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A B S T R A C T   

Purpose: To assess how some of the new developments in brain positron emission tomography (PET) image 
reconstruction affect quantitative measures and software-aided assessment of pathology in patients with neu-
rodegenerative diseases. 
Methods: PET data were grouped into four cohorts: prodromal Alzheimer’s disease patients and controls re-
ceiving [18F]flutemetamol, and neurodegenerative disease patients and controls receiving [18F]FDG PET scans. 
Reconstructed images were obtained by ordered-subsets expectation maximization (OSEM; 3 iterations (i), 16/ 
34 subsets (s), 3/5-mm filter, ± time-of-flight (TOF), ± point-spread function (PSF)) and block-sequential reg-
ularized expectation maximization (BSREM; TOF, PSF, β-value 75–300). Standardized uptake value ratios 
(SUVR) and z-scores were calculated (CortexID Suite, GE Healthcare) using cerebellar gray matter, pons, whole 
cerebellum and whole brain as reference regions. 
Results: In controls, comparable results to the normal database were obtained with OSEM 3i/16 s 5-mm re-
construction. TOF, PSF and BSREM either increased or decreased the relative uptake difference to the normal 
subjects’ database within the software, depending on the tracer and chosen reference area, i.e. resulting in 
increased absolute z-scores. Normalizing to pons and whole brain for [18F]flutemetamol and [18F]FDG, re-
spectively, increased absolute differences between reconstructions methods compared to normalizing to cere-
bellar gray matter and whole cerebellum when applying TOF, PSF and BSREM. 
Conclusions: Software-aided assessment of patient pathologies should be used with caution when employing 
other image reconstruction methods than those used for acquisition of the normal database.   

1. Introduction 

Positron emission tomography (PET) imaging of patients with sus-
pected neurodegenerative disease can reveal pathological changes at an 
early stage. However, differential diagnosis between disorders can be 
difficult and reliable assessment of brain-PET images therefore requires 
a high level of expertise and experience. Computer-based tools for 
image analysis are an important part of clinical evaluation of ex-
aminations and may assist with objective clinical interpretation and 
provide support in the diagnosis of neurodegenerative diseases. Several 

software-aided diagnosis systems for neuroimaging are available, e.g. 
Brass (Hermes Medical Solutions), CortexID Suite (GE Healthcare), 
NeuroQ (Syntermed), Syngo.PET (Siemens), MiM Neuro (MIM), and 
Amyloid analyser (Fraunhofer-Mevis). CortexID, used in the present 
study, is a fully automated tool for analysis and quantification of [18F] 
FDG and β-amyloid brain PET examinations, and includes standardized 
uptake value ratio (SUVR) reference databases generated from healthy 
volunteer data. In addition, most of these software applications provide 
3D-stereotactic surface projection (SSP) maps which have improved the 
accuracy and sensitivity of decision-making and thereby support a 
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better clinical care of patients with neurodegenerative diseases 
(Minoshima et al., 1995; Ishii et al., 2006; Drzezga, 2009; Partovi et al., 
2017). 

New developments in PET instrumentation and software design, 
such as time-of-flight (TOF) capable PET/computer tomography (CT) 
scanners, integrated point-spread function (PSF) recovery and regular-
ized reconstruction methods have all resulted in improved image signal- 
to-noise ratio. Regularized image reconstruction allows for fully con-
vergent iterative reconstruction of PET data, which, in contrast to 
conventional non-regularized methods, results in less noise and better 
recovery of radioactivity concentration. The commercially available 
block-sequential regularized expectation maximization (BSREM) 
(Q.Clear; GE Healthcare) reconstruction method implements regular-
ization by a relative difference penalty (De Pierro and Yamagishi, 2001; 
Nuyts et al., 2002; Ross, 2014), and allows the user to adjust the 
strength of the activity-dependent smoothing. Studies addressing whole 
body [18F]FDG on various PET/CT scanners have shown for BSREM to 
reduce image noise without impeding the tumor detectability, or vice 
versa, to improve tumor detectability at similar noise levels as ordered- 
subsets expectation maximization (OSEM) (Teoh et al., 2016; Sah et al., 
2017; Lindström et al., 2018; Trägårdh et al., 2019; Bjöersdorff et al., 
2019). Other studies have also shown the need to adjust the setting of β 
depending on the tracer and application being used (Lindström et al., 
2019, 2020). 

To our knowledge, the effect of regularized reconstruction on brain- 
PET images has not yet been described. The reference databases in the 
software-aided diagnosis systems referred above have often been ac-
quired several years ago and over a long time period, using scanners 
and image reconstruction methods that provided poorer image quality 
and lower image resolution than the current state of the art systems 
using higher sensitivity scanners, TOF, PSF recovery and regularized 
reconstruction. 

The aim of the present study was to evaluate how some of the im-
proved PET image reconstructions affect quantitative measures and 
assessment of patients with neurodegenerative diseases using dedicated 
software. 

2. Material and methods 

2.1. Subjects 

PET data were grouped into four cohorts: 16 patients with clinically- 
diagnosed prodromal Alzheimer’s disease (AD) with Aβ pathology 
(abnormal cerebrospinal fluid Aβ42/Aβ40 ratio) (Janelidze et al., 
2017) and a control cohort comprising 20 healthy volunteers without 
Aβ pathology (normal cerebrospinal fluid Aβ42/Aβ40 ratio) underwent 
[18F]flutemetamol PET scans, and 20 patients referred for dementia 
evaluation and a control cohort comprising 13 melanoma patients 
without brain involvement underwent [18F]FDG PET. Due to a regional 
z-score inclusion criteria of −2 or less for the [18F]FDG patient cohort 
(see further details under 2.3 Quantification) only 12 patients out of 20 
were included in the analysis. Cohort characteristics are presented in  
Tables 1 and 2. This study was a dual-center collaboration and the re-
cruitment and examination took place at Skåne University Hospital 
([18F]flutemetamol) in Malmö and Lund, Sweden and at Uppsala Uni-
versity Hospital ([18F]FDG) in Uppsala, Sweden, while the analyses of 
PET images were performed in Uppsala. The [18F]flutemetamol patients 
were included in the Swedish BioFINDER 2 study and [18F]FDG patients 
were clinical routine examinations. All scans were acquired between 
2016 and 2018. Study approvals were obtained from the regional 
ethical authorities of the participating centers (Malmö/Lund reference 
number 2016/1053, Uppsala reference number 2019/00092). 

2.2. Imaging 

All subjects were scanned on a 4-ring Discovery MI digital TOF PET/ 

CT scanner (GE Healthcare, Marlborough, MA, USA) (Hsu et al., 2017). 
[18F]Flutemetamol PET images (patients and healthy volunteers) were 
acquired as a 20-min static scan starting approximately 90 min after 
injection of 185 MBq (2.4  ±  0.5, range 1.5–3.3 MBq/kg) of [18F]flu-
temetamol. Neurodegenerative disease patients underwent a 10-min 
static scan starting approximately 45 min after injection of 3.2  ±  0.5 
(range 2.2–4.4) MBq/kg of [18F]FDG, while the control cohort of mel-
anoma patients underwent a whole-body scan; for the present study the 
2-min static scan of the brain bed position starting approximately 
90 min after injection of 3.7  ±  0.4 (range 2.9–4.4) MBq/kg of [18F] 
FDG was used. The PET image data were reconstructed by OSEM 
( ± TOF, ± PSF, 3 iterations (i), 16/34 subsets (s), and 3/5 mm Gaus-
sian post processing filter) and BSREM (always including TOF and PSF; 
β 75, 150, 225, and 300), applying all appropriate corrections i.e. the 
data were normalized and corrected for deadtime, random coin-
cidences, scatter, and attenuation based on CT. A transaxial field of 
view of 250 mm and a 256 × 256 matrix resulted in 
0.98 × 0.98 × 2.79 mm3 voxels. 

2.3. Quantification 

[18F]Flutemetamol and [18F]FDG activity were quantified using a 
fully automated post processing application, CortexID Suite 2.1 Ext. 6 
(GE Healthcare, Marlborough, MA, USA). Each set of study data were 
compared to a dataset of normal controls provided through the soft-
ware, with age-matched comparisons for [18F]FDG. Semiquantitative 

Table 1 
Patient and control cohorts’ characteristics.        

[18F]Flutemetamol [18F]FDG 

Variable Patients Controls Patients Controls  

Subjects n 16 20 12 13 
Age mean  ±  SD 75  ±  5 59  ±  14 69  ±  9 58  ±  14 
Gender F:62.5% 

M:37.5% 
F:45% 
M:55% 

F:50% 
M:50% 

F:62% 
M:38% 

Scan duration [min] 20 20 10 2 
Injected activity 

[MBq/kg] 
2.6  ±  0.5 
(1.9–3.2)* 

2.3  ±  0.5 
(1.5–3.3)* 

3.2  ±  0.5 
(2.2–4.4) 

3.7  ±  0.4 
(2.9–4.4) 

Uptake time [min] 90 90 45 90 

SD: standard deviation; F: female; M: male. 
* Injected activity was 185 MBq.  

Table 2 
Diagnosis of [18F]FDG neurodegenerative disease pa-
tients (n = 12).    

Subject Clinical diagnosis  

1 AD + vascular PD 
2 CBD 
3 FTD 
4 AD 
5 CBD 
6 FTD 
7 AD 
8 DLB 
9 FTD 
10 Vascular PD 
11 FTD 
12 AD 

AD: Alzheimer’s disease; PD: Parkinson’s disease; CBD: 
cortical basal degeneration; FTD: frontotemporal de-
mentia; DLB: dementia with Lewy bodies.AD: 
Alzheimer’s disease; PD: Parkinson’s disease; CBD: 
cortical basal degeneration; FTD: frontotemporal de-
mentia; DLB: dementia with Lewy bodies.  
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outcome measures were regional SUVR, calculated relative to a re-
ference region, and z-scores. The reference regions were either pons or 
cerebellar gray matter for analysis of [18F]flutemetamol examinations, 
and either whole cerebellum or whole brain for [18F]FDG examinations. 
Z-scores define the number of standard deviations (σ) from the normal 
mean (μ), and are computed as follows, 

=z
x µ

.normal

normal (1) 

where x is the individual value of the current examination. A positive z- 
score represents increased uptake relative to the normal reference data 
and, vice versa, a negative z-score represents reduced uptake. For 
clinical interpretation, regions with a resulting z-score equal to or 
higher than 2 is considered pathologic when assessing [18F]fluteme-
tamol examinations. Whereas a z-score equal to or lower than −2 is 
considered pathologic when assessing [18F]FDG examinations. 

For [18F]flutemetamol, the evaluation was restricted to a composite 
region. For [18F]FDG, a combination of prefrontal, precuneus and 
parietal regions was analyzed including both left and right regions. In 
the [18F]FDG control cohort, all those regions were included in the 
analysis, while in the [18F]FDG patient cohort, regions were included in 
the analysis given that the region had a z-score less than −2 for an 
OSEM reconstruction with 3 iterations, 16 subsets and 5 mm filter (3i/ 
16s 5 mm) using whole cerebellum as reference. The composite region 
of all subjects in the [18F]flutemetamol patient cohort were included in 
the analysis regardless of z-score value. 

2.4. Graphics and statistical analysis 

GraphPad Prism 8.3.0 and Matlab 2016b were used for graphics and 
statistical analysis. Non-parametric t-test (paired two tailed Wilcoxon’s 
signed rank test) was applied with statistical difference of SUVR and z- 
score between reconstruction methods for P  <  0.05. A post-hoc ana-
lysis was performed using the nonparametric Friedman test correcting 
for multiple comparisons using Dunn’s statistical hypothesis testing, 
yielding adjusted P-values with family wise significance at 0.05. 
Cohen’s d was computed for patients versus controls for each re-
construction method, and for each reconstruction method versus the 
reconstruction method that best matched the normal database. 

3. Results 

The control cohorts of both [18F]flutemetamol and [18F]FDG 
yielded comparable results to the normal database when using OSEM 
3i/16s 5-mm reconstruction, without TOF and PSF, considering mean z- 
score. TOF, PSF modelling and BSREM either increased or decreased the 
relative uptake difference to the normal subjects’ database within the 
CortexID software, depending on the tracer and chosen reference area, 
i.e. resulting in increased absolute z-scores. The patient cohorts of both 
[18F]flutemetamol and [18F]FDG followed similar trends as for the 
control cohorts. 

3.1. [18F]Flutemetamol 

Example images are shown in Fig. 1 a and Fig. 2 a. SUVR and z- 
scores of the patient and control cohorts are shown in Figs. 3 and 4 with 
cerebellar gray matter and pons used as reference regions, respectively. 
Results of statistical tests with corrections for multiple comparisons are 
presented in heat maps (Fig. 5) and in more detail in the appendix 
(Table A.1). 

In general, there were no significant differences in SUVR and z-score 
compared to OSEM 3i/16s 5 mm for the patient cohort with cerebellar 
gray matter used as reference (Figs. 3 and 5). For the control cohort, 
however, PSF reconstruction resulted in significantly lower SUVR and 
z-score compared to OSEM 3i/16s 5 mm with cerebellar gray matter 
used as reference (Figs. 3, 5, and 6). Meanwhile, all reconstructions 

with PSF and/or with a 3-mm filter, with the exception of OSEM 3i/16s 
3 mm, resulted in significantly lower SUVR and z-score compared to 
OSEM 3i/16s 5 mm in both cohorts with pons used as reference (Figs. 4, 
5, and 6). 

3.1.1. Effect sizes 
Cohen’s d for [18F]flutemetamol was similar regardless of re-

construction method and reference region, except for a small negative 
trend in Cohen’s d found with additional reconstruction features when 
comparing patients to OSEM controls with pons as reference (Fig. 7). 

3.2. [18F]FDG 

Example images are shown in Fig. 1 b and Fig. 2 b. SUVR and z- 
scores of the patient and control cohorts are shown in Figs. 8 and 9 with 
whole cerebellum and whole brain used as reference regions, respec-
tively. Results of statistical tests with corrections for multiple compar-
isons are presented in heat maps (Fig. 10) and in more detail in the 
appendix (Table A.1). Notably, TOF, PSF and BSREM resulted in in-
creased mean SUVR and z-score compared with OSEM with whole 
cerebellum as reference, while the same reconstruction features re-
sulted in decreased mean SUVR and z-score compared to OSEM with 
whole brain as reference (Figs. 8, 9, and 11). In general, PSF re-
construction resulted in significantly higher SUVR and z-score com-
pared to OSEM 3i/16s 5 mm, when whole cerebellum was used as re-
ference (Fig. 10). Meanwhile, PSF reconstruction as well as 
reconstruction with TOF and 3 mm filter resulted in significantly lower 
SUVR and z-score compared to OSEM 3i/16s 5 mm with whole brain as 
reference (Fig. 10). 

3.2.1. Effect sizes 
Cohen’s d for [18F]FDG was roughly similar for all reconstructions 

when whole cerebellum was used as reference, regardless if compar-
isons were made to OSEM or the same reconstruction method (Fig. 12 a, 
b). A larger variation in Cohen’s d for [18F]FDG was found with whole 
brain as reference (Fig. 12 c, d). 

4. Discussion 

The aim of the present work was to evaluate how some of the novel 
and improved PET image reconstructions, such as including TOF, PSF 
modelling and regularized reconstruction, affect quantitative measures 
and assessments of patients with neurodegenerative diseases using 
dedicated software. The choice of reconstruction method and setting 
was found to affect the magnitude of SUVR and z-score levels when 
utilizing a software-aided diagnosis for assessing and comparing ex-
aminations to a normal reference database. 

Employing improved PET image reconstruction methods increased 
the risk of false-positive and false-negative outcome measures, as the z- 
score gradually either dropped or increased depending on the tracer 
and chosen reference region. Various studies choose different reference 
regions (Mosconi et al., 2008; Josephs et al., 2012; Thurfjell et al., 
2014; Joshi et al., 2015; Finnsson et al., 2019). In our study, four re-
ference regions were considered for retrieving SUVR measures, two for 
each tracer. The choice of reference region will always affect the 
magnitude of SUVR levels, depending on the level of uptake in that 
specific area. The pons, for example, is a hot region in flutemetamol 
scans with a higher uptake than cerebellar gray matter resulting in 
lower SUVR measures when used as reference region. 

For the present study, images were initially reconstructed using 16 
different reconstruction methods. The highlighted reconstruction 
methods in the figures were representative of the entire dataset ranging 
from the basic method of OSEM 3i/16s 5 mm, which most closely re-
flected the database of the CortexID software, to the addition of TOF, 
PSF and lastly BSREM β150 that resulted in the largest difference to the 
database and standard OSEM reconstruction. 
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CortexID produced results for 20 and 26 different regions for [18F] 
flutemetamol and [18F]FDG, respectively, although not all of them were 
presented here. The composite region has previously been shown to 
adequately reflect changes in amyloid binding between Alzheimer’s 
disease patient groups and healthy controls (Thurfjell et al., 2014). For 
[18F]FDG, there is no such composite region available, hence we chose 
to analyze frontotemporal, precuneus and parietal regions instead. 
Additionally, due to the diversity of the [18F]FDG patient cohort, re-
gions that were not confirmed pathologic (z-score  <  −2) with cere-
bellum as reference in the OSEM 3i/16s 5 mm reconstruction were 
excluded from the analysis. Neurodegenerative diseases have certain 
distinguishable uptake patterns with higher uptake in varying regions 
causing mean SUVR measures over the entire cohort in our study to 
drop. However, the [18F]FDG patient cohort resulted in similar trends 
as for the control cohort when compared to the normal database within 
the CortexID software. The effect of the different acquisition ap-
proaches between the [18F]FDG patient and control cohort should also 
be minimal as it has previously been shown that z-scores were not af-
fected by a low versus a normal dose of injected [18F]FDG (Fällmar 
et al., 2016). 

CortexID spatially normalizes each PET examination to a template 

Fig. 1. SUVR images of two Alzheimer’s disease patients PET examinations with [18F]flutemetamol (a) and [18F]FDG (b) using cerebellar gray matter and whole 
cerebellum as reference regions, respectively, for various reconstruction methods. 

Fig. 2. 3D-SSP z-score images of two Alzheimer’s disease patients (same as in  
Fig. 1) overlaid on MR template, [18F]flutemetamol (a) and [18F]FDG (b) using 
cerebellar gray matter and whole cerebellum as reference regions, respectively. 

Fig. 3. SUVR and z-score derived from [18F]flutemetamol PET image data of the composite region with cerebellar gray matter as reference. The graphs display 
patients (a,b) and healthy controls (c,d), and from left to right in each graph are OSEM, TOF OSEM, TOF OSEM PSF (three variants) and BSREM (two variants). 
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space to account for anatomical variations. This normalization will 
differ slightly each time an examination is uploaded to the software and 
therefore this step may induce some variations to the outcome measures 
of the present study. 

Cohen’s d as a measure of effect size between patients and controls 
was found to be similar regardless if improved reconstructions methods 
were used and compared to each other. This suggests that it may not be 
beneficial to update existing normal databases to improve the outcome 
of software-aided diagnosis systems. However, on the basis of our 

study, employing image reconstruction methods other than those 
used for acquisition of the normal database may negatively affect 
the clinical assessment outcome. Hence, two image reconstructions may 
be required to benefit from the new developments in PET in-
strumentation and software design; one that is similar to the database of 
the software-aided diagnosis system for quantitative assessment and 
another employing improved image reconstruction methods for visual 
assessment. 

Fig. 4. SUVR and z-score derived from [18F]flutemetamol PET image data of the composite region with pons as reference. The graphs display patients (a,b) and 
healthy controls (c,d), and from left to right in each graph are OSEM, TOF OSEM, TOF OSEM PSF (three variants) and BSREM (two variants). 

Fig. 5. Adjusted P-values from nonparametric Friedman test correcting for multiple comparisons using Dunn’s statistical hypothesis testing. Family wise significance 
at 0.05. All reconstructions are compared to OSEM 3i/16s 5 mm filter with the same reference region. GC: gray cerebellum. 
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Fig. 6. Z-score histograms derived from [18F]flutemetamol healthy control PET image data of the composite region. Cerebellar gray matter (bars in color) and pons 
(bars in gray) were used as reference regions. 

Fig. 7. Cohen’s d derived from SUVR [18F]flutemetamol PET image data of the composite region. Patients compared to controls (controls reconstructed using OSEM 
3i/16 s 5 mm (a,c) or same reconstruction as patients (b,d)). Cerebellar gray matter (a,b) and pons (c,d) were used as reference regions. 

Fig. 8. SUVR and z-score derived from [18F]FDG PET image data of the prefrontal, precuneus and parietal region with whole cerebellum as reference. The graphs 
display patients (a,b) and healthy controls (c,d), and from left to right in each graph are OSEM, TOF OSEM, TOF OSEM PSF (three variants) and BSREM (two 
variants). 
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5. Conclusions 

Software-aided assessment of patient pathologies was affected by 
image reconstruction methods and should be used with caution when 
employing other image reconstruction methods than those used for 
acquisition of the normal database. The selection of reference region 
influenced the outcome measures and increased absolute differences 
between reconstructions methods, therefore cerebellar gray matter and 
whole cerebellum should be used as reference region for [18F]flute-
metamol and [18F]FDG, respectively, and use of pons and whole brain 
should be avoided. 
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