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Abstract

Quantitative susceptibility mapping (QSM) has been used to study susceptibility changes that

may occur based on tissue composition and mineral deposition. Iron is a primary contributor

to changes in magnetic susceptibility and of particular interest in applications of QSM to
neurodegeneration and aging. Iron can contribute to neurodegeneration through inflammatory
processes and via interaction with aggregation of disease-related proteins. To better understand
the local susceptibility changes observed on QSM, its signal has been studied in association with
other imaging metrics such as positron emission tomography (PET). The associations of QSM and
PET may provide insight into the pathophysiology of disease processes, such as the role of iron in
aging and neurodegeneration, and help to determine the diagnostic utility of QSM as an indirect
indicator of disease processes typically evaluated with PET. In this review we discuss the proposed
mechanisms and summarize prior studies of the associations of QSM and amyloid PET, tau PET,
TSPO PET, FDG-PET, 150-PET, and F-DOPA PET in evaluation of neurologic diseases with a
focus on aging and neurodegeneration.
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1. Introduction

Aging and neurologic diseases may cause a change in tissue composition, such as mineral
or protein deposition or change in myelin or lipid content (Collingwood et al., 2005; Deibel
et al., 1996; Lassmann and van Horssen, 2011; Popescu et al., 2013; Sofic et al., 1988).
Detection and monitoring of such pathologic changes is a broad focus of research across

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
"Corresponding author. Cogswell.petrice@mayo.edu (P.M. Cogswell).

Declaration of Competing Interest

Authors declare that they have no conflict of interest.

Credit authorship contribution statement

Petrice M. Cogswell: Conceptualization, Investigation, Writing — original draft. Audrey P. Fan: Conceptualization, Investigation,
Writing — original draft.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cogswell and Fan

Page 2

imaging modalities. One of the more recently developed methods to non-invasively probe
brain tissue composition with MRI is quantitative susceptibility mapping (QSM) (Li et al.,
2011; Sood et al., 2017). QSM is an MRI technique that allows quantification of local
tissue magnetic susceptibility via complex post-processing (phase unwrapping, masking,
background field removal, and inversion) of a multi-echo gradient-recalled echo (GRE)
acquisition (de Rochefort et al., 2008; Haacke et al., 2015; Li et al., 2011; Liu et al.,

2015; Shmueli et al., 2009). The output is a map of magnetic susceptibilities with negative
values indicating diamagnetic tissue properties and positive values indicating paramagnetic
properties relative to a selected tissue reference. Compared to other susceptibility sensitive
sequences, such as T2*-weighting imaging, QSM is quantitative, reflects local vs. nonlocal
tissue properties, is more sensitive to susceptibility effects, and is less dependent on imaging
parameters and object orientation. In the brain, QSM has been used to study susceptibility
changes that may occur based on the content of iron, calcium, myelin or lipids in a wide
range of neurologic diseases (Ravanfar et al., 2021; Uchida et al., 2022; Wang and L.iu,
2015).

Iron is of particular interest in applications of QSM to neurodegeneration and aging.
Independent of a specific neurodegenerative disease, iron can contribute to cell death and
neuronal loss through inflammatory processes, including induction of oxidative damage and
production of reactive oxygen species, as well as iron related cell death or “ferroptosis”
(Dixon et al., 2012; Lane et al., 2018; Li et al., 2020). Iron has also been shown to contribute
to neurodegeneration via interaction with aggregation of disease-related proteins such as
amyloid plaques, tau neurofibrillary tangles, and alpha-synuclein (Meadowcroft et al., 2009;
Ndayisaba et al., 2019; Smith et al., 1997).

To better understand the local susceptibility changes observed on QSM, its signal has been
studied in association with other imaging metrics such as positron emission tomography
(PET). In PET, the distribution of an intravenously administered radiotracer is captured, and,
depending on the nature of the radiotracer, may target deposition of specific proteins or
neurochemical processes (Hooker and Carson, 2019). The associations of QSM and PET
may provide insight into the pathophysiology of disease processes, such as the role of iron in
the aging and neurodegeneration (Deistung et al., 2013; Ravanfar et al., 2021; Vinayagamani
etal., 2021; Wang et al., 2017), and help to determine the diagnostic utility of QSM as

an indirect indicator of disease processes typically evaluated with PET, such as amyloid

load (Acosta-Cabronero et al., 2016; Bergen et al., 2016; Bilgic et al., 2012; Cogswell et

al., 2021; Fazlollahi et al., 2017b; Gong et al., 2019; Kim et al., 2017; Ravanfar et al.,

2021; Tiepolt et al., 2018, 2021; van Bergen et al., 2018). Furthermore, PET tracers can
directly assess the presence of microglial cells that drive the neuroinflammatory response

to pathological deposits and iron accumulation, as well as its downstream effects on brain
glucose metabolism and synaptic function. Associating these PET signals with QSM would
also augment understanding of the complex, spatiotemporal evolution of neuroinflammation
with iron, and its link to brain functional changes in aging and neurodegeneration.

In this review we discuss the proposed mechanisms and summarize prior studies of the
associations of QSM and PET for various PET tracers in evaluation of neurologic diseases
with a focus of those related to aging and neurodegeneration. We describe the brain regions
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in which these imaging metrics have been compared for specific disorders and highlight
how the QSM signal complements information from relevant PET tracers. We also include
discussion of studies using T2 * /R2* as an indicator of iron deposition in diseases in which
limited QSM data exists.

2. Mechanism-based review of QSM-PET comparisons

2.1. Amyloid PET

Alzheimer’s disease (AD) is characterized by accumulation of amyloid plaques and tau
tangles (Jack et al., 2018). In vivo assessment of amyloid pathology may be achieved with
amyloid PET, CSF, and more recently plasma, with PET being the most direct measure of
cumulative amyloid deposition (Janelidze et al., 2021; Johnson et al., 2013; Schindler et al.,
2019; Shaw et al., 2018). Amyloid PET is widely used in research and clinical trials for
assessment of Alzheimer’s pathologic change and provides regional brain information about
the presence of amyloid (Cummings et al., 2022; Swanson et al., 2021).

Amyloid PET radiotracers targeting Ag in amyloid plagues include Pittsburgh compound B
(11C-PiB) (Klunk et al., 2004), 18F-florbetapir (Lister-James et al., 2011), 18F- florbetaben,
and 18F-flumetamol. Although some studies have found regional amyloid PET changes to
provide biologically-relevant information about disease stage (Collij et al., 2022; Grothe et
al., 2017; Jelistratova et al., 2020), amyloid PET is most commonly assessed via magnitude
of a global meta-ROI (Mintun et al., 2006).

The relationship of QSM and amyloid PET is of high interest given the coexistence of iron
with amyloid plaques. Although multiple studies have demonstrated that iron accumulates
near amyloid plaques and facilitates plaque formation (Hautot et al., 2003; Plascencia-Villa
et al., 2016; Smith et al., 1997; Telling et al., 2017), the mechanism of this association is
not well understood. In histochemical and x-ray microscopy studies, iron has been shown
to exist in a complex with and/or coexist with amyloid plaques, trigger ferroptosis, and
promote oxidative stress (Derry and Kent, 2017; Everett et al., 2014; Plascencia-Villa et al.,
2016; Smith et al., 1997; Telling et al., 2017). In ex vivo studies and in vivo mouse models,
iron has been used as the basis of contrast for identification of amyloid plaques (Jack et al.,
2004; Meadowcroft et al., 2009). Based on the co-occurrence of iron and amyloid plaque
in molecular studies, animal models, and ex vivo human studies, it has been proposed that
QSM may be used to identify iron and infer the presence of amyloid in vivo.

In vivo studies of the association of amyloid PET and susceptibility have shown a positive
association in the basal ganglia (Cogswell et al., 2021; Tiepolt et al., 2018; van Bergen et
al., 2018), where there are relatively higher levels of age-related iron deposition compared to
elsewhere in the brain (Bilgic et al., 2012; Li et al., 2014). However, in the cerebral cortex,
where we are interested in detecting AD-related amyloid accumulation, the associations

of amyloid PET and QSM have been variable. While some studies have shown a positive
association of amyloid PET SUVR and susceptibility in the frontal and temporal cortex
(Ayton et al., 2017; van Bergen et al., 2018), others have shown no or very weak negative
associations in those regions (Chen et al., 2021b; Cogswell et al., 2021; Tiepolt et al., 2018).
Higher susceptibility and post-mortem iron levels have also been found to be associated with
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greater cognitive decline, however, only in amyloid positive individuals with mild cognitive
impairment (Ayton et al., 2019, 2017).

While there are differences in populations and analysis techniques that may account for
some of the differences in prior amyloid PET-QSM studies, the lack of an expected
positive association of amyloid PET and susceptibility may be related to local competing
paramagnetic and diamagnetic effects in the cortex. Ex vivo studies have shown that
amyloid aggregates have diamagnetic properties that may oppose paramagnetic changes
of iron (Gong et al., 2019). With new QSM algorithms designed to separate paramagnetic
and diamagnetic components (Chen et al., 2021a; Shin et al., 2021), individual effects of
iron and amyloid may be better evaluated, and thereby achieve better associations with
amyloid PET. To date, in vivo applications of these techniques have been limited to few
studies in multiple sclerosis (Dimov et al., 2022; Emmerich et al., 2021). Please refer to a
complimentary review article in this special issue of Neuroimage for additional commentary
on future direction of QSM in the study of AD.

Amyloid may also be deposited in the vessel wall of arteries and arterioles and result

in cerebral amyloid angiopathy (CAA), which increases the risk of micro and macro-
hemorrhages (Greenberg et al., 2020). The amyloid deposition in CAA has been found

to be associated with an increase in cortical amyloid PET SUVR, particularly in the occipital
cortex, where there is a predilection for CAA pathology (Greenberg et al., 2008; Johnson et
al., 2007). However, the coexistence of parenchymal amyloid deposits of AD and vascular
amyloid of CAA as well as the relatively high QSM signal of heme-related iron in the
vessels and hemorrhages make study of vascular amyloid-related PET signal challenging,
especially with typical PET spatial resolution of 2-5 mm. Therefore, studies of amyloid PET
in CAA have been limited to participants without dementia and applied for detection of early
CAA and evaluation of patients with possible CAA by the Boston Criteria (Charidimou et
al., 2017; Greenberg and Charidimou, 2018). QSM in CAA has focused on the detection of
cerebral microbleeds (Rotta et al., 2021). Direct comparisons of QSM and PET in CAA are
lacking and would similarly be challenging due to the challenges in distinguishing vascular
and parenchymal amyloid deposits.

2.2. Tau PET

Tau, the other major pathologic protein of AD, is deposited in the brain as neurofibrillary
tangles and is strongly associated with neurodegeneration and cognitive decline (Braak and
Braak, 1991; Hyman et al., 2012; Johnson et al., 2016; Ossenkoppele et al., 2016). Like
amyloid, tau load may be assessed in vivo via PET and CSF, and plasma biomarkers

are emerging (Jack et al., 2018; Janelidze et al., 2020; Mielke et al., 2021, 2018).
First-generation tau PET ligands include [18F] THK5317, [18F] THK5351, [18F]AV1451
(flortaucipir), and [11C]PBB3; and second-generation ligands, developed to reduce off-
target binding, include [18F]MK-6240, [18F]RO-948 [18F]PI-2620, [18F]GTP1, [18F] PM-
PBB3, and [18F]JNJ64349311 (Leuzy et al., 2019; Lois et al., 2019). In the study of AD,
tau PET has been evaluated based on the magnitude of signal in the temporal meta-ROI
(Jack et al., 2017) and topographic distribution in the cortex, which may provide information
about disease subtype and stage (Ossenkoppele et al., 2016; Therriault et al., 2022; Vogel
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etal., 2021). As with amyloid plaques, iron has been proposed to exist in complex with tau
aggregates and contribute to oxidative stress (Derry and Kent, 2017).

Studies of the associations of tau PET and QSM in the context of aging and AD have
evaluated the cortex and deep gray structures with voxel-wise and ROI-based approaches. In
the basal ganglia, a strong association has been found between age-related iron accumulation
and tau PET SUVR (18F-AV-1451) (Choi et al., 2018; Cogswell et al., 2021) (Fig. 1).

The tau PET signal in this region is thought to be related to off-target binding of the tau
ligand, secondary to monoamine oxidate (MAQO) and/or iron deposition in the setting of
inflammation (Baker et al., 2019; Harada et al., 2018; Lemoine et al., 2018).

In the cortex, susceptibility and tau PET SUVR (18F-R0-948) have been found to be
associated in the temporal lobe (Spotorno et al., 2020). The mechanism of this association
may be iron associated with AD-related tau aggregation. This hypothesis was supported

by Spotorno et al. who found cortical susceptibility mediated the effect of tau on
neurodegeneration in amyloid positive individuals. Alternatively, other processes such as
iron deposition with inflammation and off target tau binding may occur in the cortex as in
the basal ganglia. Either of these processes may result in neurodegeneration and therefore
the association of iron and neurodegeneration (Cogswell et al., 2021; Spotorno et al., 2020).
Variability in results of studies evaluating associations of QSM and tau PET may in part

be related to the tau PET tracer and degree of off-target binding. Additionally, although

a positive association of tau PET and paramagnetic susceptibility has been found in some
studies, an ex vivo study detected diamagnetic signal association with tau protein in solution
(Gong et al., 2019). As with amyloid, tau aggregation in the cortex, may therefore cause
QSM signal that opposes that of colocalized iron in AD.

Other tauopathies, such as progressive supranuclear palsy (PSP), have been studied with
QSM and tau PET (Leuzy et al., 2019; Lois et al., 2019; Ravanfar et al., 2021; Uchida et

al., 2022), but studies correlating QSM and PET are limited. For example, QSM studies have
shown increased susceptibility in the putamen, globus pallidus, red nucleus and substantia
nigra in patients with PSP compared to controls (Ravanfar et al., 2021; Sjéstrém et al.,
2017). Elevated tau PET signal has been found in patients with PSP compared to those with
AD and cognitively unimpaired controls in similar basal ganglia and midbrain regions as
those of increased magnetic susceptibility (Brendel et al., 2020; Whitwell et al., 2017). A
recent study directly compared QSM susceptibility and tau PET SUVR in PSP vs. controls
and found that susceptibility and SUVR were well-correlated and higher in PSP that controls
in the pallidum, red nucleus and cerebellar dentate (Satoh et al., 2023).

2.3. TSPO PET

Neuroinflammation is a complex process that in pathological states correlates with iron
deposition and ultimately neurodegeneration through several mechanisms, thus requiring
multi-variate observations to understand its spatiotemporal patterns. An inflammatory
cascade that is common across numerous neurodegenerative disorders happens in response
to abnormal protein aggregates, ranging from amyloid in AD; tau in AD and progressive
supranuclear palsy; alpha-synuclein in Parkinson’s disease; and TDP-43 (TAR DNA-binding
protein 43) in frontotemporal dementia (Nnah and Wessling-Resnick, 2018). The misfolding
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and accumulation of these toxic proteins activates microglial cells, which form the primary
immune response of the central nervous system and sequester the excess iron and ferritin
that occurs in oxidative stress (Nnah and Wessling-Resnick, 2018). In this way, the detection
of iron on T2*-weighted or QSM signal is an indirect measure of inflammation-related iron
metabolism and the presence of microglia.

Histologically, T2* MRI signal has been directly associated with iron and amyloid stains in
human AD tissue samples from the entorhinal cortex (Meadowcroft et al., 2009); while other
studies have shown focal T2* hypo-intensities in micro-infarcts that are best colocalized

to microglia and iron stains in the subiculum (a subfield of the hippocampus), even in the
absence of amyloid and tau pathology (Zeineh et al., 2015). These findings suggest that
both protein deposition-related and incidental micro-infarcts lead to inflammatory responses
and concomitant iron deposition, and that multi-modal correlative studies in vivo will be
key to investigate different underlying pathophysiology. Overall, the coordination between
microglial activity and iron uptake is complicated, such that balance between beneficial
pro-inflammatory processes and damage from chronic neuroinflammation likely depend on
the disease stage and brain regions for a given neurodegenerative disorder.

In vivo PET imaging of microglial activation (i.e., during neuroinflammation) is to date
primarily achieved by targeting the 18-kDa translocator protein (TSPO) in the outer
membrane of the mitochondria. Because there is low baseline expression of TSPO in the
central nervous system, increases in brain TSPO-PET signal are sensitive to upregulation

in activated microglia and can be combined with information from separate amyloid- and
tau-PET studies in the same patients. The evolution of TSPO-PET radioligands has been
well-described (Alam et al., 2017; Gouilly et al., 2022; Lagarde et al., 2018); and both first-
([11C]PK11195) and second-generation (e.g., [11C]-PBR28, [18F]-DPA714) tracers have
been correlated with amyloid and tau PET in mild cognitive impairment (MCI) and AD.
These associations were performed voxelwise and across larger cortical regions, revealing
positive relationships between amyloid PET uptake in broad frontal, parietal, and lateral
temporal areas (MCI and AD) (Chandra et al., 2019; Parbo et al., 2018); as well as in
smaller regions as the hippocampus (MCI) (Knezevic and Mizrahi, 2018). Similar clusters of
positive association between tau- and TSPO-PET signals have been observed in association
cortices, in particular in the frontal and temporal cortex of MCI patients and the parietal
cortex of AD patients (Dani et al., 2018). While these correlative studies link the presence
of pathological protein aggregates to neuroinflammatory processes, there is a future need

to similarly correlate cortical TSPO-PET signal to QSM and/or T2* signal indicating iron.
PET/MRI comparisons are underway in chronic fatigue syndrome, where trends of elevated
QSM and R2* relaxation (indicating high iron levels) were observed alongside higher TSPO
PET signal ([11C] DPA-713) in putamen regions of patients relative to healthy controls
(Carlson et al., 2020) .

TSPO and [62Cu]diacetyl-bis(N4-methylthiosemicarbazone) (62Cu-ATSM) PET have also
been applied to Amyotrophic lateral sclerosis (ALS), a disorder of upper and lower motor
neuron degeneration, as indicators of neuroinflammation and oxidative stress, respectively.
Studies have shown greater activity in the motor cortex, which was associated with higher
disease severity (Chew and Atassi, 2019; Ikawa et al., 2015). QSM studies have similarly
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shown increased susceptibility of the motor cortex in patients with ALS (Acosta-Cabronero
et al., 2018; Schweitzer et al., 2015), which may be related to accumulation of iron-
containing microglia (Kwan et al., 2012). However, there has not been a direct comparison
of TSPO or 62Cu-ATSM PET and susceptibility in ALS patients to date.

In addition to inflammatory responses to protein aggregates and neurodegeneration, the
relationship between microglial activity and iron deposition is also of high clinical value

in autoimmune disorders such as multiple sclerosis (MS). Chronically active MS lesions
show a hyperintense (high susceptibility) rim of iron-laden microglia and macrophages,
indicative of persistent disease-related inflammation that leads to greater tissue damage.
Using simultaneous PET/MRI scans with [11C]-PK11195 TSPO tracer and QSM, Kaunzner
et al. demonstrated that these lesions with high susceptibility also had higher TSPO signal,
validating the colocalization of activated microglia with iron accumulation at the lesion
border (Kaunzner et al., 2019). Mechanistically, this association could reflect intracellular
iron within active microglia that respond to myelin and oligodendrocyte debris during
demyelination in MS; or that iron is released by oligodendrocytes in white matter near MS
lesions as a downstream effect of microglial activation. Both lesion-specific and broader
analyses of TSPO-PET and QSM/T2* signal correlations across the cortex or cortical layers
offer meaningful insight into the heterogeneity of MS lesions (Fig. 2) (Herranz et al.,

2020). The comparison would enable QSM signal to better differentiate lesions based on
inflammatory status and chronicity, and offer a non-invasive MRI method to understand the
impact of these lesions on MS progression.

Overall, the limitations of studying neuroinflammation with TSPO-PET alone include
limited binding affinity in individuals with certain genetic polymorphisms of the TSPO
protein (Owen et al., 2012); lack of discrimination between microglial activation states;
and sensitivity of the PET signal to reactive astrocytes that play a different role than
microglia (Lavisse et al., 2012). Newer TSPO tracers such as ER176 may address some

of the limitations with binding, as ER176 is shown to have higher binding potential and
less measurement variability (e.g., of distribution volume metrics) when compared head-to-
head with earlier TSPO tracers (Zanotti-Fregonara et al., 2019). ER176 is also the only
TSPO tracer that is suitable for use in low-affinity binders (Fujita et al., 2017), and due

to its high binding, likely requires smaller subject sample size for similar statistical power
in study design (Zanotti-Fregonara et al., 2019). Beyond TSPO, new radioligands have
targeted monoamine oxidase-B (MAO-B) and imidazoline2 (12BS) binding sites that are
highly expressed in reactive astrogliosis. Although these tracers also face limitations in
off-target binding, MAO-B and 12BS PET provide specificity to reactive astrocytes that
lead to distinct pro-inflammatory cascades in parallel with microglial activation (Kwon and
Koh, 2020), each pathway contributing to neurodegeneration. The chronicity and phases

of these complex mechanisms is still under investigation, for instance in identifying when
classically activated microglia induce certain subtypes of astrocytes (Liddelow et al., 2017),
and the transition from beneficial clearance of toxic proteins versus harmful (excitotoxic)
neuroinflammation (Kaur et al., 2019).

In the future, direct in vivo correlations of neuroinflammation PET with QSM-based
iron deposition will enable improved: (a) monitoring of inflammation-related iron
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accumulation at early disease stages and its causal progression; (b) multi-modal
understanding of transition between beneficial versus detrimental neuroinflammatory phases
at different disease stages; and (c) knowledge of the extent to which QSM signal as a
sensitive MRI-only marker for iron dysregulation is attributable to abnormal microglial
activity. This information offers powerful multi-modal biomarkers for early detection of
neuroinflammation with its pathological underpinnings and monitoring anti-inflammation
response to disease-modifying therapies.

2.4. FDG-PET

[18F]-fluorodeoxyglucose (FDG) is the most common PET radiotracer and assesses glucose
metabolism as a surrogate marker for neuronal function and integrity. Distinct spatial
patterns of reduced glucose metabolism on FDG-PET are clinically used to differentiate
Alzheimer’s disease from other dementias (Mosconi et al., 2008), including frontotemporal
dementia and dementia with Lewy Bodies (Minoshima et al., 2021). FDG-PET has also been
proposed for differentiation of PSP subtypes and PD (Zhao et al., 2020). In Alzheimer’s
disease, the longitudinal decrease of FDG-PET signal, indicating deficit in the cerebral
metabolic rate of glucose, is prominent in the hippocampus, parietotemporal, and posterior
cingulate cortices (Mosconi et al., 2009). The FDG-PET signal declines in a manner

that tracks with cognitive status and complements the predictive information from other
biomarkers such as amyloid (Chételat et al., 2020).

In a meta-analysis, Rao et al. reported colocalization of high brain iron (high QSM) and
glucose hypometabolism (low FDG-PET signal) in the frontal, parietal, and temporal
cortices as well as the thalamus of both Alzheimer’s and Parkinson’s patients across
studies (Rao et al., 2022). The studies included in this analysis either evaluated brain iron
accumulation or low glucose metabolism using imaging, but typically not both. Disease-
specific regional colocalization of the two biomarkers (such as in the hippocampus of
Alzheimer’s disease) suggest iron-mediated brain dysfunction in focal areas known for
pathological protein deposition; but also broader network-level dysfunction, such as the
parietal lobe in Parkinson’s disease, associated with movement impairment. There are
limited studies in elderly adults that directly correlate QSM-MRI with FDG-PET; T2* signal
from the subcortical nuclei did not correlate with FDG-PET in a study of a cognitively
unimpaired cohort (Stankeviciute et al., 2022). More multi-modal studies are necessary

to clarify specific mechanisms (i.e., QSM-PET indicating iron accumulation) that underlie
reduced glucose metabolism, and to ultimately better leverage FDG-PET information as a
ubiquitous tracer in clinical settings.

In contrast to Alzheimer’s disease, patients with a clinical diagnosis of cerebral small
vessel disease (SVD) exhibit abnormalities of brain microvessels, often with a hypertensive
etiology, and present with distinct patterns of glucose hypometabolism on FDG-PET.

For SVD patients, clinical diagnosis is often performed based on features such as small
infarcts or white matter lesions on MRI (Vemuri et al., 2022), with FDG-PET providing
visualization of brain vascular dysfunction in perturbed areas. While patients with probable
AD primarily have hypometabolism in temporoparietal and frontal association areas, in
patients with SVD, the FDG-PET signal shows scattered foci of hypometabolism across
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wide cerebral regions (Heiss, 2018). In addition to these broad deficits, hypometabolism
was more severe in subcortical areas and primary sensorimotor cortex and less affected in
association areas for SVD compared to AD.

Independently, a QSM-MRI investigation of primarily hypertensive SVD patients showed
pathologically elevated iron deposition in the putamen and caudate nucleus, in a similar
spatial pattern to that observed in AD patients of the same study (Moon et al., 2016). This
pattern mimics non-specific iron accumulation in the basal ganglia that occurs with age,
especially as controls in this study were much younger (average of 47 years) compared to
SVD patients and AD groups (average of 79 years). QSM signal in SVD thus may reflect

a combination of vascular damage and aging processes; and could be correlated with FDG-
PET to understand the pathophysiology in affected brain regions. QSM patterns are likely
different in patients with SVD caused by cerebral amyloid angiopathy, which is expected
to show paramagnetic susceptibility signal both due to iron colocalized with vascular
deposits of amyloid, as described above, and due to microhemorrhages that result from
CAA (Charidimou et al., 2012). QSM-MRI is highly sensitive to such cortical microbleeds,
even more so than T2* signal, and in combination with FDG-PET can reveal differential
etiology of SVD and its impact on brain vascular function (Lee et al., 2022; Tu et al., 2022).

A major limitation of FDG-PET, however, is its lack of specificity to pathological
mechanisms. Because FDG signal is linked to the local extent of brain glutamatergic
activity in synapses and astrocytes (Zimmer et al., 2017), a lower FDG-PET signal is

often interpreted as neuronal dysfunction and reduced brain activity in neurodegeneration.
However, FDG-PET is also highly correlated with cerebral blood flow patterns (Anazodo
et al., 2018; Ceccarini et al., 2020), and its quantification is influenced by blood glucose
and stimulus levels. With respect to neuroinflammation, increased FDG-PET indirectly
indicates the presence of activated microglia, with elevated glucose consumption via
anaerobic pathways, although more sophisticated kinetic modeling approaches are necessary
to isolate inflammation-related FDG-PET signal (Yang et al., 2015). Given the complexity
of neuroinflammation, it is possible that QSM correlates positively with high FDG signal in
the acute, early phases of the neuroinflammatory response; while QSM may correlate with
lower FDG signal in later, chronic stages of the neuroinflammatory process when neural
activity has declined. These considerations make it difficult to interpret specific FDG-PET
and MRI correlations that may evolve with disease stage and pathology, especially in the
background of high intrinsic glucose consumption in the brain. To mitigate this limitation,
cross-comparisons with newer PET ligands targeting synaptic vesicle glycoprotein 2A
(SV2A), a specific marker of synaptic density, have revealed regional differences in the
relationship between synaptic density (SV2A-PET) and glucose metabolism (FDG-PET),
thus informing the interpretation of FDG-PET as a marker of brain dysfunction. High inter-
tracer correlations between synaptic density and brain metabolism were observed in medial
temporal regions of elderly and Alzheimer’s patients and lower correlations in neocortical
areas (Chen et al., 2021c¢).
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2.5. [150]-PET

Beyond FDG PET, correlation of QSM signal with specialized [150]-labeled PET tracers
can reveal specific associations of SVD pathology with cerebral blood flow and oxygen
metabolism of brain tissues. Oxygen metabolism and perfusion have been shown to decline
with age (Takada et al., 1992; Yamaguchi et al., 1986) and neurodegenerative processes
(Ishii et al., 1996) using the gold standard of [150]-PET. However, in SVD patients, the
opposite trend of increased oxygen extraction fraction (OEF) is observed with higher white
matter hyperintensity burden (Tohgi et al., 1998; Yamaji et al., 1997) and vascular risk
factors (Jiang et al., 2020). This OEF elevation may occur as a compensatory mechanism
for ischemic hypoperfusion in cerebrovascular disease, including CAA; such that OEF
versus cerebral blood flow / FDG-PET may show a different direction of correlation

with QSM signal. To overcome the experimental challenges of [150]-PET scans with
short-lived tracers, new MRI-based methods have also leveraged the sensitivity of QSM to
paramagnetic deoxyhemoglobin to assess OEF. These QSM methods measure regional OEF
either intravascularly in resolvable veins (Berg et al., 2021; Fan et al., 2014), or apply a
quantitative extravascular model to estimate voxelwise tissue OEF with assumptions about
the blood volume (Cho et al., 2021, 2018). The novel susceptibility MRI measures of OEF
are detailed in a separate review article in this special issue.

2.6. 18F-DOPA PET

18F-fluorodopa (18F-DOPA) PET allows for in vivo assessment of the integrity and
function of dopaminergic neurons (Garnett et al., 1983). Specifically, 18F-DOPA targets
aromatic amino acid decarboxylase (AADC), which facilitates the conversion of L-DOPA to
dopamine, and is therefore an indicator of dopamine terminal activity (Loane and Politis,
2011). The primary clinical and research application of 18F-DOPA PET is assessment of
loss of dopaminergic neurons in the basal ganglia in Parkinson’s Disease (PD) (Morrish et
al., 1996; Snow et al., 1993).

On pathology, PD is characterized by loss of dopaminergic neurons and accumulation of
a-synuclein as well as iron in the substantia nigra pars compacta (SNc) (Sofic et al., 1988).
As discussed in the neuroinflammation section, iron may promote a-synuclein aggregation
via inflammation and oxidative stress (Hashimoto et al., 1999). Several QSM studies have
shown higher susceptibility in the SN in patients with PD compared to controls, presumably
reflective of iron deposition (Du et al., 2016; He et al., 2015; Murakami et al., 2015).

Limited studies exist on the association of 18F-DOPA and susceptibility in vivo; one

study showed a decrease in 18F-DOPA PET in the posterior putamen was associated with
iron accumulation in the lateral SN, as measured via R2* (Depierreux et al., 2021) (Fig.

3). This association and the localization of signal changes is thought to represent iron
accumulation in the microglia due to inflammation and neuronal loss, further supporting

a role of inflammation, oxidative stress, and neurodegeneration in the association of iron
(QSM) and dopamine (F-dopa PET) signal (Depierreux et al., 2021; Wang et al., 2017). The
method of evaluating associations of magnetic susceptibility and PET was unique in this
study, as the imaging modalities were used to probe different brain regions and molecular
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aspects of PD, compared to other applications that primarily evaluate colocalization of signal
changes.

3. Considerations in quantitative comparisons of QSM and PET

How the QSM data is acquired, processed, and used in analyses may affect study outcomes
and the ability to detect associations with other imaging biomarkers or clinical metrics.
Here we will review considerations relevant to comparisons with PET, which may also be
applicable to comparisons with other imaging biomarkers.

First, one must consider co-registration of images in any multimodality comparison.
Simultaneous PET-MR systems that allow for acquisition of PET and MR data in the

same imaging session may facilitate co-registration. However, these systems are still
relatively rare, especially in clinical settings. More commonly, patients receive PET-CT
and MR imaging in separate sessions, often in close temporal proximity in the setting of

a research protocol. Closer temporal spacing between the scans is critical, especially when
the physiological processes imaged, such as neuroinflammation or metabolism, can change
dynamically during the disease process. When the images are acquired on both modalities
in the combined imaging session, the image co-registration is simplified as the patient

is positioned similar in the scanner for both MR and PET. Even when acquired in the

same session, co-registration between sequences should be performed to adjust for potential
movement between sequences, particularly if smaller brain regions are investigated. In
early PET/MR studies, attenuation correction posed challenges, but multiple MRI- and
atlas-based methods have been validated across centers for brain imaging that are suitable
for cross-modality investigations (Catana et al., 2022; Ladefoged et al., 2017).

Differences in QSM processing (phase unwrapping, masking, background field removal and
inversion) may affect the QSM values generated (Vinayagamani et al., 2021; Wang and

Liu, 2015). Details of and consensus recommendations for QSM processing are discussed
in the article, *** by *** et al. in this special issue. Consistent use of the recommended
acquisition protocol and processing pipeline will allow for more robust comparison of
QSM-PET studies across sites in the future.

Once the QSM map is generated, one must decide how that data will be used, such as voxel-
wise vs. ROI-based analyses and choice of a reference region (Fazlollahi et al., 2017a).
Regional analyses are commonly used in QSM and PET studies, and the regions are selected
based on structural anatomy (e.g. lobar regions of cortex and white matter, deep gray
structures) and/or the disease process of interest. These regional approaches reduce noise
but may also lose physiologic information with averaging of negative and positive values.
Voxel-wise analyses may better reflect regional changes in diamagnetic and paramagnetic
properties (negative and positive values) but are more susceptible to noise. Recent studies
have proposed separate analysis of positive and negative QSM values (Chen et al., 20213;
Dimov et al., 2022; Emmerich et al., 2021; Shin et al., 2021); this approach could be
considered in future PET comparison studies. Different selections of tissue reference (e.g.
CSF, white matter, whole brain) may lead to different standard deviations of susceptibility
in a region of interest. However, the reference region must be carefully chosen to reduce
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potential pathology-induced bias (Schweser et al., 2017; Straub et al., 2017). These topics
are covered by a complimentary review article in this special issue.

Additional considerations in QSM-PET comparisons are differences in the magnitude of
biologically relevant signal and noise properties for each image modality. For example,
variation across individuals in QSM signal is much lower than that observed in amyloid and
tau PET along the AD spectrum (Cogswell et al., 2021). In interpretation of statistical
results, effect sizes and patterns of association may help inform clinical relevance of
findings.

4. Conclusions and future directions

Funding

In conclusion, the study of the associations of magnetic susceptibility with PET markers

of neurodegenerative diseases (Fig. 4) may help elucidate disease mechanisms. Current
literature supports a role for inflammation and iron, as inferred by susceptibility, in
parenchymal protein aggregation and neurodegeneration. Future PET tracer development
and improvement in QSM acquisition and processing may provide further insight into these
relationships, provide better understanding of QSM signal, and inform future applications
for QSM in research and clinical practice.

There are no funding sources to report.

Data availability

No data was used for the research described in the article.

Abbreviations:

18F-DOPA 18F-fluorodopa

FDG 18F-fluorodeoxyglucose
TSPO 18-kDa translocator protein
ALS Amyotrophic lateral sclerosis
AD Alzheimer’s disease

CAA Cerebral amyloid angiopathy
MS Multiple sclerosis

PD Parkinson’s disease

PET Positron emission tomography
PSP Progressive supranuclear palsy
QSM Quantitative susceptibility mapping
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SVvD Small vessel disease
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Fig. 1.
QSM, tau PET and amyloid PET in two representative participants. (A) a 35-year-old

participant and (B) and 83-year-old participant, both cognitively unimpaired. In the older
participant, there was elevated susceptibility and tau PET SUVR in the basal ganglia.
Amyloid PET SUVR was low throughout for both participants. Figure reproduced from
Cogswell et al., Neurolmage 2021.

Neuroimage. Author manuscript; available in PMC 2024 March 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cogswell and Fan Page 25

Right Hemisphere

Fig. 2.
(A) Axial 7 Tesla T2*-weighted image with example cortical lesions in a 59-year-old patient

with SPMS. (B) Correlation between TSPO-PET standardized uptake value (SUVR) and
T2* signal across individual cortical lesions in a 48-year-old patient with RR MS (left)
and a 40-year-old patient with SPMS (right), p < 0.05. (C) Areas of correlation between
T2* -signal at 7 Tesla and TSPO-PET signal sampled along the cortical surface, averaged
across patients in each MS group. RRMS = relapsing remitting multiple sclerosis; SPMS =
secondary progressive multiple sclerosis. Reproduced with permission from Herranz et al.,
Mult Scler 2020.
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Fig. 3.
Reglationships between 18F-DOPA PET and R2* in Parkinson’s disease. Depierreux et al.
studied the relationships between 18F-DOPA PET, R2* MRI, and neuromelanin-sensitive
MRI. The figure has been adapted to demonstrate the relationships between 18F-DOPA PET
and R2* MRI. (A-C) R2* changes in Parkinson’s disease (PD). (A) Schematic of modality
or association being studied, which is highlighted in yellow, in this case R2* MRI. (B) Color
map (#values) of disease effects on brain iron as assessed by R2* , p< 0.001, overlaid on
the mean T1-weighted image of the population. Unilateral increase in substantia nigra (SN)
R2* in PD. (C) Violin plot of substantia nigra R2* in PD compared to healthy controls (HC).
(D-F) Relationship between 18F-DOPA PET and R* MRI, indicated by the yellow arrow.
(E) Color map of regions on 18F-DOPA PET that showed a different relationship with (SN)
R2* in PD vs. HC. (F) In PD, SN R2* decreased with higher 18F-DOPA PET Ki (p=0.024)
vs. increase in HC. Figure adapted from Depierreux et al., NPJ Parkinson’s Disease 2021.
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Fig. 4.
Schematic QSM-PET associations. Sources of QSM signal and their relative diamagnetic or

paramagnetic susceptibility are listed on the top. PET tracers and their target are listed on
the bottom. Solid lines indicate relationships that have been identified in prior work, and the
width of the line indicates, qualitatively, the relative strength of those associations. Proposed
relationships, which have yet to be studied are indicated by dashed lines.
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