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Neurodegenerative disorders such as Alzheimer disease are among
today’s most alarming health problems in our aging society. The
clinical assessment of neurodegenerative disorders benefits from
recent innovations in the field of imaging technology. These inno-
vations include emerging tracers for molecular imaging of neuro-
degenerative pathology and the introduction of novel integrated
PET/MR imaging instruments. Because both PET and MR imaging
procedures have shown critical value in the diagnostic work-up of
neurodegenerative disorders, the combination of both imaging mo-
dalities in the form of an integrated PET/MR imaging system may be
of value. This combination includes practical methodologic advan-
tages and an improved workflow facilitated by the combined acqui-
sition of dual-modality data. It offers clinical advantages because of
the systematic combination of complementary information, poten-
tially allowing the creation of novel integrated imaging biomarkers.
The effectiveness of new disease-modifying treatments may depend
on the timely initiation of therapy before irreversible neuronal dam-
age in slowly progressive neurodegenerative disorders. Integrated
PET/MR imaging may be able to improve such early diagnosis
through both structural and functional information.
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The term neurodegeneration includes several disorders that
are characterized by a progressive dysfunction and, ultimately,
the loss of neurons. The most frequent forms include cognitive
disorders such as Alzheimer disease and other forms of dementia,
as well as movement disorders such as Parkinson and Huntington
disease. It is estimated that more than 5 million people have
Alzheimer disease, the most frequent form of neurodegeneration
in the United States. The number is expected to increase to 14
million by 2050 (/,2). In recent years, growing evidence suggests
that, despite different initial clinical manifestations, overlapping
pathophysiologic processes may be involved in various forms
of neurodegenerative disorders (3). Consistently, increased
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production, misfolding, and pathologic aggregation of specific
peptides have been identified in many neurodegenerative disor-
ders, representing an early and potentially causal phenomenon.
Such phenomena include, for example, 3-amyloid plaques and
T-protein aggregates in Alzheimer disease, as well as other forms
of aggregates such as the a-synuclein aggregates (Lewy bodies)
found in Parkinson disease and dementia with Lewy bodies. Com-
mon disease models suggest that these pathologies contribute to
the development of other characteristic features of neurodegener-
ation such as neuronal dysfunction and neuronal loss in the central
nervous system (4), which, again, can be found consistently in
different forms of neurodegeneration.

Numerous studies confirm that the different aspects of this
neuropathologic cascade can be successfully captured in vivo
using suitable neuroimaging methods—in particular, MR imaging
and PET. For example, structural MR imaging allows the mea-
surement of neuronal loss (atrophy) (5); '8F-FDG PET allows the
assessment of neuronal dysfunction (6,7); and several newer radio-
tracers (!8F-florbetapir, '8F-florbetaben, '8F-flutemetamol) allow
imaging of cerebral amyloid deposits (8—10). Some of these
markers have already found their way into clinical application;
others have proven high value in the scientific evaluation of dis-
ease mechanisms. Recent biomarker studies in familial forms of
dementia indicate complementary roles of different imaging bio-
markers at different disease stages (3,11,12).

Both improved diagnosis and better understanding of the
disease processes are relevant with respect to the numbers of
patients affected by these disorders and their impact on society. It
is estimated that more than 5 million people currently have
Alzheimer disease, and the number will increase to 14 million in
2050 (4,2). Therapeutic options are limited to mild symptomatic
improvements. However, early diagnosis and more accurate dif-
ferential diagnoses may offer greater benefits to the patients if
appropriate therapies can be instituted before substantial neuronal
damage occurs in slow, progressive neurodegenerative disorders.

Regarding the value of neuroimaging markers, it has been
shown that the combination of PET and MR imaging may offer
various methodologic advantages and potentially lead to improved
diagnostic classification, disease staging, and prognostic evalua-
tion in addition to advancing a better understanding of interrelated
disease pathomechanisms. Integrated PET/MR technology (/3)
may be ideally suited for scientific and clinical assessment of
neurodegenerative disorders. In addition to systems combining the
two modalities in a single room (e.g., Philips Ingenuity), fully in-
tegrated solutions have recently been introduced. The first prototype
of an integrated PET/MR scanner consisted of an MR imaging—
compatible brain PET insert positioned inside a commercially avail-
able 3-T MR imaging Trio system (Siemens Healthcare) (/4). In
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2010, a fully integrated PET/MR scanner also became available
for human whole-body imaging (Siemens Biograph mMR) (/5),
and other industries (e.g., GE Healthcare) are currently working on
a similar concept.

Although the integration of brain PET and MR imaging in-
formation has long been performed for clinical and scientific
purposes using independently acquired datasets, the simultaneous
acquisition of PET/MR imaging may create unique opportunities
that are not possible with separate acquisitions. Such opportunities
include methodologic and clinical advantages as discussed in the
following sections.

METHODOLOGIC ADVANTAGES

The combination of PET and MR imaging information, partic-
ularly when acquired at the same time, offers several potential
methodologic advantages in neuroscience applications. In addition
to the combination of complementary information, the imaging
data of one modality may be used to improve the quality and
interpretation of the other modality.

Systematic Addition of Anatomic Information

Anatomic information that can be derived from PET imaging is
relatively limited, due in part to the limited resolution of PET.
However, even more important, brain uptake of specific PET
tracers allows visualization only of specific structures (e.g., the
basal ganglia) or pathologies (e.g., inflammation, tumor tissue).
Moreover, resulting distribution patterns may be fundamentally
different between patients and healthy subjects, showing more
uptake (e.g., amyloid imaging) or less uptake (e.g., '®F-FDG
PET in dementia or dopamine-receptor PET in Parkinson dis-
ease). Consequently, the exact anatomic localization of patho-
logic findings and regional comparison between patient and
control data can be hampered by lack of anatomic information
on PET findings alone. Also, regional comparison between
baseline and follow-up information in patients (e.g., during ther-
apy) in corresponding regions may be difficult when patterns of
tracer uptake change. The systematic addition of high-resolution
MR imaging information to PET data provides accurate and
consistent information on underlying structures, helps overcome
difficulties in anatomic localization on PET images, and
improves scan interpretation. Historically, this has been done
by coregistraton of independent PET and MR imaging datasets
after data acquisition (/6). Definition of regions of interest on
the basis of accurately coregistered MR data may significantly
improve the reliability and consistency of the quantitative eval-
uation of PET data. This benefit is particularly relevant in sit-
uations in which the PET tracers specifically bind to subcortical
or smaller brain structures, that is, without widespread uptake
in larger cortical brain areas, allowing straightforward image
data coregistration of separately acquired PET and MR data
(Fig. 1).

Additionally, anatomic abnormalities such as arachnoidal cysts
and certain pathologies (e.g., older hemorrhages), which can be
detected by means of MR imaging, may influence the tracer
uptake pattern (e.g., causing circumscribed tracer defects). For
example, vascular lesions may lead to reduced uptake in the basal
ganglia, mimicking nigrostriatal neurodegeneration. Such abnor-
malities may accompany other disorders of the brain, and knowledge
of their presence may lead to a more confident interpretation of the
PET data.
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FIGURE 1. Serotonin transporters (SERT) were imaged in dementia
patient with suspected depressive comorbidity using 'C-DASB, and
a4B2 nicotinic acetylcholine receptors using '8F-A85380 in Parkinson
disease patient with suspected dementia comorbidity. Dashed and
full arrows in SERT image represent striatum and thalamus; those
in NAChR image, substantia nigra and lateral geniculate nucleus.
Note anatomic assignment of focal PET tracer uptake. Images
were acquired at Leipzig University, Germany, on integrated Siemens
mMR system (funded by Deutsche Forschungsgemeinschaft,
GroRgerateinitiative).

Correction for Atrophy and Partial-Volume Effects

Tracer uptake in the brain measured by PET is influenced by the
underlying brain structure—that is, the distribution and volume of
gray and white matter. Spill-over effects may lead to over- or
underestimation of the actual regional PET tracer uptake in a given
brain region, depending on the size of the structure and the in-
tensity and distance of uptake in neighboring regions. Particularly
in conditions associated with cerebral atrophy, such as neurodegen-
erative disorders, it may be vital for the quantification of observed
PET findings to integrate the underlying structural framework
obtained by MR imaging into the interpretation (see the following
text). Misinterpretation because of cortical atrophy may lead to
under- or overestimation of the pathologic findings, depending on
the tracer used.

In situations in which reduced PET tracer uptake is a sign of
pathology, such as '8F-FDG imaging in Alzheimer disease or
dopamine transporter imaging in Parkinson disease (“cold spot”
imaging), brain atrophy might lead to a false-positive PET diagno-
sis. For “hot spot” imaging, on the other hand, as in amyloid PET
in Alzheimer disease, accompanying atrophy works against the
PET signal and potentially decreases the diagnostic power of PET.
Therefore, it is desirable to develop and implement effective correc-
tion of brain atrophy and partial-volume effects into clinical routine.

The integration of atrophy into PET findings may be performed
by individual visual assessment, by segmenting the gray matter of
individual MR imaging data (8), but also by application of ad-
vanced partial-volume effect correction algorithms. Again, exact
anatomic coregistration of MR imaging and PET data is a require-
ment for such approaches. Integrated PET/MR imaging offers the
opportunity to perform atrophy correction of the PET data on
a systematic basis using consistent MR information (/7) and to
implement partial-volume effect correction in a clinical routine
imaging setting.

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 55 ¢ No. 6 (Suppl. 2) ¢ June 2014


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 15, 2017. For personal use only.

Correction of Factors That Influence Regional Tracer Supply

The regional brain distribution of PET tracers can be influenced
by several physiologic and pathophysiologic factors—for exam-
ple, regional perfusion or the integrity of the blood-brain barrier.
Regional inhomogeneity of these factors may occur, for example,
in cerebrovascular disease, stroke, or cerebral ischemia, when re-
gional hypoperfusion may result in decreased tracer supply but
also delayed tracer washout. For example, in scientific studies of
receptor displacement, specific tasks or conditions may alter not
only regional transmitter release but also blood flow and thus may
affect the resulting tracer distribution pattern. Correction of tracer
uptake for these factors is performed by means of tracer kinetic
modeling. In particular, if no suitable reference region can be
defined, this approach usually requires an arterial input function,
which must be performed invasively by puncturing a peripheral
artery. Thus, truly quantitative evaluation is often limited to re-
search applications and too rarely has found its way into clinical
neuroimaging studies.

The simultaneous acquisition of MR data may allow the
gathering of information on several of the previously mentioned
cofactors and thus make it possible to correct the PET data
accordingly and allow a realistic estimation of the true target
concentration. For example, MR procedures using injection of
contrast medium allow the assessment of different parameters such
as cerebral blood flow, blood volume, permeability, and blood—brain
barrier disruption. Perfusion can also be assessed without contrast
material by methods such as arterial spin labeling (ASL). The high
temporal resolution and lack of radiation exposure of MR imaging
may allow monitoring changes in regional blood flow not only
at the initial peak of injection but also throughout the examination
(e.g., using functional MR imaging and blood oxygen level-
dependent contrast) and modeling PET tracer distribution quantita-
tively. The definition of vascular regions of interest on the basis of
MR information (e.g., carotid arteries) may be used to measure the
vascular PET signal and thus to obtain reliable tracer input function.
One approach in this regard is to use time-of-flight MR angiography
(18). Finally, by combining MR imaging— and PET-based informa-
tion, it may be possible to replace the need for an invasive arterial
input function; however, research is continuing (/9,20).

Quantification of PET Tracer Uptake

In situations in which quantitative information as to the PET
tracer uptake in the brain is relevant—for example, follow-up
evaluation in therapy monitoring—integrated PET/MR imaging
must be validated for its capability as a quantitative imaging tool.
The shortcomings of suboptimal attenuation correction of PET
emission data caused by inaccurate assumption of bone attenuation
measured using the 2-point (fat, water) Dixon-based attenuation
correction approach (2/)—which generates attenuation coefficient
maps solely for air, lung, soft tissue, and fat using MR imaging—
must be overcome. If quantitative accuracy improves, integrated
PET/MR imaging might even improve quantification of PET tracer
uptake as compared with stand-alone PET or PET/CT data—for
example, by correction for the patient’s lean body mass.

Head Motion Correction

In patients with neurologic disorders such as dementia or
Parkinson disease, head motion during the acquisition of the PET
data is a significant issue leading to impaired image quality. For
simultaneous PET/MR imaging acquisition, it has been shown that
it may be possible, first, to register patient head movement during
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the entire PET duration by continuous MR monitoring of head
motion and, second, to subsequently correct PET data for the
motion (22). Several frames are often acquired in brain imaging
procedures of patients with neurodegeneration to allow the selection
of at least one frame that is not affected by major head movement.
Alternatively, in list mode acquisition, segments of the scan that are
less affected by motion can be isolated and used for reconstruction.
Of course, these approaches result in heterogeneous data quality
because of the resulting variable acquisition times. In contrast, ac-
curate simultaneous motion correction would potentially allow
obtaining high-quality image data in moving patients in a shorter
acquisition time with consistent counting rate and statistics.

Cross-Validation of Imaging Procedures

Simultaneous data acquisition by MR imaging and PET offers
a unique opportunity to cross-validate new and existing imaging
methods. In particular, the option to provide absolutely quantita-
tive information with PET—for example, on cerebral blood flow
or metabolism—could be used to validate or scale MR tools such
as ASL, which may provide similar information (23). The high
value of '8F-FDG in the early and differential diagnosis of demen-
tia has not been reproduced with, for example, ASL MR imaging
methods. However, PET/MR imaging may assist in further improv-
ing and validating these techniques in a true 1:1 comparison under
identical conditions. An option to combine ASL with amyloid PET
in a single PET/MR imaging session may offer an opportunity to
answer questions on molecular pathology and neuronal dysfunc-
tion at the same time (see “Conclusion”).

Methodologic Limitations

Despite enthusiasm for integrated PET/MR imaging, several
methodologic limitations and new methodologic challenges have
arisen from the integration of PET and MR 1in a single instrument,
which required substantial changes in technical configuration,
particularly of the PET component. To operate in a strong
magnetic field, conventional photomultipliers had to be exchanged
for avalanche photodiodes, the scanner geometry had to be
adapted, and PET data must be acquired in the presence of an
MR head coil. Most importantly, no CT data for attenuation
correction are available, so attenuation maps must be generated on
the basis of MR information. The 2-point Dixon approach does not
allow a direct assessment of the specific contribution of bone to
photon attenuation. Recent studies have shown that these technical
peculiarities may lead to relevant differences in the PET data of
PET/MR imaging as compared with PET/CT data, particularly in
the brain (24,25). In this context, further improvement of the
methodology is certainly required.

DIAGNOSTIC IMPROVEMENT

The diagnosis of neurodegenerative disorders may be signifi-
cantly improved by systematically combining the complementary
information obtained by PET and by MR imaging.

Imaging in neurodegenerative dementia may be a particular-
ly well-suited example of the potential value of systematic co-
acquisition of PET and MR data. A definite diagnosis of the type of
dementia has thus far been possible only by histopathologic
postmortem assessment of brain tissue. Clinical diagnosis on the
basis of neuropsychologic and symptomatic evaluation has several
shortcomings: First, it is now well accepted that pathologic changes
in the brain start to appear years to decades before symptoms
(26,27). This fact is hampering the early diagnosis of ongoing
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neurodegeneration and, consequently, early treatment interventions
or therapy trials in a stage before irreversible neuronal damage.

Additionally, considerable symptomatic overlap has been
shown between different forms of dementia, which leads to
clinical misclassification regarding the causal pathology underly-
ing the symptomatic appearance. Finally, disease progression may
not be well mirrored in the degree of cognitive impairment, which
is subject to distinct variation. The assessment of clinical
symptoms may therefore not represent an ideal tool for follow-
up and therapy monitoring in dementia. The example of dementia
illustrates that neurodegenerative disorders in general may not be
well characterized on the basis of their symptomatic appearance
only. This insight has also found its way into recent diagnostic
criteria—for example, in Alzheimer disease. These criteria now
consider the disorder to be a disease continuum, including a pre-
symptomatic phase, a phase of mild unspecific cognitive symp-
toms, and a phase of clinically manifest dementia (28,29). Similar
concepts apply to most other forms of neurodegeneration. This
dissociation between symptomatic appearance and neuropathol-
ogy emphasizes the need for suitable biomarkers. Consequently,
the more recent diagnostic concepts explicitly advocate the use of
biomarkers—including imaging—in the diagnostic evaluation of
the stages of neurodegenerative disease (28,29). In the following
paragraphs, we try to elucidate the individual value of typical
dementia neuroimaging biomarkers before discussing their poten-
tial complementary combination.

Individual Value of Neuroimaging Markers
of Neurodegeneration

MR Imaging. Specific patterns of cerebral atrophy can be
detected using structural MR imaging for different forms of
neurodegenerative dementias (30,37). Most clearly, these findings
were shown by means of statistical groupwise comparison of
patients versus healthy control subjects. However, the individual
value of the specific patterns of atrophy for early diagnosis, prog-
nosis, and differential diagnosis is less apparent (32-35). A poten-
tial reason for this can be found in the assumption that structural
and atrophic changes in the brain are a downstream phenomenon in
the process of neurodegeneration (36). Furthermore, significant
changes of brain volume have been described for healthy aging
as well (37) and may interfere with the detection of specific path-
ologic changes. However, studies were able to show that longitu-
dinal loss of brain substance (i.e., rate of atrophy) over a relatively
short time (e.g., 1 y), may be highly predictive for future cognitive
decline (38). In addition to detection of characteristic patterns of
atrophy, MR imaging is the ideal tool for the exclusion of non-
neurodegenerative and potentially treatable causes for cognitive
symptoms—that is, brain tumors and vascular or inflammatory
abnormalities. For this reason, morphologic imaging procedures
such as CT or, preferably, MR imaging of the brain are suggested
as an indispensable part of the dementia work-up (39).

18F-FDG PET. PET imaging procedures have been shown to
have a high value as a biomarker for reliable diagnosis and
differential diagnosis of dementing disorders and even for pre-
diction in predementia stages, such as mild cognitive impairment.
This statement refers in particular to '8F-FDG PET, which is
a well-established tool to measure regional glucose metabolism
indicating neuronal function. In different forms of neurodegener-
ative dementias, specific patterns of neuronal dysfunction have
been described (40). The value of these patterns for the reliable
diagnosis of Alzheimer disease in the individual has often been
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shown, even by postmortem autopsy (4/,42). Many studies were
able to show characteristic abnormalities of cerebral metabolism in
mild cognitive impairment, which is valuable for the prediction of
Alzheimer disease, and it has been reported that these abnormali-
ties are of higher diagnostic value than those shown on structural
MR imaging (43).

Amyloid Imaging. More recently, PET tracers for molecular
imaging of B-amyloid plaques, a neuropathologic hallmark of
Alzheimer disease, have been introduced (8,44—46).

This type of imaging tool may allow founding the diagnosis of
a neurodegenerative disorder on the underlying pathology rather
than on the symptomatic appearance. It has been reported
repeatedly that significantly increased amyloid tracer uptake can
be documented, even in a relevant percentage (20%-30%) of
healthy elderly subjects, possibly reflecting ongoing neuropathol-
ogy in asymptomatic stages (47—49). A predictive value of an
amyloid positive finding in these subjects with regard to later
cognitive decline has been discussed (50-52).

These findings indicate that amyloid imaging may be useful for
the detection of Alzheimer disease pathology, potentially even
earlier than with '8F-FDG PET. Particularly with regard to new
therapy options directed toward amyloid pathology, amyloid im-
aging may be a valuable tool to select patients with proven amy-
loid pathology in the early stages of disease. Recent antiamyloid
trials investigating monoclonal antibody therapies in patients with
early Alzheimer disease did not successfully reach their prede-
fined endpoints (53). These types of causal therapy strategies
would have to be initiated in an earlier phase of disease, that is,
before irreversible neuronal damage. However, amyloid imaging
showed that up to 36% of the subjects included in these trials did
not fulfill imaging criteria for cortical amyloid deposition (ele-
vated neocortical tracer uptake as compared with the cerebellar
reference region). Consequently, amyloid imaging may provide
earlier and more reliable proof of the target pathology for these
trials.

Regarding differential diagnosis, amyloid imaging may also
bear specific potential. Although amyloid deposits are not
exclusively found in Alzheimer disease but, for example, also in
dementia with Lewy bodies (54), evaluation of the presence of
amyloid pathology may be relevant in the diagnostic distinction
between the various etiologic forms of neurodegeneration. Amy-
loid imaging may allow the classification of atypical forms of
Alzheimer disease such as posterior cortical atrophy or the logo-
penic variant of progressive aphasia. Amyloid imaging has also
been shown to be useful for the differentiation between amyloid-
negative frontotemporal dementia and Alzheimer disease (55,56).
Furthermore, amyloid imaging may be helpful for objective lon-
gitudinal therapy monitoring. Although a major reduction of the
cerebral amyloid load may not be expected even during successful
treatment, a stagnation of further amyloid deposition as compared
with a placebo group appears possible (57).

Multimodal Approaches

Not only did the imaging biomarkers discussed previously find
their way into the diagnostic criteria, but also their complementary
value with regard to the diagnostic information is now well
accepted. In particular, results from recent studies on familial
Alzheimer disease support this notion (/2). These studies indicate
that imaging markers of amyloid deposition and of neuronal dys-
function and loss may all become positive before manifest cogni-
tive impairment but in a sequential order, with amyloid markers

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 55 ¢ No. 6 (Suppl. 2) ¢ June 2014


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 15, 2017. For personal use only.

B

Alzheimer’s disease
Axial slices Surface projeclions

T1 MRI

R
Coronal slices

£ (35

Comparison with controls

Frontotemporal dementia

Axial slices Surface projections

FDG-PET T1 MRI Fusion

UO

Coronal slices
f’ '
Comparison with controls
U Lateral aspects

o

B

Semantic dementia

Axial slices Surface projections

FDG-PET T1MRI Fusion

FDG-PET

Coronal slices t :. R
o) @

Comparison with controls

Lateral aspects

Posterior cortical atrophy

Axial slices Surface projection

PiB-PET T1 MRI Fusion PiB-PET

FIGURE 2. Multimodal differential diagnosis of dementia. (A) Typical patient with Alzheimer disease. Hypometabolism in posterior temporo-
parietal cortical regions was identified on 8F-FDG PET scan as well as typical pattern of cortical atrophy, including mesial temporal lobe (red
box). (B) Typical patient with semantic dementia. Hypometabolism in bilateral temporal cortical regions was detected on '8F-FDG PET scan as
well as typical pattern of cortical atrophy, which is pronounced in temporal polar regions. (C) Typical patient with frontotemporal dementia.
Hypometabolism and corresponding atrophy were identified in frontal cortex and in bilateral temporal cortical regions. (D) Example of posterior
cortical atrophy. In this example, major atrophy was observed in posterior portions of brain on structural MR imaging data obtained on PET/MR
scanner (blue arrow). Also, '1C-Pittsburgh compound B (PiB) amyloid scan has been performed in this patient. In combination with MR imaging
data, it is obvious that posterior portions of brain express distinct amyloid load despite massive atrophy (red arrow). These findings support
diagnosis of posterior cortical atrophy, which is assumed to be based on Alzheimer-type pathology. All images in Figure 2 were acquired at
Technische Universitat Minchen, Munich, Germany, on integrated Siemens mMR system (funded by Deutsche Forschungsgemeinschaft,

GroBgerateinitiative).

turning positive many years before dementia, followed by neuro-
nal dysfunction and, finally, structural loss. Furthermore, these
imaging biomarkers appear to show a nonparallel course of
change over time in relation to the progressive decrease of cogni-
tive impairment. Whereas amyloid deposition appears to increase
steeply at first, it then seems to plateau as soon as manifest de-
mentia is present; it does not show linear correlation with further
cognitive decrease thereafter. On the other hand, structural imag-
ing and volumetry initially show relatively minor changes becom-
ing an exponential progression with the onset of cognitive decline.
Imaging of neuronal function seems to show a relatively linear
progression over time in correlation with a decrease in cognitive
function. However, also with '8F-FDG PET, effects of cognitive
reserve have been shown to modulate the relation between the
extent of imaging abnormality and the degree of cognitive impair-
ment (58).

These insights have several consequences with regard to the
value of multimodal imaging. Examples are listed in the following
section.

PET/MR IMAGING IN NEURODEGENERATION ~ ®

Definite Diagnosis. Regarding the complementary value of
the discussed imaging markers for detecting different forms of
neuropathology, the combination of these tools may aid in
accumulating evidence for a specific neurodegenerative disorder.
This assumption is already part of recent diagnostic criteria for
Alzheimer disease, which postulate that a combination of several
positive biomarkers (amyloid pathology and neuronal injury)
increases the likelihood that the patient has the disease (28,59).
Indeed studies have shown, for example, that combinations of
structural MR imaging and '8F-FDG PET or MR imaging and
amyloid imaging revealed higher diagnostic accuracy as compared
with either single method (33,60).

Early Diagnosis. Regarding the expected time course of the
mentioned biomarkers, amyloid imaging in principle may allow
early detection of ongoing amyloid pathology even in asymptom-
atic stages, but to date, no information is available on the expected
time to conversion. Regarding the prediction of Alzheimer disease
in the stage of mild cognitive impairment, amyloid PET and '8F-
FDG PET both appear to be superior to structural MR imaging
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and to have similar overall levels of predictive accuracy (6/-63).
Whereas amyloid PET appears to be somewhat more sensitive,
I8BF.FDG PET seems to show higher specificity and greater
short-term predictive value (64). Structural MR imaging may per-
mit a better estimation of time to conversion in amyloid-positive
subjects than the amyloid level itself (65). These results indicate
that depending on the diagnostic question, combinations of these
biomarkers may have relevant added value in early diagnosis.
Correspondingly, the combination of amyloid imaging and
a marker of neuronal injury (e.g., a simultaneous amyloid PET
and structural MR imaging scan) is considered to increase the
probability that a patient has Alzheimer disease in preclinical
and mildly cognitively impaired stages of disease, according to
the current guidelines (29,66). Furthermore, the combination of
several imaging biomarkers may allow assessment not only of the
potential risk but also of the expected time to onset of cognitive
problems. In the same context, another recent finding is of partic-
ular importance: several studies now indicate that markers of neu-
ronal injury, which are predictive of later cognitive decline, may
be found in the presence of negative markers of amyloid pathology
in some subjects who are cognitively healthy at the time of the
initial examination (67). Consequently, only multimodal imaging
approaches that allow the assessment of neuronal injury and am-
yloid deposition may be able to capture all subjects at risk for
neurodegeneration at the earliest possible time.

Differential Diagnosis. Adding MR imaging information to
PET information with regard to differential diagnosis of neurode-
generative disorders can be strongly advocated for several reasons.
First, the quantification of atrophy may improve image interpre-
tation, as mentioned previously. Furthermore, the combination of
specific patterns of brain atrophy in MR imaging with character-
istic patterns of neuronal dysfunction in '®F-FDG PET (68), or
with results from amyloid imaging, may help guide the way to
a more confident diagnosis combining causal neuropathology with
resulting neurodegenerative patterns. Figure 2 shows examples of
combinations of PET and MR imaging data that lead to increased
diagnostic certainty by accumulating evidence. Regarding the de-
tection or exclusion of nonneurodegenerative pathologies, MR
imaging can be considered a mandatory prerequisite in the differ-
ential diagnostic work-up of dementia. However, mixed patholo-
gies may be present in many cases and may only be detected using
a multimodal approach. For example, MR imaging can detect
vascular abnormalities associated with vascular dementia. Addi-
tionally, a large overlap exists between vascular and neurodegen-
erative pathologies. The verification of vascular abnormalities as
copathology of neurodegeneration may allow therapeutic interven-
tions (e.g., regulation of hypertension) and thus may lead to a better
outcome. Particularly in older patients, amyloid pathology may be
present without representing the main or exclusive course of cog-
nitive impairment. In the older population, the likelihood of mul-
tiple cerebral pathologies (e.g., amyloid and vascular lesions) is
expected to be high. Figure 3 shows a dementia patient who was
positive in amyloid PET. In this case, susceptibility-weighted im-
aging, as obtained in parallel to the PET information on an inte-
grated PET/MR imaging system, identified additional vascular
pathology (microbleeds), suggesting the presence of cerebral am-
yloid angiopathy.

Follow-Up and Therapy Monitoring. For follow-up evaluation,
different combinations of diagnostic modalities may be chosen
with PET/MR imaging—for example, for therapy monitoring.
Depending on the type of therapy and the stage of treatment
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FIGURE 3. Example of PET/MR scan in which '8F-florbetaben PET
shows intense gray matter tracer uptake, indicating cortical amyloid
load. Simultaneous susceptibility-weighted imaging (SWI) MR image
revealed scattered microbleeds. Taken together, these results point to
cerebral amyloid angiopathy. Images were acquired at Leipzig Univer-
sity, Germany, on integrated Siemens mMR system.

initiation, it may be of particular interest to quantify the therapeu-
tic impact on the amyloid burden or on neuronal dysfunction in
combination with the effect on progression of neuronal loss.
Particularly in neurodegenerative disorders, atrophy may lead to
under- or overestimation of the pathology in the PET data—for
example, the extent of cortical hypometabolism interpreted as
a marker of neuronal dysfunction may be overestimated in severe
atrophy, whereas the regional amyloid load could be underesti-
mated. These effects may be critical in longitudinal and follow-
up studies. For example, progressive atrophy over time may lead to
underestimation of increasing amyloid load in the remaining brain
tissue. The combination of PET and MR imaging at baseline and
follow-up may allow disentangling these diverging pathologies and
help to accurately quantify disease progression or therapy effects
over time. As mentioned previously, the systematic combination of
structural MR imaging and PET may allow the performance of
partial-volume effect correction and the estimation of the true
PET tracer uptake per given volume of brain tissue. Also, with
regard to the observed different time courses of the various imaging
biomarkers, as mentioned previously, multimodal assessment can
be expected to allow a much better-informed quantification of
disease progress or of therapy effects on several scales.

IMPROVED DIAGNOSTIC WORKFLOW ALGORITHMS

In principle, using PET/MR imaging, it should be possible in
the future to accomplish all brain imaging necessary for the
assessment of neurodegenerative disorders in a single visit, saving
investigation time and increasing patients’ and doctors’ comfort.
For reasons of efficiency, it will not be possible to perform all
available imaging tests for all indications. Thus, an intelligent
combination of the neuroimaging biomarkers will be required.
Further studies are necessary to identify optimal combinations
and protocols for the individual diagnostic problem.

In this context, it may be possible to substitute the information
derived from '8F-FDG PET by means of suitable MR sequences or
by collecting dynamic (perfusion) data in an amyloid scan (23,69—
71). One example of simultaneous amyloid load and blood flow
imaging using integrated PET/MR imaging in a dementia patient

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 55 ¢ No. 6 (Suppl. 2) ¢ June 2014


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 15, 2017. For personal use only.

is given in Figure 4. This practice would allow performing a single
PET/MR examination that nevertheless provides information on mo-
lecular neuropathology, neuronal dysfunction, and structural atrophy.

Figure 5 shows the potential of such a “one-stop shop” PET/MR
imaging algorithm and compares it with the diagnostic tools cur-
rently available to support a clinical diagnosis of Alzheimer disease.

SCIENCE

Regarding scientific applications in the field of neurodegenera-
tion, PET/MR imaging opens a whole array of possibilities.
Particularly, the integrated technology that allows simultaneous
acquisition of PET and MR imaging data may help to cross-
evaluate MR imaging methods such as ASL or resting state against
I8F-FDG PET with regard to their value in the diagnosis of neu-
rodegenerative disorders.

In addition, the combination of the various available tracers and
MR brain imaging procedures may help us understand the regional
and temporal cross-relation between different pathologies. Not only
the order of appearance but also the quantitative and topographic
correlation of pathophysiologic changes can be assessed, potentially
leading to the detection of causal relations. Among many potential
applications, for example, the combination of MR spectroscopy and
specific PET tracers may yield interesting insights into disease
pathomechanisms, including changes in neuronal metabolism (e.g.,
aerobic glycolysis) or turnover of neurotransmitters. Studies of
functional MR imaging and structural connectivity (diffusion tensor
imaging) combined with PET examinations may allow the study of
the distribution and expansion of neurodegenerative pathologies in
relation to networks of the brain. Mechanisms and effects of novel
therapeutic approaches such as stem cell transplants or neuro-
protective agents may be investigated. However, an exhaustive
discussion of the scientific opportunities of PET/MR imaging with
regard to neurodegeneration is beyond the scope of this article, which
is focused on clinical applications.

CONCLUSION

Taken together, integrated brain PET/MR imaging has great
potential to improve and simplify the diagnosis of neurodegener-

MRI (T1 MPRAGE) Amyloid PET/MRI overlay

Relative CBF(pASL)/MRI
overlay

FIGURE 4. Simultaneous measurement of amyloid load and blood
flow in dementia. Amyloid load was imaged using '8F-florbetaben
PET, and relative cerebral blood flow, by means of pulsed arterial spin
labeling (pASL) MR imaging. This “one-stop shop” data acquisition, pro-
viding both pathology and neuronal injury biomarker to support clinical
diagnosis of Alzheimer disease, takes about 20 min, which increases
patient comfort. Images were acquired at Leipzig University, Germany,
on integrated Siemens mMR system.

PET/MR IMAGING IN NEURODEGENERATION ~ ®

Today ¢ MRI

Diagnostic|
guestion

Morphological
MRI

Atrophy/ Amyloid
blood flow MRI PET

Future

FIGURE 5. Potential advantages of “one-stop shop” integrated brain
PET/MR algorithm as compared with diagnostic tools currently available
to establish diagnosis of Alzheimer disease.

ative disorders because of its several methodologic advantages.
These include the systematic integration of anatomic information
into interpretation of the PET data, the options to perform partial-
volume correction and motion correction of PET data, and the
opportunity to improve PET tracer uptake quantification. Not least,
integrated PET/MR imaging protocols will provide information
that would otherwise require several visits of the patient, thus
increasing patient comfort. An improved diagnostic workflow
algorithm could be established.

Several advantages can also be expected from a diagnostic
perspective. PET/MR imaging may improve early diagnosis and
prognosis by combining information on the potential risk for
a neurodegenerative disorder and on the expected time to onset of
cognitive problems in early stages of disease. With regard to
differential diagnosis, combined assessment of PET and MR data
may better exclude nonneurodegenerative pathologies and improve
specific diagnosis by collecting accumulating evidence (i.e.,
information on causal neuropathology and on resulting neurode-
generative patterns). Furthermore, PET/MR imaging may allow
excluding or identifying the presence of multiple pathologies. With
regard to follow-up and therapy control, PET/MR imaging may
allow a much better-informed quantification of disease progress or
of therapy effects on several scales.

All these promising prospects lead to the expectation that the
diagnostic assessment of dementia and other neurodegenerative
disorders may clearly benefit from integrated PET/MR imaging,
and that PET/MR imaging may be the method of choice for these
indications. Preconditions include the elimination of some tech-
nologic limitations, access to the method and reimbursement, and
the definition of intelligent diagnostic algorithms that define
suitable and efficient combinations of imaging procedures for the
individual diagnostic problem.
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