scan gemaakt met 

een drie keer zo lange scantijd en gereconstrueerd met ultra-HR instellingen waarbij meerdere 

levermetastasen duidelijk zichtbaar zijn (pijlen)
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List of abbreviations

18F Fluor-18
3D 3-dimensional
68Ga Gallium-68 
89Zr 89Zirconium
AI Artificial intelligence
AL ratio Adrenal-to-liver ratio
APD Avalanche photodiodes
Aref Reference FDG activity
AUC Area under the curve
BGO Bismuth-germinate
BPL Bayesian penalized likelihood
BSO Bismuth-silicate
BSREM Bayesian penalized likelihood reconstruction algorithm 
Btrue True FDG activity concentration in the phantom background
Cbg Mean FDG concentration measured in the phantom 

background
CBM Continuous bed motion
CI Confidence interval
Cmeasured Measured FDG concentration in the sphere
COV Coefficient of variation
COVmax Maximal COV
cPET Conventional PET
CRC Contrast recovery coefficient
CRCmax Maximum CRC
CRCmean Average CRC
CT Computed tomography
Ctrue True FDG concentration in the sphere
dPET Digital PET
EANM European Association of Nuclear Medicine
EARL EANM research ltd
EUS-FNA Endoscopic ultrasound-guided fine-needle aspiration
FDG Fluor-18 fluordeoxyglucose
FOV Field-of-view
FU Follow up
FWHM Full width half maximum
HR High-resolution
IEC International electrotechnical commission
IQ phantom NEMA NU2-2001 image quality phantom
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LBR Lesion-to-background ratio
LOR Line-of-response
LSO Lutetium-oxyorthosilicate
LYSO Lutetium-yttrium oxyorthosilicate
MAP Maximum-a-posteriori
METC Medical ethical committee
MIP Maximum intensity projection
MLAA Maximum likelihood of activity and attenuation
MLEM Maximum likelihood estimation maximization
MRI Magnetic resonance imaging
MTV Metabolic tumour volume
NaI Sodium-iodine
NECR Noise equivalent count rate
NEMA National Electrical Manufacturers Association
NM Nuclear medicine
NSCLC Non-small cell lung cancer 
OSEM Ordered subset expectation maximization 
PET Positron emission tomography
PMT Photomultiplier tube
PSF Point spread function 
PSMA Prostate-specific membrane antigen
PVE Partial volume effect
RC Recovery coefficient    (Chapter 4 and 6)
RC Repeatability coefficient    (Chapter 5)
RCmax Maximum activity concentration RC
RCmean Mean activity concentration RC
RCpeak Peak activity concentration RC
ROC Receiver operator curve
ROI Region of interest
SD Standard deviation
SDbg SD in the background of reconstructed images
SiPM Silicon photomultiplier
SIRT Selective internal radiation therapy
Small voxels 2x2x2 mm3 voxels
SNR Signal-to-noise ratio
SNRmax Maximum SNR
SNRmean Average SNR
SPECT Single-photon emission computed tomography
SR Standard resolution
Standard voxels 4x4x4 mm3 voxels
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Strue True FDG activity concentration in the phantom spheres
SUV Standardised uptake value
SUVbackground Background SUV
SUVbkg Background SUV
SUVliver Average SUV in the liver
SUVmax Maximum SUV
SUVmean Average SUV
SUVpeak Peak SUV
Ta Time of acquisition
TB Total-body
TBratio Ratio between SUVmax and SUVbackground

Tm Time of measurement
Tmin Minimal scan duration per bed position
TOF Time-of-flight
UTE Ultra-short echo time
VOI Volume of interest
wCV Within-subject coefficient of variation
wref Reference body weight
ZTE Zero echo time
ΔT Time between FDG administration and start PET acquisition
ΔTcPET Time between FDG administration and start cPET acquisition
ΔTdPET Time between FDG administration and start dPET acquisition
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Dankwoord

Dit proefschrift was uiteraard nooit tot stand gekomen zonder de bijdragen van 
vele mensen die ik via deze weg graag wil bedanken.

Allereerst wil ik alle patiënten bedanken die de afgelopen jaren toestemming hebben 
gegeven voor het gebruik van hun gegevens voor wetenschappelijk onderzoek 
op de afdeling. In het bijzonder bedank ik de 225 patiënten die in 2018 en 2019 
deelnamen aan de vergelijkingsstudie van twee PET scanners. Dit heeft ons veel 
nieuwe inzichten opgeleverd over de optimale inzet van nieuwe PET technologie.

Beste copromotoren dr. P.L. Jager en dr. J.A. van Dalen, beste Jorn en Piet, ik weet 
nog goed dat ik kwam kennismaken voor mijn eerste TG-stage in de kelder van 
de Weezenlanden in augustus 2012. Wie had gedacht dat deze ontmoeting zeven 
jaar later tot dit mooie proefschrift zou leiden… ik in ieder geval niet! Hoewel de 
geplande studies naar de digitale PET scanner lang op zich lieten wachten heb ik 
nooit spijt gehad van onze ambitieuze plannen en zie hier het resultaat!

Beste Jorn, ik heb onze samenwerking altijd als bijzonder prettig ervaren. Je bent 
laagdrempelig bereikbaar en kijkt op eerlijke en pragmatische wijze naar nieuwe 
ideeën en dat maakt je een bijzonder effectieve klinisch fysicus en onderzoeker. 
Ook ben je een groot voorbeeld voor me in de manier waarop je studenten 
begeleidt. Ik ben dankbaar dat we dat ook veel samen konden doen!

Beste Piet, bedankt voor al jouw klinische en wetenschappelijke input de afgelopen 
jaren. Dit was essentieel om de patiënt niet uit het oog te verliezen op allerlei 
technische details. Je bent kritisch als het moet maar vooral ook complimenteus 
als het kan. Je directe doch motiverende manier van begeleiden heb ik altijd zeer 
gewaardeerd, dankjewel voor alles!

Beste promotor, prof.dr. ir. C.H. Slump, beste Kees, bedankt voor uw supervisie 
tijdens mijn stages, afstudeerproject èn promotieonderzoek. U gaf me veel vrijheid 
om mijn eigen plan te maken en uit te voeren, maar uw adviezen en tips waren 
toch ook regelmatig reden om het plan bij te stellen. Ook heb ik dankbaar gebruik 
gemaakt van de uitstekende cursussen op de UT, bedankt voor alle kansen!

Beste Siert, jij hebt met name op tactisch, strategisch en financieel vlak 
een belangrijke bijdrage geleverd aan het opstarten en uitvoeren van dit 
promotieonderzoek. Ook heb ik veel van je geleerd over het creëren van draagvlak 
en het vormen van een (toekomst)visie, dankjewel!
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Geachte leden van de promotiecommissie, hartelijk dank voor het lezen en 
beoordelen van mijn proefschrift en het voeren van de verdediging.

Verder wil ik graag alle co-auteurs, binnen en buiten Isala, bedanken voor hun 
bijdrage aan de diverse studies. In het bijzonder wil ik mijn collega-promovendi 
Charlotte, Daphne en Nanno bedanken voor de leuke en leerzame samenwerkingen 
waarbij ik als co-auteur mocht fungeren!

Ook wil ik de gehele afdeling nucleaire geneeskunde van Isala bedanken voor 
het faciliteren en ondersteunen van mijn onderzoek de afgelopen jaren. Bedankt 
voor de gezelligheid in de koffiekamer en bij de afdelingsuitjes, en natuurlijk ook 
bedankt voor jullie steun bij de presentaties op de EANM!

Uiteraard wil ik ook de vakgroep nucleaire geneeskunde bedanken. Beste Ad, 
Hester, Piet, Henk, Jaep en Siert, jullie waren allemaal bereid om een bijdrage 
te leveren in de visuele beoordeling van de vele PET beelden en het meedenken 
over nieuwe onderzoeksmogelijkheden en het inbrengen van klinische vragen. 
Het draagvlak dat ik daarbij heb ervaren voor het uitvoeren van alle studies 
was geweldig! Ook Elise, Rowena, Beti, Brian, Eef en Sharon, bedankt voor jullie 
bijdrage en betrokkenheid als nucleair geneeskundigen in Isala.

Beste physician assistants, Janneke, Magdalena en Martijn, bedankt voor jullie 
hulp bij het opstarten en includeren van patiënten in de PETPET-studie, jullie 
betrokkenheid en bereidheid om mee te denken bij alle nieuwe onderzoeksplannen 
de afgelopen jaren.

Beste Joris, na meerdere verhuizingen binnen de afdeling kwamen we een paar 
jaar geleden in onze kleine maar fijne TG-kamer terecht. Die eigen plek met jou als 
kamergenoot is me altijd prima bevallen. Hoewel onze onderzoekslijnen gescheiden 
waren was je altijd beschikbaar om mee te denken, extra statistische tests te runnen 
en te brainstormen over allerlei innovaties, bedankt! Je bent een inspirerende 
collega en ik ben heel benieuwd waar de toekomst jou brengen gaat, succes! 

Beste Amarins, als research coördinator was je van het begin (in Salzburg!) tot het 
eind (als paranimf) betrokken bij mijn promotieonderzoek. Jouw ervaring met 
wetenschappelijke studies heeft me regelmatig uit de brand geholpen en je was 
altijd bereid om te helpen en mee te denken. En natuurlijk ook bedankt dat je mijn 
paranimf wil zijn! Ik vind het tevens bewonderingswaardig dat je op zoek bent 
gegaan naar jouw ideale baan en ik wens je heel veel succes met de afronding van 
je opleiding!
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Ook wil ik alle klinisch fysici bedanken voor het ondersteunen van het 
wetenschappelijk onderzoek, in het bijzonder Jorn, Jochen en Martine, bedankt! 
Ook Stoffer Reiffers, grondlegger van de nucleaire geneeskunde in Zwolle, 
bedankt voor de leerzame gesprekken in de eerste periode van mijn onderzoek.
 
Ik wil tevens alle TG en MBRT studenten bedanken die de afgelopen jaren betrokken 
waren bij onze PET oncologie-onderzoeken. Ellis, Tessa, Ilse, Ellen, Michelle, 
Lisanne, Nick, Wyanne, Maureen en Carlijn, bedankt! Ook de Isala-promovendi die 
mij de afgelopen jaren voorgingen, Ruud, Martijn, Mohamed en Elsemiek bedankt 
voor de leerzame periode en nodige gezelligheid. Sabine, bedankt voor jouw 
gezelligheid en veel succes met het voortzetten van jouw promotieonderzoek de 
komende jaren, je kunt het! Ook Nanno, Nannet, Daphne, Maaike en Denise, veel 
succes gewenst met jullie verdere promotietraject!

Ook de steun en het draagvlak van operationeel leidinggevenden is essentieel 
voor het uitvoeren van wetenschappelijk onderzoek. Bianca, Lenie en Jan Willem, 
bedankt voor jullie bijdrage en steun in het faciliteren van alle onderzoeken op de 
werkvloer!

Alle medisch nucleair werkers op de nucleaire geneeskunde, veel dank voor al 
jullie hulp bij het uitvoeren van de extra onderzoeken en het begeleiden van onze 
TG-studenten op de werkvloer. In het bijzonder Dimitri, Aline, Marit, Inge, Tirsa en 
Thomas bedankt voor jullie aanzienlijke bijdrage bij het opstarten en uitvoeren 
van de PETPET studie! Ook PET kernlaboranten Evelien, Erik, Aline, Dimitri, Bianca 
en Diane, bedankt voor jullie bereidheid om mee te denken hoe we alle nieuwe 
mogelijkheden die onze PET scanners bieden zo goed en makkelijk mogelijk 
kunnen implementeren in de praktijk.

Beste collega’s van de administratie, Birgul, Natascha, Willy, Angela, Marieke, 
Jonathan en Anne-lien, bedankt voor jullie hulp en flexibiliteit bij het inplannen 
van de PETPET studiepatiënten en andere studiegerelateerde werkzaamheden, 
jullie zijn onmisbaar!

Beste applicatiebeheerders, in het bijzonder Gerard, Susanne, Having en Arina, 
ik weet dat ik regelmatig langskwam met onmogelijke vragen en wensen. Jullie 
waren altijd bereid om mee te denken en te zoeken naar een oplossing en daar zijn 
we samen steeds weer goed in geslaagd, bedankt!
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Ook het RVE bestuur en de MZE managers van de afdeling wil ik graag bedanken. 
Coen, Carolina, Siert, Corné, Wim, Egbert en Edwin, bedankt voor de kans om dit 
promotieonderzoek uit te voeren in Isala, de mogelijkheid om het onderzoek te 
gaan combineren met een functie als kwaliteitsadviseur en de ruimte om mezelf 
verder te ontwikkelen. Ik heb zoveel van jullie geleerd! Ook alle andere collega’s, 
waaronder stafleden, OL’ers en kwaliteitspecialisten, bedankt voor de prettige 
samenwerking en de leerzame tijd. In het bijzonder Saskia bedankt voor de fijne 
samenwerking als team-kwaliteit en bedankt voor jouw flexibiliteit, het was heel 
fijn dat we onze taken zo konden verdelen dat ik in de drukke periodes toch ook 
voldoende tijd kon besteden aan m’n onderzoek!

Beste medisch specialisten in Isala, in het bijzonder Anne Brecht Francken en Jos 
Stigt, bedankt voor jullie klinische bijdrage in onze studies naar de invloed van 
nieuwe PET technologie en de mogelijkheid die onze studenten en ik kregen om 
meer klinische ervaring op te doen! Ook Gijs Patijn bedankt voor jouw enthousiasme 
en betrokkenheid, het is ontzettend mooi om te zien hoe mijn onderzoek naar 
nieuwe PET technologie nu leidt tot nieuwe studieplannen met als ultiem doel de 
allerbeste en meest patiëntgerichte behandeling bij allerlei soorten kanker.
Dear Philips team, Maryam, Piotr, Dennis, Pedro and Sofie, your support as our 
research partner on new PET technologies was very important for the realisation 
of this thesis. Thank you for all interesting meetings and discussions over the past 
six years!

Lieve studiegenootjes, in het bijzonder Marleen, Marit, Marij en Colien, hoewel we 
inmiddels verspreid zijn over het hele land zaten we allemaal in hetzelfde TG/PhD 
schuitje. Het was fijn om ervaringen te kunnen delen, bedankt voor jullie steun en 
gezelligheid en laten we onze reunies vooral blijven organiseren :). Marit en Marij, 
veel succes met de afronding van jullie promotietraject! 

Beste atletiekvrienden, in het bijzonder oud-Kronauten, Daventrianen, WOC-
leden van Daventria en de WTO groep van de FBK Games, bedankt voor alle 
mooie atletiekwedstrijden die we de afgelopen jaren hebben georganiseerd en 
bijgewoond. Dit gaf altijd plezierige afleiding naast m’n onderzoek! Viktor in het 
bijzonder bedankt voor de gezelligheid bij de internationale toernooien die we de 
afgelopen jaren bezocht hebben, wanneer gaan we weer?! Ook andere vrienden 
en oud-klasgenootjes,  bedankt voor de gezellige uitjes, feestjes en etentjes de 
afgelopen jaren!
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Lieve familie, opa’s en oma’s (in herinnering), ooms en tantes, neven en nichten, 
en lieve schoonfamilie, bedankt voor jullie steun en interesse in mijn werk de 
afgelopen jaren, en bedankt voor de altijd gezellige familiefeestjes. Sven in het 
bijzonder bedankt, ik vind het mooi om te zien hoe je je plek hebt gevonden in 
Hengelo en top dat je nu zelfs werkt bij een bedrijf in medische technologie ;)!
 
Lieve pap en mam, bedankt voor jullie onvoorwaardelijke vertrouwen, steun en 
hulp om zorgeloos te kunnen studeren en m’n promotieonderzoek uit te voeren, 
dit was en is ontzettend belangrijk voor me!

Lieve Ronald, tijdens het hele promotietraject was jij mijn grootste steun en 
toeverlaat. Bedankt voor je heerlijke relativeringsvermogen en je hulp op zoveel 
fronten. Ook ben ik heel blij dat je vandaag mijn paranimf wil zijn. We hebben een 
heerlijk leven samen en ik kijk uit naar een mooie toekomst!
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Over de auteur

Daniëlle Koopman (20 januari 1990) uit Hengelo is 
Technisch Geneeskundige en atletiekliefhebber. In 
haar jeugd kwam ze door sportblessures meermaals 
op de spoedeisende hulp terecht en zo ontstond haar 
interesse in de medische wereld.

Na het behalen van haar VWO diploma (2008, Bataafse Kamp, Hengelo) startte 
ze met de studie Technische Geneeskunde (Universiteit Twente, Enschede). Haar 
bachelordiploma behaalde ze in 2011. Aansluitend volgde ze de master Technical 
Medicine (specialisatie Robotics and Imaging) en liep ze stages op de nucleaire 
geneeskunde (Isala, Zwolle), interventieradiologie (Radboud UMC, Nijmegen), 
radiotherapie (RISO, Deventer) en reumatologie (ZGT, Almelo/Hengelo). 

Daarna voerde ze haar afstudeerproject uit op de afdeling nucleaire geneeskunde 
(Isala, Zwolle) onder begeleiding van dr. Piet Jager, dr. Jorn van Dalen en prof. dr. 
ir. Kees Slump. Dit onderzoek rondde ze in oktober 2014 af met een 9 als eindcijfer. 
Het onderzoek werd voortgezet in een promotietraject, resulterend in dit 
proefschrift. Sinds 2016 is ze ook kwaliteitsadviseur voor de afdelingen 
radiologie en nucleaire geneeskunde in Isala.

Haar vrije tijd besteed Daniëlle het liefst aan haar hobby atletiek. Als 
atleet, vrijwilliger en atletiekfan bezoekt ze regelmatig (inter)nationale 
atletiekwedstrijden. Ze is wedstrijdsecretaris bij AV Daventria 1906 (Deventer) en 
jurycoördinator bij de internationale FBK Games (Hengelo). Daniëlle woont samen 
met Ronald in Deventer.
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