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A B S T R A C T   

In Mild Cognitive Impairment (MCI), the study of brain metabolism, provided by 18F-Fluoro-
DeoxyGlucose Positron Emission Tomography (18F-FDG PET) can be integrated with brain 
perfusion through pseudo-Continuous Arterial Spin Labeling Magnetic Resonance sequences (MR 
pCASL). Cortical hypometabolism identification generally relies on wide control group datasets; 
pCASL control groups are instead not publicly available yet, due to lack of standardization in the 
acquisition parameters. This study presents a quantitative pipeline to be applied to PET and 
pCASL data to coherently analyze metabolism and perfusion inside 16 matching cortical regions 
of interest (ROIs) derived from the AAL3 atlas. The PET line is tuned on 36 MCI patients and 107 
healthy control subjects, to agree in identifying hypometabolic regions with clinical reference 
methods (visual analysis supported by a vendor tool and Statistical Parametric Mapping, SPM, 
with two parametrizations here identified as SPM-A and SPM-B). The analysis was conducted for 
each ROI separately. The proposed PET analysis pipeline obtained accuracy 78 % and Cohen’s к 
60 % vs visual analysis, accuracy 79 % and Cohen’s к 58 % vs SPM-A, accuracy 77 % and Cohen’s 
к 54 % vs SPM-B. Cohen’s к resulted not significantly different from SPM-A and SPM-B Cohen’s к 
when assuming visual analysis as reference method (p-value 0.61 and 0.31 respectively). 
Considering SPM-A as reference method, Cohen’s к is not significantly different from SPM-B 
Cohen’s к as well (p-value = 1.00). The complete PET-pCASL pipeline was then preliminarily 
applied on 5 MCI patients and metabolism-perfusion regional correlations were assessed. The 
proposed approach can be considered as a promising tool for PET-pCASL joint analyses in MCI, 
even in the absence of a pCASL control group, to perform metabolism-perfusion regional corre-
lation studies, and to assess and compare perfusion in hypometabolic or normo-metabolic areas.  
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1. Introduction 

18F-FDG Positron Emission Tomography (PET) has been shown to provide useful information in the etiological diagnosis of 
different neurodegenerative dementias, and it has been deemed central in the workup of mild cognitive impairment in recent Italian 
and European consensus papers [1,2]. On the other hand, magnetic resonance imaging (MRI) is usually the first and most available tool 
to assess patients with cognitive complaints [1]. While FDG-PET provides data about cerebral metabolism, MRI has been traditionally 
used to evaluate structural properties, such as atrophy patterns. The recently introduced pseudo-Continuous Arterial Spin Labeling 
sequence (pCASL) can integrate MRI with functional data about brain perfusion without the need for contrast enhancement [3,4]. 

A few studies compared 18F-FDG PET and pCASL in neurodegenerative dementias and healthy subjects [5–16]. In most of them, the 
principal aim is to assess the validity of the pCASL technique, and a general correlation has been found between perfusion and 
metabolism values [5,6,9,15,16]. However, the great heterogeneity among studies currently limits the translation of pCASL into 
clinical practice for patients with dementia. In particular, little attention has been given to the potential role of pCASL in the man-
agement of MCI patients. 

In order to better understand the role of pCASL perfusion analysis in the diagnostic workup of cognitive decline, as a functional tool 
complementary or even alternative to 18F-FDG PET, quantitative studies coherently analyzing PET and pCASL images on MCI patients 
are needed. PET cortical hypometabolism is commonly quantified with the SPM toolbox (https://www.fil.ion.ucl.ac.uk/spm/), that 
identifies pathological patterns by statistically comparing patient data with a control group (normative data). Multicentric normative 
data are made available e.g. by the Italian Association of Nuclear Medicine and Molecular Imaging (AIMN, https://www.aimn.it/). 
Since pCASL technique is not yet standardized among centers and vendors [17], perfusion images still depend on acquisition pa-
rameters, such as post-labeling delay or slab thickness. A few research groups have built internal small datasets of healthy subjects 
pCASL images, acquired by using different parameters [7,9]. However, large pCASL control groups are not publicly available yet, 
limiting the possibility of performing a PET-like SPM voxel-wise analysis. 

To jointly analyze metabolism and perfusion in matching cortical areas in MCI patients, we developed a region of interest (ROI)- 
based quantitative analysis pipeline to be independently and coherently applied to PET and pCASL data. ROI-based quantitative 
analysis pipelines have been already applied in studies looking for PET-pCASL regional correlations in normal subjects, autosomal 
dominant Alzheimer and frontotemporal dementia patients [5,9,16]. The aim of this work is to tune and validate the pipeline on the 
PET line, where normative data can be exploited, in order to individuate hypometabolic regions in agreement with SPM conventional 
analysis and with the visual analysis of an expert nuclear medicine physician. The idea is that a regional PET-pCASL analysis tool that 
identifies hypometabolic areas could become a driver to interpret pCASL images, even in the absence of a pCASL control group. The 
pipeline results could indeed be used in metabolism-perfusion regional correlation studies, but also to assess and compare perfusion in 
areas identified by FDG-PET as hypometabolic or normal. 

The work is organized as follows. The first part aims to describe the PET-pCASL pipeline. In the second part, the PET line is tuned 
and validated on a group of 36 MCI patients 18F-FDG PET images to agree with SPM conventional analysis and with the visual analysis 
of an expert nuclear medicine physician supported by a vendor semi-quantitative tool. The third part aims to complete the PET-pCASL 
pipeline with PET normality ranges and apply it to a pilot group of MCI patients to assess metabolism-perfusion regional correlations. 

2. Materials and methods 

2.1. Study participants 

MCI patients were recruited at the memory clinic of the Neurology Unit at Fondazione IRCCS San Gerardo dei Tintori under the 
CAPE-MCI protocol (ClinicalTrials ID NCT05756270). The protocol, approved by the Fondazione IRCCS San Gerardo dei Tintori Ethics 
Committee in accordance with the Declaration of Helsinki guidelines and with standards of good clinical practice (D.M. Sanità July 15, 
1997 and s.m.i.), is part of an ongoing study aiming at exploring pCASL as a diagnostic and prognostic biomarker in the MCI workup. 
Inclusion criteria were MCI diagnosis according to clinical criteria by Petersen and subsequent modifications [18,19], with a Clinical 
Dementia Rating Extended Scale (CDR) score of 0.5. Subjects underwent neuropsychological tests, 18F-FDG PET/CT, and MRI with 
pCASL sequence within a month, to minimize possible differences due to disease progression. A subset of patients also underwent 
lumbar puncture for the assessment of amyloid-beta, phosphorylated tau, and total tau, within the following 6 months. 

The PET line is tuned and validated on the first 36 MCI patients that underwent the CAPE-MCI protocol, 18 males and 18 females 
aged 58–80 years (mean ± standard deviation: 72 ± 7 years). The entire PET-pCASL pipeline is applied and metabolism-perfusion 
regional correlations are computed on 5 MCI patients, 2 males and 3 females (mean and standard deviation: 74 ± 5). All the 
considered images passed a visual quality check, so they are free of artifacts (e.g., motion artifacts). 

2.1.1. 18F-FDG PET image acquisition and reconstruction 
All MCI subjects underwent PET imaging with 18F-FDG at Nuclear Medicine Department of Fondazione IRCCS San Gerardo dei 

Tintori, on GE Discovery IQ or GE Discovery MI PET/CT scanner, with 3D acquisition mode according to the standard European 
Association of Nuclear Medicine (EANM) protocol [20]. PET acquisition was performed after at least 6 h of fasting, with glycemia 
<160 mg/dL. About 125–250 MBq of 18F-FDG were administered and acquisitions were performed 45–60 min after radiotracer in-
jection, according to EANM guidelines. PET data acquisition lasted 10 min and images were reconstructed using an ordered subset 
expectation maximization (OSEM) algorithm with attenuation and scatter correction on a 256 x 256 matrix (pixels size = 1.17 mm ×
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1.17 mm) with a slice thickness of 3.26 mm. Images were then smoothed with a 4 mm Gaussian kernel. All images were evaluated 
before analysis for patient motion and adequacy of statistical counts. 

2.1.2. MR pCASL image acquisition protocol 
MRIs were acquired on a 3.0 T Philips Ingenia CX (Philips Medical Systems Nederland B.V. of Eindhoven) equipped with a 32-chan-

nel head coil, at Neuroradiology Department of Fondazione IRCCS San Gerardo dei Tintori. MR data acquisition lasted 30 min. Whole 
brain structural MR images were acquired using volumetric magnetization prepared rapid gradient-echo sequence (MPRAGE; TR/TE/ 
TI = 2300/2.98/900 ms, flip angle = 9◦). The field of view was 240 mm × 256 mm, with 1 mm × 1 mm in plane resolution and 1 mm 
slice thickness. Perfusion images were acquired using a 3D pCASL sequence with a single-shot echo-planar imaging (EPI) readout, TR/ 
TE = 2500/11 ms, post-labeling delay = 2000 ms, number of slices = 40, slice thickness = 4 mm, center to center distance = 7.2 mm, 
and in-plane resolution = 4 mm x 4 mm. 

2.2. Proposed ROI-based quantitative analysis pipeline 

The region of interest (ROI)-based quantitative analysis pipeline was implemented by means of the SPM12 toolbox, running in 
Matlab2022a (https://www.mathworks.com). Pre-processing and analysis steps have been coherently and specifically designed for 
PET and pCASL images, both characterized by scarce image quality [21]. The pipeline is shown in Fig. 1. It includes reorientation, 
spatial normalization in a common space, image quality enhancement, ROIs definition, and quantification. Some steps have been 
specifically adapted for PET and pCASL, e.g. PET images were directly normalized through the SPM12 default Tissue Probability Map 
(TPM), while pCASL normalization exploited associated T1-weighted structural images and source images. 

Fig. 1. Proposed analysis pipeline, developed in parallel and adapted for PET and pCASL. Reorientation as starting point for both sides. MNI 
normalization and image quality enhancement steps were adapted in parallel for PET and pCASL. Gray matter segmentation is obtained through a 
mean Tissue Probability Map (TPM) [Lemaître H. et al., 2005]. Standardized Uptake Values and Cerebral Blood Flow Values, both normalized to 
cerebellum uptake and blood flow respectively (SUVr and CBFr) are obtained for each Region of Interest (ROI) as average among all voxels. 
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2.2.1. Image pre-processing 
After a reorientation phase, scans were spatially normalized through affine transformation into a common Montreal Neurological 

Institute (MNI)-152 atlas anatomical space and interpolated on a 1 x 1 × 1 mm3 voxel grid. PET images were directly normalized 
through SPM12 TPM. To normalize pCASL scans, the control image M0 was first co-registered to the structural T1-weigthed (T1w) 
image and pCASL was accordingly co-registered. The T1w scan was then normalized in MNI space through SPM12 TPM. pCASL image 
was accordingly normalized to MNI space with T1w affine transformation parameters. Indeed, aware of pCASL low quality, a more 
reliable common space normalization can be obtained exploiting structural images [22]. Image quality enhancement for pCASL images 
was conducted through an isotropic Gaussian smoothing (FWHM = 6 mm). PET images, in the gray matter (GM) area, were corrected 
for partial volume effect (PVE) by means of the Müller-Gärtner partial volume correction (MG PVC) method [23] implemented in the 
petpve12 toolbox [24] with PSF = 6 mm. GM, white matter (WM), and cerebrospinal fluid (CSF) probability maps for PVE correction 
were obtained using a mean TPM constructed on a group of 662 healthy elderlies in the same age range as our patients [25]. More 
information about image quality enhancement choices can be found in the Discussion. GM area segmentation for PET and pCASL 
regional quantification was obtained from the same TPM with a threshold of 20 % [26,27]. 

2.2.2. Image analysis 
Sixteen cortical ROIs were defined as subgroups of the Automated Anatomical Labeling Atlas version 3 (AAL3) from the CAT12 

toolbox of SPM12, masked on the mean GM TPM as well. Regions characterized by an altered metabolism in the early phases of the 
most common neurodegenerative dementia (Alzheimer’s disease, Lewy bodies dementia, and Fronto-temporal dementia) were 
selected, i.e., Posterior Cingulum, Occipital Cortex, Inferior Parietal Cortex, Superior Parietal Cortex, Precuneus, Lateral Prefrontal 
Cortex, Lateral Temporal Cortex and Mesial Temporal Cortex [18,20,28–31]. Mesial temporal and parietal hypometabolism on 
18F-FDG PET imaging may predict clinical progression of elderly normal into mild cognitive impaired subjects [31]. Thus, the areas 
selected included the main areas involved in AD (such as posterior cingulum, precuneus, parietal and temporal regions). However, 
different patterns of hypometabolism have been found to predict the progression of specific cognitive deterioration corresponding to 
different neurodegenerative substrates, showing heterogeneous hypometabolic profiles among MCI subjects [31]. Thus, also the 
frontal and occipital cortex were included. On 18F-FDG PET images, average Standardized Uptake Values (SUV) were computed inside 
each ROI and normalized with respect to the cerebellum average SUV to obtain SUV ratios (SUVr). On MR pCASL images, average 
Cerebral Blood Flow values (CBF) were computed inside each ROI and normalized with respect to the cerebellum average CBF to 
obtain CBF ratios (CBFr). 

2.3. Validation and tuning of the PET line 

2.3.1. 18F-FDG PET healthy control dataset 
An 18F-FDG PET dataset of 107 healthy subjects was collected as control group. 84 healthy scans came from the AIMN database 

(https://www.aimn.it/site/page/gds/gds-5) and 23 healthy subjects were collected from an internal database [32]. Globally, the 
healthy control group included 53 males and 54 females, with a mean age of 69 (±6) years. Healthy control group 18F-FDG PET scans 
were comparable to MCI subjects’ scans in terms of acquisition parameters and reconstruction methods. 

2.3.2. Normality range definition 
On the healthy control group, SUVr means and standard deviation (σ) for each ROI were computed. For the analysis of patient 

regional hypometabolism, three different normality ranges have been considered: ±σ, ±1.5σ and ±2σ. Patients with regional SUVr 
values falling outside the corresponding lower normality range were considered hypometabolic. 

2.3.3. Reference analysis methods 
In order to calibrate the proposed PET analysis pipeline and the normality range to best agree with reference methods in identifying 

hypometabolic regions, results were compared with standard analysis methods: visual analysis supported by a vendor tool and SPM 
statistical analysis with two different parameterizations. 

Visual analysis. All patients’ images were evaluated by one rater, a Nuclear Medicine specialist with more than 10 years of expe-
rience, supported in the analysis by the Cortex ID Suite (GE Healthcare). The rater was instructed to binary categorize each pre-defined 
ROI as hypometabolic or normal. 

2.3.3.1. Conventional SPM analysis (SPM-A) [33,34].  

● Pre-processing: after a reorientation phase, each scan was spatially normalized to MNI space through affine transformation and 
interpolated to a voxel grid of 2 x 2 × 2 mm3. Normalized images were smoothed with an isotropic Gaussian kernel with FWHM = 8 
mm.   

● Statistical analysis: A two-sample t-test was performed for each patient to test for relative hypometabolism by comparing the 
patient as the first group (n = 1) and the reference healthy control group as the second group (n = 107). Age was considered a 
covariate. Cluster-level significance threshold was set at p < 0.001 (uncorrected). A cluster size threshold of 100 voxels was 
considered. 
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2.3.3.2. High-resolution SPM analysis (SPM-B).  

● Pre-processing: pre-processing used in the proposed analysis pipeline. It differs from SPM-A in the interpolation grid (1 mm instead 
of 2 mm) and in the presence of PVE correction instead of smoothing.   

● Statistical analysis: as in SPM-A, but with cluster-level significance threshold set at p < 0.01 (uncorrected), cluster size threshold set 
at 800 voxels. 

The t-maps provided by SPM-A and SPM-B analysis were read by the AAL3 Cluster Labeling Toolbox (https://www.gin.cnrs.fr/en/ 
tools/aal/) of SPM12, and properly customized to match the 16 ROIs used in the proposed pipeline. Significant clusters were associated 
with the corresponding ROIs, which were thus marked as hypometabolic. 

2.3.4. Statistical analysis and quantitative tool validation 
For each ROI and for each normality range, results obtained with the proposed pipeline were compared with the three reference 

methods in terms of accuracy, sensitivity, and specificity in properly identifying hypometabolic patients (ROI-level comparison, ROIs 
labeled as 1 if hypometabolic). Agreement was also statistically assessed through adjusted Cohen’s к [35], considering prevalence and 
balance indexes [36]. To have a reference for results evaluation, an intra-reference comparison was performed as well: SPM-A and 
SPM-B were both compared to visual analysis; SPM-B was compared to SPM-A, the most commonly used in the literature [33,34,37]. 

In order to select the normality range that would make the pipeline agreement vs reference methods in line with the intra-reference 
agreement, a Student’s t-test (or non-parametric test in non-normality conditions) was run between the pipeline Cohen’s к and the 
reference methods Cohen’s к, assuming one of the reference methods as the standard for the Cohen’s к calculation. The normality range 
whose Cohen’s к belonged to the same group as the reference methods Cohen’s к was then selected (significance level was set at p-value 
< 0.05). 

All Figures of Merit (FOMs) computation, i.e., accuracy, sensitivity, specificity, and Cohen’s к, and all the statistical analyses were 
performed using StataMP (version 17.0; Stata Corp., College Station, USA). 

2.4. Preliminary joint PET-pCASL analysis on 5 MCI patients 

The entire pipeline and the selected PET normality range were preliminarily applied to a group of 5 MCI patients. For each patient, 
SUVr and CBFr values obtained in right and left ROIs were considered separately. For each cortical region, the Pearson Correlation 
Coefficient (PCC) between SUVr and CBFr values was assessed. 

Fig. 2. Axial, coronal and sagittal view of a18F-FDG PET (upper panel) and pCASL (lower panel) normalized images with selected ROIs (left and 
right) superimposed. Posterior Cingulum (yellow), Occipital Cortex (dark green), Lateral Temporal Cortex (red), Mesial Temporal Cortex (lilac), 
Precuneus (violet), Lateral Prefrontal Cortex (blue), Inferior (cyan) and Superior Parietal Cortex (light green) are considered. 
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3. Results 

3.1. Regions of interest (ROIs) 

Fig. 2 shows the selected ROIs superimposed to a18F-FDG PET study and a pCASL study in axial, coronal, and sagittal planes. Table 1 
reports ROIs volume (mL). 

3.2. Proposed ROI-based quantitative analysis pipeline output 

Fig. 3 reports the outcome of the ROI-based analysis pipeline on a patient example. SUVr and CBFr values for the 16 ROIs are 
represented with a histogram for PET and pCASL respectively; the horizontal line corresponds to the cerebellum SUV(CBF), against 
which SUV(CBF) ROI values are normalized. For both SUVr and CBFr histograms, corresponding left and right ROIs are mirrored and 
associated with the same color, to better appreciate metabolism and perfusion symmetry/asymmetry levels. For this patient, a common 
pattern between metabolism and perfusion can be noticed: regions with a lower metabolism than the cerebellum are generally also less 
perfused. 

3.3. Validation and tuning of the PET line 

3.3.1. ROI hypometabolism assessment with reference methods 
SPM-A and SPM-B outcomes consist in t-maps of significant clusters, each one associated to local maxima coordinates in mm 

(Fig. 4a and c). The corresponding cluster labeling table provided by the AAL3 toolbox is shown in Fig. 4b and d. 
Table 2 lists hypometabolic occurrences detected by the three reference analysis methods on the 36 patients. For each ROI, oc-

currences are expressed as the percentage of patients found to be hypometabolic in that region. 

3.3.2. ROI hypometabolism assessment with the proposed pipeline 
In Table 3, mean and standard deviation of SUVr values on the 107 healthy subjects are reported for the 16 ROIs. 
Fig. 5, as an example, reports the PET line analysis results for a 68 years old MCI patient. Patient SUVr values in the 16 ROIs are 

shown as color bars, together with corresponding healthy patients mean SUVr values (black circles) and σ, 1.5σ, and 2σ normality 
ranges (black lines). For this patient, a high level of symmetry and bilateral temporo-parietal hypometabolism can be noticed, as a 
typical AD pattern [31]. It can be particularly appreciated how inferior parietal cortices SUVr (cyan bars) and lateral temporal cortices 
SUVr (red bars) are both lower than (<2σ) SUVr in healthy subjects, and therefore are categorized as hypometabolic with all the three 
normality ranges. Left and right superior parietal cortices SUVr (light green bars) are instead lower than (<1.5σ) and larger than (<2σ) 
SUVr in healthy subjects, and therefore would be classified as hypometabolic with σ and 1.5σ normality range and as normal with the 
2σ normality range. 

3.3.3. Agreement with reference analysis methods and normality range selection 
Agreement with reference methods and intra-reference methods are shown in Table 4, in terms of mean and standard deviation 

over the 16 ROIs of accuracy, sensitivity, specificity, and adjusted Cohen’s к in properly identifying hypometabolic patients. For each 
comparison, assessed methods are listed in rows, and reference methods in columns. 

By using visual analysis as a reference, the pipeline with (σ, 1.5σ, 2σ) normality ranges obtained, on average on the 16 ROIs, 
accuracy (76, 78, 76)%, sensitivity (84, 67, 47)%, specificity (69, 85, 94)%, and Cohen’s к (49, 60, 60)%, respectively. With SPM-A as a 
reference, accuracy (71, 79, 83)%, sensitivity (89, 75, 59)%, specificity (63, 80, 93)%, and к (42, 58, 67)% were obtained. With SPB-B 
as reference, accuracy (76, 77, 73)%, sensitivity (79, 64, 46)%, specificity (71, 88, 97)%, and к (51, 54, 47)% were obtained. SPM-A 
(SPM-B) compared to visual analysis obtained 79 (75)% accuracy, 60 (76)% sensitivity, 92 (75)% specificity, 57 (51)% к. SPM-B 
compared to SPM-A obtained 79 % accuracy, 94 % sensitivity, 72 % specificity, 58 % к. 

Results of the Student’s t-test comparing Cohen’s к are shown in Table 5. As in Table 4, each column corresponds to a reference 
method assumed as the standard for the Cohen’s k agreement calculation; each row reports the results of the statistical comparison 
between the Cohen’s к of two methods (e.g. pipeline with 1.5σ normality range and SPM-A) vs the standard. 

The proposed region-based analysis pipeline with the 1.5σ normality range showed a moderate agreement [35] with reference 

Table 1 
ROIs volume, averaged on the left and right hemisphere.  

Region V [ml] 

Posterior cingulum 2.45 
Occipital Cortex 41.99 
Inferior Parietal Cortex 36.87 
Superior Parietal Cortex 17.21 
Precuneus 25.31 
Lateral Prefrontal Cortex 93.55 
Lateral Temporal Cortex 92.64 
Mesial Temporal Cortex 16.94  
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methods, in line with intra-reference methods agreement levels. It was therefore selected for the following evaluations. 
In order to go into details of agreement levels with reference methods for the chosen 1.5σ normality range, Table 6 reports the 

assessed FOMs separately for each cortical region, averaged on corresponding left and right ROIs. The agreement between SPM-B and 
visual analysis is also reported, since SPM-B shares pre-processing with the proposed pipeline and substantially agrees with con-
ventional SPM-A. 

3.4. Preliminary joint PET-pCASL results on 5 MCI patients 

For each cortical ROI, SUVr versus CBFr values patients are represented for all the 5 MCI patients in Fig. 6. ROIs identified as 
hypometabolic by the tuned PET line are represented with asterisks, while ROIs identified as metabolically normal are identified with 
circles. Regression lines and PCCs between SUVr and CBFr values are also represented. 

4. Discussion 

The recently proposed MR pCASL sequence is able to provide brain perfusion maps without contrast media requirement. Many 
groups are working to assess pCASL added value with respect to the widely used 18F-FDG PET in neurodegenerative dementias. 
Hypometabolic areas in 18F-FDG PET are clinically detected by visual analysis or with quantitative analysis tools comparing patient 
images with a database of healthy subjects. Healthy subject datasets for pCASL are not yet available, nor are image analysis guidelines, 
since sequence parameters have not been standardized yet. In this work, we propose a ROI-based analysis pipeline to quantify 
perfusion and metabolism in matching cortical areas on patients studied with pCASL and 18F-FDG PET. Heterogeneous PET profiles of 
hypometabolism in different areas in MCI patients have been shown to predict progression into specific dementia subtypes [31]. The 
PET line is tuned and validated to identify hypometabolic regions in agreement with reference PET analysis methods. The idea is to 
provide a tool to compare perfusion and metabolism in hypometabolic and normo-metabolic areas in groups of patients to better 
understand MR pCASL and 18F-FDG PET roles and synergy in MCI. 

The pipeline, running on SPM12 defines steps and parameters for image preprocessing (MNI normalization, image quality 
enhancement, cortex segmentation) and provides average perfusion/metabolism values in 16 AAL3 cortical areas normalized to 
cerebellum values. Adopted choices are generally in line with similar works in literature [5,6,9,16]. pCASL and 18F-FDG PET scarce 
image quality is properly considered. 

Both methods are affected by partial volume effect (PVE), due to blurring and mixing of tissue-specific signals due to voxel het-
erogeneity. As to PET, PVE smooths images so that part of the radioactivity is misattributed among adjacent regions of higher and 
lower FDG uptake [38]. The PVE issue in PET has been addressed by several algorithms over the years, that use two (brain and 
non-brain) or three (gray matter, white matter, and cerebrospinal fluid) components to estimate and correct spill-in and spill-over 
effect [23,38–44]. In this work, we used the Müller-Gärtner method implemented in the petpve12 SPM toolbox. We preferred this 

Fig. 3. For a patient’s example, the histograms report SUVr (left, Fig. 3A) and CBFr (right, Fig. 3B) values in the 16 considered ROIs. Values are 
normalized on the cerebellar SUV (CBF) (horizontal line). Corresponding left hemisphere and right hemisphere ROIs are shown specularly and with 
the same color. 
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approach rather than Rousset’s GTM since GTM requires an a priori GM parcellation scheme and assumes a homogenous tracer signal 
within the parcellated GM structures, that may not hold true for all the considered ROIs [24]. Anyhow, a comparison between MG and 
Symmetric Geometric Transfer Matrix method (SGTM), which is similar to GTM in terms of accuracy [45], showed no significant 
difference in assessing mean uptake values in ROI-based analysis [46]. The signal cross-contamination issue in pCASL is more chal-
lenging [21]. In the last decades some studies have developed algorithms for PVE correction in arterial spin labelling [21,42,47,48], 
but the employed methodologies still remain inconsistent and no consensus has emerged on the best method to use [49]. Therefore, a 

Fig. 4. Upper panel reports t-maps (a) and cluster labeling outcome (b) for SPM-A, voxel size 2x2x2 mm3; k = 100 voxels: minimum cluster 
dimension to be considered as significant; p < 0.001 uncorrected. Lower panel reports t-maps (c) and cluster labeling outcome (d) for SPM-B, voxel 
size 1x1x1 mm3; k = 800 voxels: minimum cluster dimension to be considered as significant (p < 0.01 uncorrected at voxel-level). All significant 
clusters, identified by a local maxima given in millimeters coordinates, are associated to regions listed in “Labels” tables (b,d) in specific 
percentages. 

Table 2 
Hypometabolic occurrences [%], identified by the three reference analysis methods on the 36 patients.   

Visual analysis – Cortex SPM-A SPM-B 

Left Posterior cingulum 0.42 0.11 0.28 
Right Posterior cingulum 0.39 0.08 0.22 
Left Occipital Cortex 0.19 0.17 0.47 
Right Occipital Cortex 0.17 0.17 0.33 
Left Inferior Parietal Cortex 0.61 0.47 0.58 
Right Inferior Parietal Cortex 0.44 0.36 0.58 
Left Superior Parietal Cortex 0.39 0.22 0.44 
Right Superior Parietal Cortex 0.36 0.25 0.42 
Left Precuneus 0.56 0.25 0.50 
Right Precuneus 0.47 0.25 0.42 
Left Lateral Prefrontal Cortex 0.47 0.31 0.53 
Right Lateral Prefrontal Cortex 0.36 0.33 0.56 
Left Lateral Temporal Cortex 0.67 0.64 0.78 
Right Lateral Temporal Cortex 0.39 0.53 0.67 
Left Mesial Temporal Cortex 0.42 0.36 0.36 
Right Mesial Temporal Cortex 0.39 0.28 0.39  
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more conventional and diffuse spatial smoothing was chosen to improve pCASL quality after MNI normalization. A coherent FWHM =
6 mm was applied to both PET and pCASL to match final spatial resolutions [16]. When a consensus about the best methodology to use 
will be available in literature, we will accordingly improve the analysis pipeline. 

As to GM segmentation, a mean TPM was used instead of patient-specific structural images. This choice was motivated by the 
necessity to coherently process patient and PET healthy subjects, that are devoid of structural images. Although it has been shown in 
literature that a mean GM could allow better inter- and intra-subject correspondence [50,51], we are aware of the possible 
sub-optimality of this choice. On a small group of 5 MCI patients, we compared CBFr values obtained with GM segmentations derived 
from TPM and from patient-specific T1 images (data not shown), and we observed a mean and maximum percentage variation of 4 % 
and 10 %, respectively. The TPM-based GM segmentation appears therefore not excessively affecting pCASL mean CBFr values in ROIs. 
When normative PET data with T1 images will become available, we will improve the pipeline to exploit T1 for the GM definition. 

Other ASL analysis tools are available for the community, like the ExploreASL toolbox [52] that is completely dedicated to ASL 
processing and analysis, and includes PVE correction as well. However, since our aim was to coherently analyze PET and pCASL 
images, we decided to use the SPM toolbox for both images. In future developments, we intend to compare results obtained with the 

Table 3 
Mean and standard deviation (σ, in brackets) of SUVr values for each of the 16 ROIs on the 107 healthy subjects 
are reported.  

Region Left hemisphere Right hemisphere 

Posterior cingulum 1.54 (0.27) 1.46 (0.29) 
Occipital Cortex 1.46 (0.16) 1.39 (0.16) 
Inferior Parietal Cortex 1.24 (0.19) 1.34 (0.21) 
Superior Parietal Cortex 1.24 (0.30) 1.21 (0.30) 
Precuneus 1.45 (0.17) 1.48 (0.16) 
Lateral Prefrontal Cortex 1.33 (0.21) 1.41 (0.23) 
Lateral Temporal Cortex 1.16 (0.12) 1.21 (0.13) 
Mesial Temporal Cortex 0.73 (0.07) 0.74 (0.07)  

Fig. 5. SUVr in the 16 ROIs for an example MCI patient (colored bars) with superimposed normative data, i.e. mean SUVr values (black circles) and 
σ, 1.5σ, and 2σ normality ranges (black lines) computed on the 107 healthy patients. 
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Table 4 
Mean (standard deviation, SD) of Accuracy (%), Sensitivity (%), Specificity (%) and adjusted Cohen’s к, obtained as average on all the 16 ROIs parameters respectively. Each parameter is defined by 
assessing the considered analysis method listed in rows with respect to the three reference methods listed in columns. Cohen’s K are given with CI = 95 %.   

Visual analysis - Cortex SPM-A SPM-B 

Accuracy Sensitivity Specificity Cohen’s к Accuracy Sensitivity Specificity Cohen’s к Accuracy Sensitivity Specificity Cohen’s к 

σ 0.76 (0.08) 0.84 (0.12) 0.69 (0.10) 0.49 (0.17) 0.71 (0.07) 0.89 (0.12) 0.63 (0.10) 0.42 (0.14) 0.76 (0.09) 0.79 (0.17) 0.71 (0.11) 0.51 (0.18) 
1.5 σ 0.78 (0.08) 0.67 (0.14) 0.85 (0.10) 0.60 (0.17) 0.79 (0.06) 0.75 (0.19) 0.80 (0.08) 0.58 (0.12) 0.77 (0.10) 0.64 (0.18) 0.88 (0.12) 0.54 (0.20) 
2 σ 0.76 (0.08) 0.47 (0.18) 0.94 (0.05) 0.60 (0.21) 0.83 (0.06) 0.59 (0.19) 0.93 (0.05) 0.67 (0.13) 0.73 (0.09) 0.46 (0.17) 0.97 (0.05) 0.47 (0.19) 
SPM-B 0.75 (0.08) 0.76 (0.14) 0.75 (0.14) 0.51 (0.15) 0.79 (0.05) 0.94 (0.08) 0.72 (0.10) 0.58 (0.11)     
SPM-A 0.79 (0.07) 0.60 (0.20) 0.92 (0.07) 0.57 (0.15)          
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proposed pipeline with those provided by ExploreASL. 
As to the choice of reference PET analysis methods for normality range definition, EANM guidelines for brain PET imaging admit 

the use of both visual and software-aided approaches, recommending their combined use. A preferred method has not been clearly 
indicated yet. Several studies have evaluated the added value of semiautomatic tools in the clinical setting and showed a higher 
specificity compared with visual reading, especially (but not only) for the identification of AD-related patterns, thereby increasing 
diagnostic confidence [30,33,53–55]. Other studies reported a similar sensitivity, although visual analysis is obviously affected by the 
reader experience [30,56,57]. For this reason, we decided to consider both visual analyses supported by software already used in 
clinics (Cortex ID), and the popular SPM analysis as reference methodologies for the assessment of hypometabolic cortical areas on 
18F-FDG PET images. A consideration needs to be made about the comparison with SPM. SPM provides a voxel-wise analysis, i.e. 

Table 5 
Student’s t-tests results (non-parametric Wilcoxon sign rank test in non-normality conditions) for 
Cohen’s к outcomes. Tests were applied for groups that are coupled and listed in rows. Each column 
refers to the methods considered as reference in Cohen’s к calculation. H0: same level of agreement 
with respect to the method in column. The p-value was set at p < 0.05.   

Visual analysis - Cortex SPM-A 

σ vs SPM-A 0.172  
1.5 σ vs SPM-A 0.616  
2 σ vs SPM-A 0.051  
σ vs SPM-B 0.943 0.006* 
1.5 σ vs SPM-B 0.312 1.000 
2 σ vs SPM-B 0.954 0.040*  

Table 6 
Mean (standard deviation, SD) of Accuracy (%), Sensitivity (%), Specificity (%) and adjusted Cohen’s к as average of left and right side of each 
selected ROI given.   

Accuracy Sensitivity Specificity Cohen’s к 

1.5 σ vs Visual analysis - Cortex 
Posterior cingulum 0.69 (0.00) 0.41 (0.02) 0.88 (0.03) 0.39 (0.00) 
Occipital Cortex 0.90 (0.02) 0.61 (0.15) 0.97 (0.00) 0.81 (0.04) 
Inferior Parietal Cortex 0.78 (0.08) 0.76 (0.02) 0.81 (0.16) 0.56 (0.16) 
Superior Parietal Cortex 0.76 (0.02) 0.70 (0.02) 0.80 (0.03) 0.53 (0.04) 
Precuneus 0.72 (0.08) 0.62 (0.04) 0.84 (0.14) 0.44 (0.16) 
Lateral Prefrontal Cortex 0.76 (0.14) 0.68 (0.20) 0.82 (0.11) 0.53 (0.27) 
Lateral Temporal Cortex 0.85 (0.02) 0.82 (0.05) 0.91 (0.13) 0.69 (0.04) 
Mesial Temporal Cortex 0.75 (0.04) 0.73 (0.08) 0.77 (0.01) 0.50 (0.08) 

1.5 σ vs SPM-A 
Posterior cingulum 0.78 (0.08) 0.54 (0.29) 0.80 (0.06) 0.56 (0.16) 
Occipital Cortex 0.86 (0.04) 0.50 (0.24) 0.93 (0.00) 0.72 (0.08) 
Inferior Parietal Cortex 0.81 (0.08) 0.86 (0.03) 0.77 (0.10) 0.61 (0.16) 
Superior Parietal Cortex 0.79 (0.02) 0.88 (0.01) 0.76 (0.02) 0.58 (0.04) 
Precuneus 0.82 (0.06) 0.64 (0.08) 0.78 (0.05) 0.64 (0.12) 
Lateral Prefrontal Cortex 0.78 (0.04) 0.78 (0.05) 0.78 (0.08) 0.56 (0.08) 
Lateral Temporal Cortex 0.79 (0.02) 0.74 (0.00) 0.86 (0.03) 0.58 (0.04) 
Mesial Temporal Cortex 0.69 (0.04) 0.71 (0.13) 0.69 (0.00) 0.39 (0.08) 

1.5 σ vs SPM-B 
Posterior cingulum 0.79 (0.06) 0.55 (0.07) 0.87 (0.07) 0.58 (0.12) 
Occipital Cortex 0.68 (0.06) 0.27 (0.03) 0.95 (0.01) 0.36 (0.12) 
Inferior Parietal Cortex 0.81 (0.16) 0.76 (0.13) 0.87 (0.18) 0.61 (0.31) 
Superior Parietal Cortex 0.93 (0.02) 0.87 (0.01) 0.98 (0.03) 0.86 (0.04) 
Precuneus 0.81 (0.04) 0.73 (0.01) 0.88 (0.10) 0.61 (0.08) 
Lateral Prefrontal Cortex 0.81 (0.00) 0.69 (0.06) 0.94 (0.08) 0.61 (0.00) 
Lateral Temporal Cortex 0.68 (0.10) 0.61 (0.10) 0.88 (0.18) 0.36 (0.20) 
Mesial Temporal Cortex 0.67 (0.02) 0.63 (0.02) 0.69 (0.01) 0.33 (0.00) 

SPM-B vs Visual analysis - Cortex  

Posterior cingulum 0.76 (0.02) 0.52 (0.02) 0.93 (0.04) 0.53 (0.04) 
Occipital Cortex 0.69 (0.04) 0.76 (0.13) 0.68 (0.08) 0.39 (0.08) 
Inferior Parietal Cortex 0.75 (0.16) 0.81 (0.08) 0.70 (0.22) 0.50 (0.31) 
Superior Parietal Cortex 0.81 (0.04) 0.81 (0.06) 0.80 (0.03) 0.61 (0.08) 
Precuneus 0.75 (0.04) 0.70 (0.07) 0.80 (0.02) 0.50 (0.08) 
Lateral Prefrontal Cortex 0.71 (0.18) 0.79 (0.13) 0.66 (0.19) 0.42 (0.35) 
Lateral Temporal Cortex 0.78 (0.08) 0.98 (0.03) 0.56 (0.03) 0.56 (0.16) 
Mesial Temporal Cortex 0.78 (0.00) 0.69 (0.03) 0.84 (0.03) 0.56 (0.00)  
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hypometabolic areas are defined as clusters of voxels that are significantly different from the healthy control group. Those clusters may 
not necessarily correspond to the macro regions chosen for the proposed ROI-based analysis. They could result as portions of those 
ROIs or could be associated with more than one ROI. To overcome the inherent limit in comparing SPM voxel wise analysis and 
ROI-based analysis, the AAL3 Cluster Labeling Toolbox was used. 

The SPM parametrization here identified as SPM-A is considered a standard in the literature, robust towards both PET scanner 
models and differences in healthy control groups, and therefore reliable for longitudinal and multicenter studies [58]. The higher 
resolution SPM-B parametrization was also considered, with the specific aim of assessing the impact of a smaller voxel size, fitting with 
MRI spatial resolution, and a different image quality enhancement. 

Fig. 6. Scatter plots of CBFr versus SUVr values are shown for each ROI (above, Fig. 6A: Lateral Prefrontal Cortex, Posterior Cingulum, Precuneus, 
Superior Parietal Cortex; below, Fig. 6B: Inferior Parietal Cortex, Lateral Temporal Cortex, Mesial Temporal Cortex, Occipital Cortex). Five MCI 
patients are reported and values of right and left hemisphere are drawn separately. A regression line is superimposed and Pearson’s Correlation 
Coefficients (PCC) are reported. Regression model characteristics are also depicted in each ROI caption as y = β1x + C (where only β1 are expressed 
specifically for each regression). ROIs identified as hypometabolic by the tuned PET line are represented with asterisks. 
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Differences between the three reference methods are expected [30,56,59,60] and can be observed in Table 2. Across almost all 
cortical ROIs, SPM-B is the strategy that identifies more patients as hypometabolic. SPM with a 1 x 1 × 1 mm3 voxel grid has been 
previously used on digital PET images, showing a higher sensitivity in discriminating AD using health control acquired on digital 
scanners rather than using conventional controls [60]. Furthermore, visual analysis shows a higher incidence of hypometabolic regions 
with respect to SPM-A, in accordance with previously published studies [30,56] that showed how a trained reader can pick up subtle 
abnormalities that do not reach the threshold of statistical significance, probably due to his ability to highlight inter-hemispheric 
asymmetries in critical areas, a feature that is not available in the Z scoring system or in SPM. On average, on the 16 considered 
ROIs, SPM-A and SPM-B, if compared with visual analysis supported by Cortex ID, obtained an accuracy of 79 % and 75 %, a sensitivity 
of 60 % and 76 %, a specificity of 92 % and 75 %, and a Cohen’s к of 57 % and 51 %, respectively. SPM-B if compared with SPM-A 
showed a higher incidence of hypometabolic regions and obtained an accuracy of 79 % and a Cohen’s к of 58 %. 

The SUVr normality range for the proposed pipeline was selected in order to obtain an agreement vs reference methods statistically 
comparable with intra-reference methods agreement. The 1.5σ normality range was chosen as it generally has the highest accuracy and 
Cohen’s к with respect to reference methods, providing agreement values that are in line with intra-reference methods agreement 

Fig. 6. (continued). 
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levels: accuracy of 78 % and Cohen’s к 60 % vs visual analysis, accuracy of 79 % and Cohen’s к 58 % vs SPM-A, accuracy of 77 % and 
Cohen’s к 54 % vs SPM-B. Furthermore, Cohen’s к is not significantly different from SPM-A and SPM-B Cohen’s к when assuming visual 
analysis as reference method (p-value 0.61 and 0.31 respectively). Considering SPM-A as reference method, Cohen’s к is not signifi-
cantly different from SPM-B Cohen’s к as well (p-value = 1.00). 

The 2σ normality range has the highest agreement with SPM-A in terms of accuracy (83 %), specificity (93 %) and Cohen’s к (67 %), 
but the sensitivity is unacceptably low (59 %). Furthermore, the Cohen’s к vs SPM-A significantly differs from SPM-B Cohen’s к vs the 
same reference (p-value 0.04). The 1σ normality range, conversely, shows high sensitivity, but other FOMs have the lowest values in 
almost all the comparisons. The Cohen’s к vs SPM-A significantly differs from SPM-B Cohen’s к vs the same reference (p-value 0.0065). 
Different thresholds in the normality range definition would lead to improved sensitivity or specificity in hypometabolic areas 
detection and therefore could be considered clinically preferable in some contexts. However, this type of evaluation is beyond the 
scope of this work. 

Focusing on the 1.5σ normality range and on results obtained on different cortical regions (Table 6), we can appreciate that, except 
for the Posterior Cingulum and Precuneus in the comparison with visual analysis and for the mesial temporal cortex in the comparison 
with SPM-A, accuracies larger than 75 %, and Cohen’s к larger than 50 % are always obtained. In the comparison with SPM-B, ac-
curacies lower than 70 %, and Cohen’s к lower than 50 % are obtained only in the occipital cortex, lateral temporal cortex, and mesial 
temporal cortex. 

In the last part of the work, we preliminary applied the proposed pipeline and the associated PET normality range to a group of 5 
MCI patients. Despite the small sample, we can observe how hypometabolic areas are generally also hypoperfused and how these are 
the typical regions affected in prodromal AD, such as temporo-parietal, precuneus and posterior cingulate cortex. 

The PCC values in ROIs are in line with or even higher than those found in similar studies on Alzheimer’s or healthy populations. 
For example, Yan et al. defined 9 ROIs starting from the Automated Anatomical Labeling Atlas in SPM and calculating PCC for each 
ROI. They obtained PCC = 0.34 in occipital cortex and PCC = 0.22 in temporal cortex [6]. 

A previous study comparing ASL-MRI and FDG-PET in MCI patients demonstrated that patterns and strength of hypoperfusion and 
hypometabolism in MCI were comparable [13], but they used different reference regions for each technique. Our proposed method 
answers to the need for more automated approaches with respect to visual analysis, providing CBFr and SUVr in the same regions. 
Thus, it could add more information about the deviation from the PET normality range. 

In conclusion, a SPM12-based analysis pipeline combining 18F-FDG PET and pCASL imaging in MCI patients was presented. The 
PET line, exploiting the availability of a large database of healthy subjects, has been tuned in order to individuate hypometabolic ROIs 
in agreement with reference methods used in nuclear medicine clinics. The full PET-pCASL pipeline has been preliminary applied to a 
group of 5 MCI patients, where it has shown high correlations between metabolism and perfusion, in particular in known regions of 
early AD neurodegeneration. The proposed approach appears reliable to be further applied in PET-pCASL MCI studies, even in the 
absence of a pCASL healthy group, to assess relative correlation between/within selected regions, and between/within the two mo-
dalities. Future perspectives for this approach could also be its validation in longitudinal studies, where its predictive value for disease 
progression could be evaluated. This will help to better define if pCASL can provide a reasonable alternative for FDG-PET in this 
scenario. 
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