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In this paper we review the current evidence on the use of integrated PET/MRI scanners to investigate
patients with neurodegenerative conditions, and in particular major neurocognitive disorders. The
number of studies performed is still limited and shows that the use of PET/MRI gives results overall
comparable to PET/CT and MRI acquired independently. We also address the challenges for quantitative aspects in PET/MRI, namely attenuation, partial volume and motion correction and the use of
semi-quantitative approaches for FDG PET image analysis in this framework.
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Abstract: PET/MRI tomographs represent the latest development in hybrid molecular imaging, opening new perspectives for clinical and research applications and attracting a large interest among the
medical community. This new hybrid modality is expected to play a pivotal role in a number of clinical applications and among these the assessment of neurodegenerative disorders. PET and MRI, acquired separately, are already the imaging biomarkers of choice for a comprehensive assessment of
the changes occurring in dementias (major cognitive disorders) as well as in their prodromal phase.
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The recent development of PET tracers for the in vivo differential diagnosis of dementias, able to
visualize amyloid and tau deposits, suggests that in the future PET/MRI might represent the investigation of choice for a single session evaluation of morphological, functional and molecular markers.
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1. INTRODUCTION
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Dementias (major neurocognitive disorders according to
the Diagnostic and Statistical Manual of Mental Disorders,
Vth edition), given their strong association with age, are increasingly prevalent with increased life expectancy and are
one of the most relevant causes of disability and dependency
among elderly people, with strong social and economic impact [1, 2].

The pathophysiological processes start early before the
clinical symptoms are installed [3]. The diagnosis and the
differential diagnosis among the different forms is a critical
process, especially in the early phases, such as in patients
diagnosed with Mild Cognitive Impairment (MCI). In MCI,
it is particularly important to identify those individuals
deemed to progress to major neurocognitive disorder for
proper management and symptomatic treatment [4, 5]. How-
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ever, clinical diagnosis even among experienced physicians
is inaccurate in about 10-15% of cases, mainly in the early
phases. For this reason, the development of diagnostic or
prognostic biomarkers to support clinical diagnosis is imperative for this condition that preoccupies families, treating
physicians and by extension the whole community [6].
A biological marker or biomarker is defined as a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes or
pharmacologic responses to a therapeutic intervention [7].
Ideally, a biomarker should be able to detect a hallmarkfeature of the pathophysiologic processes active in different
types of dementia, it should be validated in neuropathologically confirmed cases; it should be reliable, minimally invasive and simple to perform [8]. In addition, an ideal biomarker should be able to identify subjects in prodromal
phase or at risk, in the preclinical phase, when the pathogenesis of the disease is already ongoing, but before full
clinical onset [9, 10].
It seems rather unlikely that one specific biomarker exists. Instead, a combination of biomarkers that will allow the
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2. PET AND MR IMAGING AS BIOMARKER OF
NEURODEGENERATION
Among imaging modalities, magnetic resonance (MR)
and positron emission tomography (PET), complementary
one to the other, are the methods of choice for neuroimaging
[12].

FDG is a sensitive and specific method for early identification of AD pathology, for differential diagnosis from other
types of dementia as well as for prediction of AD, even in
the mild and asymptomatic stages [3, 29-31]. Cerebral glucose metabolism primarily reflects synaptic activity and neuronal integrity, long before morphological changes are installed [17]. Different specific patterns of regional glucose
metabolism indicating neuronal dysfunction have been identified in each form of dementia. In AD, the characteristic
FDG pattern is a decrease of the metabolic activity in the
precuneus/posterior cingulate and bilateral parietotemporal
cortex with 93% sensitivity and 76% specificity [32] or up to
96% and 84% respectively using voxel-based methods [33].
An example of this typical pattern of hypometabolism, in
comparison with the pattern typically observed in cases of
dementia with Lewy bodies (DLB), which is characterized
instead by a preserved metabolism in the posterior cingulate
gyrus and a reduced occipital metabolism, is shown in Fig.
(1). There is evidence that the medial temporal lobes, and in
particular the hippocampus, are also severely affected in AD.
In a multicenter study, the combination of the cortical deficits and hippocampic hypoactivity was shown to increase
specificity from 71% to 100% in differentiating AD from
DLB and from 65% to 94 % in differentiating AD from
FTD. In the same study, FDG could be used to discriminate
MCI from normal subjects with 86% sensitivity and 96%
specificity [34]. In a prospective study, FDG PET was
proven to be a valuable diagnostic tool for the prediction of
clinical progression of MCI patients to AD, or other dementia conditions with very high sensitivity and specificity [30,
35, 36]. In a retrospective study of MCI patients, PET FDG
was found to increase physician’s confidence in the diagnosis of AD lowering the number of unclear diagnoses from
39.4% to 16% of cases [37]. FDG uptake, as a functional
test, is non-specifically reduced also in the presence of vascular lesions, and for this reason the integration of PET and
MRI information is of utmost importance, as exemplified in
Fig. (2).
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MRI, the first-line modality for most of neurological indications, provides detailed description of gray and white
matter anatomy, brain vasculature, blood brain barrier integrity and other functional parameters. In the diagnostic workup, MRI structural imaging was traditionally used to rule out
potentially reversible brain processes mimicking the clinical
symptoms of neurodegenerative diseases such as brain tumors, strokes, chronic subdural hematomas, inflammatory
diseases, normal pressure hydrocephalus. It was also used to
detect characteristic patterns of regional atrophy, possibly
supporting the differential diagnosis of main major neurocognitive disorders [13]. In a recent review, it was found that
volumetry of brain atrophy can discriminate healthy elderly
subjects from patients who then progressed from MCI to
Alzheimer’s disease (AD) with limited specificity and sensitivity [14]. Novel promising MR techniques have emerged
recently. The resting-state fMRI allows an assessment of
changes in brain resting state functional connectivity networks, such as the default mode network. Resting-state fMRI
has revealed either compensational increases or disruption of
functional interconnectivity, later in the course of the disease, in brain areas susceptible to amyloid deposition in patients with AD [15-17]. Diffusion tensor imaging (DTI) as a
tool of structural interconnectivity of the brain, can identify
subcortical fiber tract disruptions and can be used to point
out to different types of dementia disorders [17-19]. These
results however were obtained at a group level, and further
validation and standardization at single subject level is mandatory.

functional investigation of the brain [25]. Among these, two
play a major role in the diagnosis of AD, namely FDG and
amyloid imaging markers. This is already implemented in
the new diagnostic criteria for AD and MCI [26-28].
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best support for early diagnosis and differential diagnosis is
a more realistic approach. As the access for histopathologic
analysis of the brain is not feasible in vivo, neuroimaging
arises as the closest possibility [11].
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Notably, arterial spin labeling (ASL) a sophisticated
technique of MR perfusion, was shown to provide patterns of
decreased blood flow in patients with AD that resemble the
typical diagnostic patterns of FDG PET hypometabolism
[17, 20-22].

In addition, in the case of vascular dementia, MRI offers
an exact cartography of cortical and subcortical infarcts.
Traditionally this type of dementia was regarded as a clearly
separate entity from neurodegenerative dementia. However,
recently it is considered that there is a spectrum between
pure vascular and pure neurodegenerative dementia, with
special reference to AD, where in a large majority both neurodegenerative and vascular causes contribute to the clinical
expression of dementia [23, 24], and assessment of morphological and functional imaging proves necessary in cases
which in the past would have been directly classified as
cerebrovascular dementia without further work-up.
On the other hand, PET with a continuously increasing
panel of available radiotracers offers quantitative in vivo

Recently, new PET tracers were made available for in
vivo non-invasive detection of β -amyloid plaques, a key
pathological signature of AD. Cortical amyloid accumulation
can be detected years, even decades, before the onset of cognitive decline and it has been reported as the earliest biomarker to show a measurable abnormality [38]. It is assumed
to represent an early event in AD, leading ultimately to cognitive decline, even if the interplay between amyloid and
neurodegenerative phenomena is still largely unknown and
the “amyloid cascade hypothesis” has been questioned by
recent evidence [17, 39]. This debate does not limit the relevance of amyloid imaging as an accurate marker of amyloidosis and the first molecular marker for the differential diagnosis of dementias in vivo [40]. A negative amyloid PET
excludes AD as the underlying pathology, with high negative
predictive value (100% using C-PIB) and specificity (91%
using florbetaben) [17, 41, 42]. It may help to discriminate
MCI subjects that are likely to progress to AD over the next
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Fig. (1). The figure shows MRI, fused PET/MRI, FDG PET distribution images and parametric images of deviation from the normal database
(BRASS software) of two cases evaluated for cognitive impairment, with two different hypometabolic pattern: in the first row the reduction in
the posterior cingulate cortex, precuneus and lateral parietal cortex is typical for AD, while in the second row the preservation of posterior
cingulate metabolism is a feature for DLB.

Fig. (2). The figure shows two cases evaluated for cognitive impairment, with a similar metabolic pattern of hypoactivity in posterior cortical
regions, of different etiology, as proven by MRI: case A has vascular lesions, while case B has a normal MRI.
First row: FDG PET distribution images.
Second row: parametric images of deviation from the normal database (BRASS software).
Third row: T1w MR images.

3-5 years, with less than 10% of amyloid PET negative MCI
patients finally developing AD [43]. Furthermore, dynamic
acquisition immediately after iv injection has been proposed
to highlight areas of reduced cerebral perfusion.
Preliminary results showed that the initial 5 minutes
frame from 1 to 6 minutes post injection of amyloid-tracer is
potentially useful in providing FDG-like information [44,
45]. However, 20-30% of normal elderly individuals have a

detectable amyloid deposition [46]. The prevalence of cerebral amyloid increases from 10% - 15% at age 65 y.o. to
about 50% at age 85 y.o. [38]. Moreover, amyloid PET is
positive in cerebral amyloid angiopathy [47] and in 50-70%
of cases of another common major neurocognitive disorder
that is dementia with Lewy bodies [48]. In conclusion, amyloid PET cannot establish the diagnosis of AD, but it should
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For a long time, parallel analysis of information obtained
separately with each modality served the medical and research community.
Recently, new hybrid technologies capable of acquiring
both PET and MRI images in a single session became available (1.Ingenuity TF PET/MR system of Philips, a sequential
system, 2. Biograph mMR of Siemens, a simultaneous
PET/MR system and 3. SIGNA PET/MR of GE, a simultaneous system). In this review, we discuss the recent advances of hybrid PET/MR in major cognitive disorders with
special focus on Alzheimer’s disease, as well as the challenges of this hybrid modality.
3. PET/MR TECHNOLOGY

Aside from commercially available systems, research
tomographs developed in academic settings are also being
exploited for studies combining the two modalities. One
such example, a shuttle system connecting a 7T MRI to a
high resolution brain dedicated PET scanner has been recently used for investigating smaller brain structures, such as
the hippocampus, with promising results [60, 61].

O

Most PET systems currently in use combine PET and
Computed Tomography (CT) in the form of PET/CT hybrid
systems.

For this reason, MR-compatible detectors had to be developed to enable the implementation of such systems. This
includes avalanche photodiode (APD) and Silicon photomultiplier (SiPM) readout technologies which are actually used
on commercial PET-MR systems. However, the time-offlight (TOF) technology, considered to be an important asset
to improve PET image quality and enhance signal-to-noise
ratio, is not provided by one of the two simultaneous systems
commercially available today owing to the low timing resolution of APDs [57, 58]. In addition, in simultaneous acquisition, concerns about the effect of the magnetic field on the
positrons travel range in high-energy radioisotopes has been
raised [59].
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be considered more as an additional biomarker when the
clinical context is in favor [47].
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A number of contributions describe in details the characteristics of the various solutions available and major challenges had to be overcome in order to bring these two modalities together [49-54], we will only briefly summarize
here the main distinctive features.

Attenuation correction is a prerequisite in quantitative
PET imaging. The two annihilation 511keV photons traversing the human body are subjects to interactions with biological tissues, the main being Compton scattering. In contrast to
SPECT imaging, two annihilation photons have to be detected for the event to be registered and the attenuation depends on the total intra-body distance travelled by both annihilation photons [62]. As such, to enable quantitative and
qualitative assessment of the radiotracer's regional uptake, a
measurement of photon attenuation should be performed to
correct and redistribute the activity backwards. Until recently, transmission scans have been used for this purpose,
using either positron- of gamma-emitting transmission
sources or x-ray tubes, enabling to build patient-specific attenuation maps reflecting the electronic density. However,
this information is not easily extracted, from MRI where the
intensity depends on proton density and relaxation times [6365].

tri

This technology has been first tested in humans in 2008
[49] and only in 2010 the first commercial systems have
been deployed.

4.1. Attenuation Correction
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A decade after the introduction of PET/CT, the advent of
hybrid PET/MR tomographs, capable of acquiring both modalities into one imaging session, has been thus considered a
major outbreak for neurological imaging.
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4. TECHNICAL CHALLENGES FOR PET/MR IN
DEMENTIA
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The added value of PET/CT vs. PET alone has been consistently shown, mainly for oncological applications, while
for neurological application the contribution of non-contrast
enhanced low dose CT of brain imaging is limited.
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First, PET and MR images can be acquired sequentially
or simultaneously. The sequential setup, analogous to the
structure of the PET/CT tomographs, has two separate scanners connected by a bed, which avoids repositioning of the
patients and offers the opportunity to acquire the two sets of
images in one single imaging session [55, 56]. In this design
smaller modifications to each modality (type of coils for the
MR, detector technology for the PET) are required, and both
PET and MRI can be considered equivalent to standalone
systems. Clearly, a sequential setup results in a longer acquisition time, which is the sum of the acquisition time necessary for PET and MRI evaluation. An example of a typical
protocol designed for the assessment of neurodegenerative
dementia on a sequential system is provided in Fig. (3).
The simultaneous acquisition is preferable to fully exploit
the combination of the two modalities, thus reducing the
total examination time and enabling continuous recording of
MR images during PET acquisition for motion correction,
for example, as described in section 3. However, for the
combination of both modalities in a single gantry, specific
requirements for both PET and MR subsystems have to be
met to avoid potential interference between the two scanners.

MR-based attenuation correction was first developed for
brain PET imaging, using three main approaches: segmentation-based approaches, atlas registration and machine learning techniques and emission-based approaches.
In the template-based approach, an average attenuation
map template is generated by a number of available 68Ge
transmission scans spatially normalized to the standard brain
of SPM. With non-linear registration of the T1 weighted
MRI co-registered template of SPM to the MRI of the patient, a warping matrix is obtained. This warping matrix is
applied to the average attenuation map template to obtain an
attenuation map adapted to the patient [63, 66, 67].
In the atlas-based approaches, a database of MR and coregistered CT brain images is employed integrating global
anatomical knowledge. Non-rigid registration methods are
commonly applied, where all MR atlas data sets are warped
to the patient's MR image, and the same transformations are

Mainta et al.
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Fig. (3). Example of a protocol designed for a comprehensive evaluation of functional and anatomical abnormalities in neurodegenerative
dementia in a sequential PET/MRI system: the whole evaluation lasts about 50 minutes.
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In the segmentation based approach, T1 weighted MR
image is directly segmented and classified into different tissue types. Tissue-specific attenuation coefficients at 511keV
are assigned, defining the attenuation map. The current
commercially available systems have implemented a routine
segmentation of dedicated MR images into air, lung and soft
tissue [71] or air, lung, fat and soft tissue [72]. The attenuation correction map measured for the scanner table and head
coils is then summed to the attenuation estimated from body
segmentation, as exemplified in Fig. (4). Neither segmentation method takes into account bone attenuation [73].
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then applied to the CT atlas data sets enabling to obtain a
patient-specific pseudo-CT. Thereafter, similar to PET/CT
scanners, the CT Hounsfield units are scaled to PET attenuation coefficients to derive the attenuation map which is finally forward projected to generate attenuation correction
factors for the correction of the emission scan. Alternatively,
the MR atlas database can be co-registered to a labeled image of segmentation into different tissue classes, which after
warping to the patient's MR image generates the corresponding attenuation map [63, 64, 66, 68, 69]. More sophisticated
approaches for brain imaging involving the use of multi-atlas
information propagation schemes were also recently reported
[70].

N

In conventional MR Dixon sequences, bone and air filled
cavities (ethmoidal cells, sphenoidal sinus, mastoid processes, frontal and maxillary sinuses) are almost assigned the
same intensity range, while the densities of these tissues
types are completely different, affecting the reconstructed
PET images in brain structures in proximity [74]. A recent
study reported that ignoring bone during attenuation correction introduces strong spatially varying bias of the PET activity in PET/MR images [73]. In another study, comparing
the performance of PET/CT and PET/MR, region-dependent
differences were also found that could partially be explained
by differences in the attenuation correction algorithm, while
they found deviations even in the non-attenuation corrected
images, justifying further investigation [11]. Sophisticated
segmentation methods have been proposed over time in order to include bone attenuation, but are not yet integrated
into clinically available software [68, 75-77].

Fig. (4). Schematic representation of the attenuation correction
process adopted for brain PET scans on the Philips Ingenuity TF
PET/MRI: the homogeneous attenuation (B) estimated from segmenting MRI (A) is added to the measured attenuation map calculated of head coils and scanner table (C).
Both uncorrected (D) and corrected (E) PET are shown.

With dedicated MR sequences (ultrashort echo time
UTE, DUTE, Zero time eco ZTE), bone tissue can be differentiated from air. The combination of UTE (for bone-air
separation) and Dixon (for soft tissue-fat separation) enables
to obtain a four tissue-class attenuation map. However, se-
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In the attenuation correction procedure, we must also
take into account the attenuation caused from radiofrequency
coils, the examination table and other possible devices of
high-density materials. Attenuation must be measured and
added to the attenuation map at the exact location. Templates
of coils' attenuation could be generated from CT scans or
preferably from PET transmission scans, as conversion from
CT to PET energy is not validated for non biological materials and they are more accurate and artifact free compared to
CT based templates [63].

In order to improve PET quantification accuracy, one
must not forget the Partial Volume Effect (PVE). Compensation for PVE is mandatory in order to distinguish the loss of
radiotracer uptake due to PVE from the true metabolic decline [92]. The activity signal from structures smaller than 24 times the full width at half maximum of the scanner’s point
spread function is subject to the PVE. As the thickness of the
cortical gray matter is comparable to the spatial resolution of
current PET scanners, the brain PET signal is affected by the
PVE. This underestimation is accentuated in cases of brain
atrophy, which is a hallmark of dementia disorders [29, 92,
93]. MRI with high soft-tissue contrast can be used to estimate the morphological framework from which the PET signal is emitted [93]. Several methods for PVE correction have
been proposed, including region-based, voxel-based, with or
without additional information for MRI and statistical iterative reconstruction techniques incorporating PVE correction
during the reconstruction process [29]. The accuracy of PVE
correction methods is affected by factors such as segmentation and spatial coregistration of MRI and PET images, characterization of the scanner’s point-spread function, and the
assumptions made during the correction [29, 92]. In the case
of simultaneous PET/MR acquisitions spatial coregistration
is eliminated as a problem. However, in the context of dementia, a strict distinction between hypometabolism and
atrophy may not be absolutely necessary as both are associated with dementia. PVE may in fact increase sensitivity in
discriminating normal from pathological brains [94].
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5. FDG PET/MR AND THE USE OF STANDARDIZED
ANALYSES
The analysis of FDG PET brain images in dementia is
based on the identification of patterns of hypometabolism,
which are disease-specific. The visual analysis of the images
is a necessary pre-requisite not only for the diagnosis, but
also for the identification of possible artifacts, but suffers
from subjectivity, very low accuracy [33] and does not allow
the definition of a threshold for abnormality. Recent advances in computer-assisted voxelwise statistical analysis of
images allowed the development of a number of tools assisting image interpretation and providing more precise and objective measures. All approaches are based on preliminary
transformations of the individual image. The patient’s scan
has to be anatomically standardized to fit a standard stereotactic coordinate system, such as the stereotactic coordinate
system proposed by Talairach and Tournoux or the MNI
(Montreal Neurological Institute) coordinate system, to
compensate for individual variability in size and shape [94,
95]. Several software for spatial normalization to a standard
coordinate system have been developed, some of them
widely available for research and clinical use [94]. We summarize here only the main features of the packages mostly
commonly used for FDG analysis in dementia.
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In the last decades, the resolution of PET scanners has
improved up to approximately 2-3mm full width half maximum (FWHM) in brain studies [83]. But as the resolution
increases, image blurring due to patient’s motion becomes
more evident, reducing the effective spatial resolution as low
as 1cm [84]. Head restraints are commonly applied to eliminate motion of large amplitude, but image degradation due to
small movements persists [85, 86]. Methods for correction of
inherent movements have been developed. A simple technique is the inter-frame correction, where the head is monitored with a motion-tracking system and each time a movement above a certain threshold is detected, PET data are registered into a new frame [87]. More accurate rigid motion
correction can be achieved with event-based correction techniques, where PET data are acquired in a list-mode format
with simultaneous monitoring of the patient’s motion with a
motion-tracking system. Simultaneous hybrid PET/MR acquisitions have the advantage that motion tracking can be
based on the acquired MR data, offering high-temporalresolution motion estimates [88]. Motion detected on the MR
images is used to transform both emission and attenuation
correction data, eliminating blurring without reducing the
signal to noise ratio [89]. Recent phantom and in vivo studies
have proved that MR-based motion correction can improve
PET image quality, quantitative accuracy and increase reliability and reproducibility of PET data, which is of particular
interest in patients with limited compliance, such as in dementing disorders [29, 88, 90]. Furthermore, a recent study
involving patients and healthy volunteers, has demonstrated
that motion registration could even be used for diagnostic
purposes, as the accumulated global head rotation itself significantly discriminated controls from MCI and AD patients
[91].
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4.2. Motion Correction

is

U

se

O

More recently, new and promising approaches for estimation of the attenuation correction map based on the emission scan and exploiting the TOF PET information have
been developed and are increasingly being characterized [8082]. When validated in larger series they might represent the
ideal and most efficient solution for the attenuation issue in
PET/MR systems equipped with TOF technology.

4.3. Partial Volume Effect Correction

nl
y

quential application of these sequences is time-consuming
and makes the protocol complex, especially in case of patient
motion. Alternatively, with a new triple-echo UTE (UTILE)
MR sequence, distinction of four tissue classes (bone, air,
soft and adipose tissue) is achievable with post-processing
procedures, obtaining all information required for an accurate attenuation estimation with MR images [78, 79].
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The Human Brain Atlas (HBA; Department of Neuroscience, Karolinska Institute, Stockholm, Sweden) [96] uses
MR images to spatially normalize the PET images into a
standard coordinate system. The accuracy is limited by the
precision that can be achieved by the co-registration procedure to realign the PET and MRI images. In clinical practice

192 Current Alzheimer Research, 2017, Vol. 14, No. 2
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The PMOD software (PMOD Technologies, Zurich,
Switzerland) is another commercial multimodality medical
imaging package. The PMOD Alzheimer’s discrimination
analysis tool (PALZ) is a fully automated method for the
discrimination between Alzheimer’s Dementia and healthy
controls, based on a large FDG database of normal subjects
acquired in a multicenter trial [102]. After age correction of
the FDG uptake, the individual FDG scan in compared voxel
by voxel to the reference database, resulting in the PALZ
score, which is a sum of the t-values in a predefined AD specific mask. Based on the data of the control group, a 95%
prediction limit and error probabilities can be calculated. If
the score of brain areas within the mask is outside the 95 %
prediction limit, it is considered abnormal and error probability is stated [92, 102, 103].
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NEUROSTAT (Department of Internal Medicine, University of Michigan, Ann Arbor, MI, USA) [100] was specially designed for statistical comparison between a normal
database and diseased brains. It is a software library for image analysis that includes programs for brain activation studies, group comparison, 3-dimensional stereotactic surface
projections (3D-SSP) and co-registration of SPECT, PET
and MRI. The 3D-SSP technique projects the cortical activity visualized in a 3D volume image onto the brain surface,
generating a surface representation of the cortical activity
distribution. The spatially normalized individual image set is
compared with the standard atlas template, and z-scores are
calculated voxel by voxel to identify statistical deviations
from the control database. Three-dimensional stereotactic
surface projections of z-scores are then generated allowing
visualization of FDG uptake abnormalities and evaluation of
their extent and precise topography in terms of stereotactic
coordinates [34, 92, 94, 95, 99].

A special mention has to be made on the role of standard
templates used for spatial normalization. Even subtle errors
in spatial normalization introduce loss of accuracy with impact on the diagnosis, both in early stages, where changes are
subtle and in advanced cases, with severe atrophy. In most
FDG PET studies, the standard SPM H2O PET template is
used for spatial normalization. As in SPM, contrary to
NEUROSTAT pure anatomic standardization, the mathematical nonlinear function in anatomical standardization
depends not only on the shape but also on the count distribution of the used template, the matching between the individual image and the template is indeed relevant [98]. Appropriate templates, age matched, disease and tracer specific
would be ideal. Recently, an FDG PET dementia-specific
template was created for SPM spatial normalization, revealing an overall diagnostic accuracy of 94 % (91 % sensitivity
and 95 % specificity) [98].
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Then, a Gaussian smoothing has to be applied to correct
for interindividual differences and allow the application of
the general linear model approach for the subsequent statistical analysis. Parametrical statistical models are summed at
each voxel. This results in a statistical parametric map, an
image whose voxels values are statistics, producing tstatistical maps of significant changes in distribution [33,
99].
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Statistical parametric mapping (SPM; Wellcome Trust of
Neuroimaging, London, UK) [97] is among the state-of-theart packages for voxelwise statistical analysis of neuroimaging including PET, SPECT and MRI modalities. It is well
documented, freely available and technically supported by
well-established brain imaging centers. Originally, it was
developed as a research tool for PET activation studies on
healthy volunteers to distinguish which brain structures are
significantly activated by a neuroactivation task and it was
not intended for clinical use [92]. At a single-subject level,
SPM provides the means for generating objective statistical
maps through a voxel to voxel comparison with a number of
control scans. First, a spatial normalization of brain images
into a standard stereotactic space (MNI) has to be performed
by an image-warping algorithm of non-linear registration of
PET images with a reference PET template. Recently, a new
FDG PET template for normalization procedure particularly
devoted to the dementia studies has been developed and
validated [98]. It is implemented in SPM list procedures and
it is freely available.

group, by means of statistical intensities differences, based
on region growing of maximally deviating voxels. An example of this output is shown in Fig. (1). While this technique
can localize and quantify small defects, it is sensitive to
small registration errors and to the quality of the template.
The second technique determines the mean and z scores
within the predefined volumes-of-interest. With BRASS,
multiple tracer-specific databases are available. A possible
drawback is the inhomogeneity of the implemented cameras
and the acquisition protocols, which can be corrected by
phantom studies and homogenization of protocols [92, 99,
101].
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MR images are not always readily available on-line for routine cases: this limitation is clearly overcome in integrated
PET/MRI systems [94].

Among the commercial software packages, Brain Registration and Automated SPECT Semiquantification (BRASS;
Nuclear Diagnostics, Hägersted, Sweden) is specifically oriented toward routine clinical SPECT and PET applications.
This software matches with automated masking patient images to 3D reference templates created from images of
healthy volunteers. It allows two complementary quantitative
comparisons, a voxelwise method and an operatorindependent predefined VOI analysis covering the whole
brain. The first allows a voxel by voxel comparison of individual studies with a mean-and-SD image from a control

In a study comparing SPM and NEUROSTAT in normal
subjects, small differences in standardization were found, no
more than 0.21-1.15mm, validating both [104]. In another
validation study that included healthy and atrophied brains,
SPM and NEUROSTAT yielded similar patterns of metabolic decrease, although the extent of reduction was greater
with SPM, which was more affected by the presence of atrophy [94]. In a retrospective study of 88 patients and 112
cognitively normal controls, it was found that SPM voxelwise analysis of PET-FDG improved diagnostic accuracy in
dementia and pre-dementia conditions with a sensitivity of
96% and a specificity of 84% compared to 78% and 50%
respectively for visual assessment of FDG scans and 91%
and 40 % respectively for clinical assessment [33]. Furthermore, SPM maps strongly enhanced confidence in identifying distinct patterns of hypometabolism in MCI patients,
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7. FUTURE PERSPECTIVES
The main advantage of the hybrid PET/MR technology is
the availability of a large panel of structural, functional and
molecular biomarkers in one single imaging session. Previous papers have discussed potential improvements that can
be specifically obtained using the integrated design, namely
improving quantification of tracer uptake by deriving perfusion information from the MR images, or systematically applying partial volume and motion correction, but no studies
have yet validated these approaches in patient series [110,
111].
Indeed, all PET/MRI studies performed so far have combined the two acquisitions, using standard protocols for each,
without investigating in depth the added value of their integration. A key issue, to be targeted in future PET/MRI studies, will be the identification of which information is really
complementary, using the two techniques, and which data
are instead redundant, if any.

6. PET/MR STUDIES IN DEMENTIA

se

Only a few studies have tested so far the use and the impact of PET/MR in major neurocognitve disorders in a clinical setting: the data currently available are summarized in
Table 1.
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The first study evaluated 30 patients with clinically suspected AD: PET/MR images consistently underestimated
cortical metabolism and overestimated subcortical signal,
with some impact on diagnostic decision supported by
semiquantitive analysis [11]. This impact was however limited for experienced readers and its clinical relevance is difficult to establish, given that authors did not discuss if the
disagreement changed the diagnostic conclusion. However,
these results underline the importance of a validated/matched
control group for the diagnostic use of FDG PET/MR in dementia.
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More recent studies tested prospectively the performance
of PET/MR vs the current reference standard, i.e. PET/CT,
with discordant conclusions [11, 108].

First, this technology is the ideal tool to develop validation studies comparing MRI sequences to the gold standard
PET based perfusion studies, or identifying to which extent
fMRI measures can approximate the FDG PET information.
Preliminary studies with this design have been performed in
healthy controls and in animal models, identifying systematic biases in MRI measures and highlighting the relevance
of appropriate validation schemes before a larger use of
MRI-derived perfusion estimates [112-114]. This might be
of special interest for the validation of other advanced MRI
sequences, such as diffusion weighted imaging (DWI), DTI
and magnetic resonance spectroscopy (MRS). DWI is already a validated diagnostic tool for the differential diagnosis of dementia syndromes, being able to identify with a high
sensitivity and specificity characteristic changes (high signal
on DWI and low signal on apparent diffusion coefficient ADC - maps) in Creutzfeld Jacob disease [115]. ADC images might also show an increased signal associated with the
enlargement of extracellular space and neuronal loss, and
this has been previously suggested observing increased ADC
in MCI in hippocampal regions [116, 117]. The role of MRS
is less established, but increasingly investigated in dementia,
as recently reviewed [118].
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The first studies only reported the feasibility of PET/MR
in various brain applications, including degenerative disorders [106, 107].
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The main limitation for the use of automated analyses in
PET/MRI is that, given the novelty of this modality, no
PET/MRI normal reference database is available yet and the
feasibility of using references databases derived from
PET/CT has to be properly validated.

primary progressive aphasia and higher for AD and posterior
cortical atrophy and with higher sensitivity of semiquantitative methods as compared with visual reading.
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predicting further progression into different dementias, while
all subjects that didn’t progress were SPM negative [33]. In
another study of MCI patients, single-subject SPM analysis
of FDG scans was found to have high predictive prognostic
value, by identifying either normal brain metabolism or distinct patterns of hypometabolism, allowing recognition of
early AD or other types of cognitive decline [30]. In a study
of 22 patients and 18 normal controls, the PALZ tool was
found to have 100% sensitivity and 83 % specificity, for the
diagnosis of AD. This relatively decreased specificity was
attributed to an attenuation correction artifact encountered in
this study because of the use post-injection transmission
scans [105].
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The second study partially confirms these findings in a
smaller mixed group of patients, including three dementia
cases, observing a systematic underestimation of SUV values
in PET/MR images [108]. Part of the systematic differences
observed in this case might be explained by the fact that
PET/CT images were acquired at later time points. Despite
the differences in absolute values, the correlation between
the regional values obtained in the two sets of images was
excellent. Unfortunately this study did not investigate regional relative changes and their impact on the diagnostic
interpretation.
Finally, one recent study investigated the presence of hypometabolism and atrophy in a simultaneous PET/MRI study
in dementia cases [109]. The authors showed a marked variability in the association of atrophy and hypometabolism in
different brain regions and in different dementia syndromes,
among AD and FTD syndromic variants, that was lower for

Second, the unique feature of PET imaging, namely the
ability to identify nanomolar targets, might be best exploited
using molecular tracers, rather than functional tracers such as
FDG. In the field of major cognitive disorders significant
progress has been made over the last decade, and beyond
amyloid imaging, tau tracers have been recently developed
and are currently in phase II trials in patients, raising high
expectations for an in vivo molecular classification of dementias [119]. For tau tracers the systematic availability of
brain volumetry, as in integrated PET/MR systems, might
represent a significant progress, given that tau deposition
primarily occurs in mesial temporal structures, strongly affected by partial volume in PET.
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Table 1.

Mainta et al.

FDG PET/MR studies in dementias.
Study design

PET/MR tomograph
design

Feasibility

Main result

4 (2 FTD, 1 AD, 1
LBD)

Sequential

[107]

4 (2 AD, 2 progressive
supranuclear palsy)

Simultaneous

Feasibility and comparison
with PET/CT

High concordance with PET/CT derived
semi-quantitative indices

[11]

30 patients with clinically suspected AD

Simultaneous

Comparison with PET/CT

Regional differences between the two
sets, with potential impact on clinical
assessment

[108]

3 suspected dementia
patients

Simultaneous

[109]

24 subjects (FTD and
syndromic AD variants)

Simultaneous

O

Comparison with PET/CT

Excellent agreement and correlation
between the two sets despite systematic
underestimation of SUV values by
PET/MR
High variability in the concordance
between atrophy and hypometabolism in
different regions and syndromes, lower
for primary progressive aphasia and
higher for AD and posterior cortical
atrophy.
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Use of standardized analyses
for FDG PET data(SPM)
and comparison of hypometabolic and atrophy patterns

U

Higher sensitivity of quantitative methods as compared with visual reading.

tri

nosis. Hybrid PET/MRI offers the ideal framework for in
vivo identification of diagnostic hallmarks of dementing disorders and is likely to become the modality of choice for the
assessment of brain function.
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Last, the newly developed digital PET technology might
be of interest for designing PET inserts MR-compatible for
simultaneous PET/MR brain imaging. This technology, currently in use in recent whole body PET/MR and in one
PET/CT system, uses solid state detectors, the digital SiPM,
in which each APD has its own readout circuit with an integrated Analog to Digital converter (ADC), permitting a direct digital photon count, contrary to conventional analog
SiPM. Preliminary studies have tested its applicability in a
preclinical scanner [120]. The use of a brain-dedicated PET
insert that can be added to any existing MR scanner without
any change to the MRI hardware might offer a more flexible
solution at lower cost than fully integrated systems [121].
CONCLUSION

Full diagnostic
quality of both modalities within acceptable acquisition time

se
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Hybrid PET/MRI opens new perspectives in functional
multi-parametric neuroimaging, allowing acquisition of all
relevant information in a single session and increasing patient comfort. Combined information from these two cornerstones of neuroimaging, complementary one to the other,
compensating mutually for the limits of each modality, can
advance our understanding of brain physiology and pathophysiology, yielding high diagnostic value in the dementia
work-up with differential diagnosis between neurodegenerative versus cerebrovascular dementia conditions and among
the different types, early in the course of the disease. Technical issues, particularly concerning the MR-based attenuation
correction have been identified, but with dedicated MRsequences even this challenge is surmountable. Various sophisticated programs of automated image analysis are available, guarantying objectivity and reproducibility of the diag-
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