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Abstract

Amyotrophic lateral sclerosis (ALS) and the behavioural variant of frontotemporal dementia
(bvFTD) commonly share the presence of TDP-43 inclusions. Structural MRI studies
demonstrated evidence for TDP-43 pathology spread, but while structural imaging usually reveals
overt neuronal loss, perfusion imaging may detect more subtle neural activity alterations. We
evaluated perfusion as an early marker for incipient pathology associated brain alterations in
TDP-43 proteinopathies. Cortical thickness (CT) and perfusion measurements were obtained in
ALS (N=18), pathologically and/or genetically confirmed bvFTD-TDP (N=12), and healthy
controls (N=33).

BVFTD showed reduced frontotemporal CT, hypoperfusion encompassing orbitofrontal and
temporal cortices, and hyperperfusion in motor and occipital regions. ALS did not show reduced
CT, but exhibited hypoperfusion in motor and temporal regions, and hyperperfusion in frontal and
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occipital cortices. Frontotemporal hypoperfusion and reduced CT correlated with cognitive and
behavioural impairment as investigated using Mini Mental State Examination (MMSE) and
Philadelphia Brief Assessment of Cognition (PBAC) in bvFTD, and hypoperfusion in motor
regions correlated with motor disability as measured by the ALS Functional Rating Scale-Revised
(ALSFRS-R) in ALS.

Hypoperfusion marked early pathologically involved regions, while hyperperfusion characterized
regions of late pathological involvement. Distinct perfusion patterns may provide early markers of
pathology distribution in TDP-43 proteinopathies.

Keywords

Amyotrophic lateral sclerosis; Frontotemporal dementia; Magnetic Resonance Imaging; Perfusion;
Pathology; TDP-43

1. Introduction

Approximately half of behavioural variant of frontotemporal dementia (bvFTD) and the vast
majority of amyotrophic lateral sclerosis (ALS) patients share TAR DNA-binding protein 43
(TDP-43) as the main component in neuronal inclusions (Neumann et al., 2006) and this
common source of pathology has supported the notion that these conditions are different
clinical manifestations of the same proteinopathy. Neuropathological studies of TDP-43
pathology in bvFTD suggest that disease originates in the orbital frontal gyri, progresses
toward middle frontal and temporal regions, and later encompasses motor areas followed by
occipital cortex (Brettschneider et al., 2014). In ALS, cortical pathology appears to initiate
in primary motor regions, spread to prefrontal cortex and parietal areas, and finally reach the
anteromedial portions of the temporal lobe (Brettschneider et al., 2013). In the absence of
quantifiable ways to measure TDP-43 /n vivo, we focus our attention in this study on the use
of structural and functional imaging modalities, to shed light on the anatomic patterns of
TDP-43 related neurodegeneration.

Preliminary Magnetic Resonance Imaging (MRI) studies have demonstrated evidence for
these neuropathological stages using diffusion tensor imaging (DTI) of white matter (WM)
projections between hypothesized sites of TDP-43 progression (Kassubek et al., 2014).
However, WM DT]I only reflects severe degeneration (Caron et al., 2015) and similarly grey
matter (GM) atrophy measured using T1-weighted structural MRI is generally thought to
emerge only once there has been sufficient death in a neuronal population to be seen
macroscopically (Popescu et al., 2015). Therefore, to date, structural MRI appears to detect
only later-stage degeneration due to pathological accumulation.

Perfusion imaging provides a quantitative measure of cerebral blood flow (CBF), a
physiological parameter reflecting tissue function. Reduced CBF may signal decreased
neural activity before structural loss has become apparent, while increased CBF may reflect
a compensatory activity increase in a neuronal population showing only mild pathology
(Roquet et al., 2016). Thus perfusion may serve as an earlier marker of disease than
structural MRI and we have indeed previously shown that perfusion alterations anticipate

Neurobiol Aging. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferraro et al. Page 3

GM loss in a longitudinal study of language variants of frontotemporal lobar degeneration
(FTLD) with likely TDP-43 pathology (Olm et al., 2016).

In this study, we evaluated perfusion imaging as an early physiological marker for brain
alterations associated with increasing pathological accumulation across TDP-43
proteinopathies, including genetically and/or autopsy-confirmed TDP-43 bvFTD and ALS
patients who are >95% likely to have TDP-43 pathology (Neumann et al., 2006; Ravits,
2014). In particular, we hypothesized that the spatial distribution of perfusion alterations
would reflect the regional distribution of pathology reported in previous neuropathological
studies of bvFTD (Brettschneider et al., 2014) and ALS (Brettschneider et al., 2013).

2. Material and methods

2.1 Subjects

We studied 30 patients with a high likelihood of TDP-43 proteinopathy including 18 ALS
patients and 12 bvFTD patients, along with 33 demographically matched healthy controls.
All participants had completed a written informed consent procedure under a protocol
approved by the Institutional Review Board convened at the University of Pennsylvania.

All patients were clinically diagnosed by experienced neurologists (LM, LE, DJI, MG) in
the Penn Comprehensive ALS Center and the Penn Frontotemporal Degeneration Center of
the Department of Neurology at the University of Pennsylvania Perelman School of
Medicine. Diagnosis was based on a consensus evaluation including: a) a semi-structured
interview on neurologic history, b) a complete neurologic exam, c) an informant-based
history, and d) a detailed neuropsychological assessment using the Philadelphia Brief
Assessment of Cognition (PBAC) (Libon et al., 2011; see below) and/or clinical assessments
of cognition including MMSE and verbal fluency. All ALS patients were defined according
to El Escorial revised criteria (Brooks et al., 2000) (including possible, probable and
definite). Three ALS cases were considered “suspected” according to original criteria
(Brooks, 1994) at the time of MRI, but were retained in this study cohort since their clinical
diagnosis later transitioned to either definite ALS (N=2) or possible ALS (N=1) over the
course of their disease. BvFTD patients were evaluated using consensus criteria for the
diagnosis of probable bvFTD (Rascovsky et al., 2011). For patients and healthy controls,
exclusion criteria included vascular disease, medical diseases interfering with cognition, and
primary psychiatric disorders. Motor disability in ALS patients was assessed using the ALS
Functional Rating Scale-Revised (ALSFRS-R) (Cedarbaum et al., 1999). Global cognitive
functioning was evaluated using the Mini-Mental State Examination (MMSE) (Folstein et
al., 1975) adjusted to account for motor impairment in ALS. Executive functions, memory,
language and behavioural symptoms were evaluated using the Philadelphia Brief
Assessment of Cognition (PBAC) (Libon et al., 2011). ALS patients were included only if
there was no clinical evidence for cognitive impairment, determined for 13 out of 18 ALS
patients using formal neuropsychological assessment as suggested by current revised clinical
criteria (Strong et al., 2017), and based on cognitive assessment at clinical exam (including
MMSE, verbal fluency, and negative informant report of behavioural and/or social deficits)
for the remaining ALS patients (5 out of 18). Disease duration was calculated as the time in
years from symptom onset to MRI scan.
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Prior autopsy studies suggest that TDP-43 is present in >95% of ALS patients (Neumann et
al., 2006; Ravits, 2014), with the exception of familial SODZ1 and FUS. Therefore we only
included ALS cases in our cohort who were sporadic based on a three generation validated
pedigree screening procedure (N=14) (Wood et al., 2013) or, if patients had a family history
of any neurodegenerative disease (N=4), they were screened to confirm they were negative
for a SOD1 or FUS mutation. This resulted in a final ALS sample of highly-likely TDP-43
pathology (N=18). Since TDP-43 is only present in about half of bvFTD (Rohrer, 2011), we
restricted our inclusion of bvFTD cases to those individuals with either a neuropathological
diagnosis of FTLD-TDP (MacKenzie et al., 2010) (N=3) and/or a known pathogenic genetic
mutation associated with TDP-43 pathology including C90r#72 repeat expansions (DeJesus-
Hernandez et al., 2011; Renton et al., 2011) (N=9) or TARDBP mutations (Van Deerlin et
al., 2008) (N=2). Also, since progranulin (GRN) mutations are exclusively associated with
TDP-43 subtype A (Mackenzie et al., 2011; Irwin et al., 2015) that is not associated with the
spectrum of motor neuron disease (MND) and FTD, we have also excluded bvFTD cases
carrying a GRN mutation. Neuropathological and genetic procedures were performed as
previously described (McMillan et al., 2014). In particular, we queried the Penn Brain Bank
for autopsy confirmed bvFTD cases that had a primary neuropathological diagnosis of
FTLD-TDP. Neuropathologic diagnoses were established according to consensus criteria
(Mackenzie et al., 2010) by an expert neuropathologist using immunohistochemistry with
established monoclonal antibodies specific for TDP-43 (mAbs p409/410 or 171) (Lippa et
al., 2009). For genetic screening, DNA was extracted from peripheral blood or brain using
manufacturer’s protocols (Flexigene, Qiagen; or QuickGene DNA, Autogen). Samples were
genotyped for the C9orf72 hexanucleotide-repeat using a published modified repeat-primed
polymerase-chain reaction and determined as an expansion if exceeding >30 repeats (Suh et
al., 2015). Screening for additional mutations was performed by sequencing the coding
regions of 45 genes previously associated with ALS and/or FTD (e.g., GRN, SOD1, FUS,
TARDBP) along with other neurodegenerative diseases (e.g., PSENI for Alzheimer’s and
LRRKZfor Parkinson’s Diseases). This was accomplished using a custom panel (MiND-
Seq) that uses next-generation sequencing technology with capture using Haloplex
enrichment custom kit (Agilent, Wilmington, DE, USA) according to the manufacturer’s
protocol and sequencing on a Mi-Seq or Hi-Seq instrument (Illumina, San Diego, CA,
USA). Alignment of sequence reads and variant calling were assessed by SureCall software
(Agilent).

2.2 MRl acquisition and processing

Images were collected using a 3T Siemens Tim Trio scanner with an 8-channel head coil.
Sessions started with a high-resolution T1-weighted MPRAGE structural scan, with TR=
1620 ms, TE= 3.09 ms, flip angle= 15, 192 x 256 matrix, and 1 x 1 x 1 mm voxels. We
processed T1-weighted MRI images using Advanced Normalization Tools (ANTS) (Avants
etal., 2011, 2008) including antsCortical Thickness (Tustison et al., 2014). Briefly, we
deformed each dataset into a standard template space derived from scans of the Open Access
Series of Imaging Studies (OASIS) dataset (Marcus et al., 2007). Afterwards, we segmented
images into six tissue classes (cortex, white matter, CSF, subcortical gray structures,
midbrain, and cerebellum) and generated probability maps of each tissue. Next, cortical
thickness (CT) was calculated (Das et al., 2009). For analysis, CT images were then
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normalized to MNI152 space, smoothed using a 2 sigma full-width half-maximum Gaussian
kernel, and downsampled to 2x2x2 mm3 resolution.

In the same scanning session as the T1-weighted acquisition, 80 volumes (40 label, 40
control) of a spin echo echoplanar pcASL sequence were collected with TR= 4300ms, TE=
20ms, labelling duration= 1500ms, post-label delay= 1500ms, matrix= 96 x 96, flip angle=
90, 2.5 x 2.5mm in-plane resolution, and 5 mm thick slices with a 1-mm slice gap, total: 20
slices. PCASL images were processed using the antsASLProcessing script in ANTSR. Using
R (http://www.r-project.org/), a binary tag-control label, motion, and physiological
confounds were regressed out of each volume (Avants et al., 2012). For further details of
PcASL images processing please see our previous work (Olm et al., 2016). We then
quantified CBF using the following formula:

A% AM

f=

Za*MO*le*

where AM is the mean label-control difference, A is the blood/tissue water partition
coefficient (0.9 g/ml), a is the labeling efficiency for pcASL (85 %), Mg is the equilibrium
magnetization estimated by averaging the control images, Ty, is the T1 relaxation time of
blood (1664 ms), wis the post-labeling delay, and < is the labeling duration (1500 ms).

We used a partial volume correction (PVC) procedure to reduce potential confounds
associated with large pcASL voxels likely containing multiple tissue classes. The CBF
images were thus transformed to native-T1 space to take advantage of the higher spatial
resolution when accounting for partial volume effects. As WM CBF is approximately 40 %
of GM CBF and CSF should account for 0 % of CBF, we calculated partial volume-
corrected CBF (CBFpyc) in every voxel with the previously reported formula: CBFpy¢c =
CBF/ (GMP + 0.4 x WMP) (Johnson et al., 2005). Before dividing, we smoothed the (GMP
+ 0.4 x WMP) and CBF images. To account for individual global differences in perfusion,
we also mean-centered the partial volume corrected CBF images, generating a “CBFcor”
image. CBFcor images were normalized to MNI1152 space and downsampled to 2mm?3
resolution for analysis.

2.3 Statistical analysis

Demographic, clinical and neuropsychological variables were analysed using IBM SPSS
version 23.0 to compute independent samples t-tests for continuous variables and Fisher’s
exact test for categorical variables. Imaging comparisons were calculated using the
randomise tool in FSL (http://fsl.fmrib.ox.ac.uk/fsl/randomise/). In particular, for both CT
and cortical CBFcor images, we performed nonparametric, permutation tests (permutations
=10,000), which control for Type 1 errors (Winkler et al., 2014) for the following contrasts:
bvFTD patients vs healthy controls, ALS patients vs healthy controls and bvFTD vs ALS
patients, correcting for disease duration. In order to constrain our analysis to voxels that
likely contain grey matter we considered only voxels with a mean CT > 0.4 mm? for all
comparisons. In order to exclude a potential significant impact of the mean-centering
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normalization procedure on hyperfusion estimation (Dukart et al., 2010), we additionally
repeated all the analyses using the not mean-centered, partial volume corrected CBF images
(CBFpyc). For the CT comparisons, we used threshold-free cluster enhancement and
considered voxels significant if they surpassed a family-wise error corrected threshold of p <
0.05 with a volume greater than 650 mm3. For the CBFcor comparisons, clusters with an
uncorrected threshold of p < 0.05 and a volume greater than 650 mm?3 were considered
significant. We chose to use different statistical thresholds for the T1- and pcASL-derived
datasets due to differences in statistical properties of the two data types, including a reduced
signal-to-noise ratio for pcASL relative to T1-weighted protocols. Finally, we performed
univariate regressions to test the relationship between reduced CT, perfusion alterations and
patients’ clinical impairment, correcting for disease duration. In particular, in bvFTD
patients, we tested the correlation between CT and CBF values and: a) general cognitive
impairment as investigated using the MMSE, and b) apathy and disinhibition as investigated
using the PBAC apathy and disinhibition scales. In ALS patients we investigated the
relationship between CT and CBF values and motor impairment as investigated using the
ALSFRS-R (the largest cluster with an uncorrected threshold of p < 0.05 is reported for each
comparison).

Main demographic, clinical and neuropsychological features are summarized in Table 1. No
statistically significant differences were observed between patient groups and healthy
controls for age, sex and education (Table 1). ALS patients did not differ from healthy
controls for global cognition as evaluated using the MMSE, while bvFTD showed an
expected significantly reduced MMSE relative to both healthy controls and ALS cases
(Table 1). BVFTD patients also showed significantly more severe behavioural symptoms and
greater language impairment relative to ALS cases. Disease duration was not significantly
different between the two patient groups, even if ALS cases exhibited, as expected, a
relatively shorter disease duration.

Relative to controls, bvFTD patients showed reduced CT encompassing prefrontal cortex
bilaterally, left superior, middle and inferior temporal gyri and insula (Fig. 1.A.,
Supplementary table 1). Areas of hypoperfusion partially overlapping with reduced CT
included the orbitofrontal cortex bilaterally, left dorsolateral prefrontal cortex, left middle
temporal gyrus as well as left superior frontal cortex and insula. Hypoperfusion not
overlapping with reduced CT was detected in posterior cingulate cortex bilaterally, right
insula and right middle temporal gyrus. Clusters of hyperperfusion partially overlapping
with reduced CT were observed in the left superior frontal and middle temporal gyri, while
hyperperfusion not overlapping with reduced CT encompassed primary motor and occipital
cortex bilaterally as well as right temporal pole.

ALS patients did not show significant reduced CT relative to controls (Fig. 2.A.,
Supplementary table 2). Hypoperfusion was observed in the premotor cortex, superior
frontal gyrus, superior and middle temporal gyrus, and lingual gyrus bilaterally as well as in
the left primary motor cortex and inferior frontal gyrus and right fusiform gyrus.
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Hyperperfusion encompassed inferior frontal, inferior temporal and angular gyrus and
occipital pole bilaterally as well as right superior frontal gyrus and temporal pole.

When we directly compared the two patient groups, bvFTD cases showed widespread
reduced CT relative to ALS mainly involving frontal and temporal cortices as well as insula
bilaterally (Fig. 1.B, Supplementary table 3). Areas of hypoperfusion in bvFTD partially
overlapping with reduced CT included posterior cingulate cortex bilaterally as well as left
prefrontal and orbitofrontal cortex, and right inferior temporal gyrus. Areas of
hypoperfusion not overlapping with reduced CT included the fusiform gyrus bilaterally,
right inferior frontal and supramarginal gyrus. Clusters of overlapping hyperperfusion and
reduced CT were located in the right prefrontal cortex, left middle temporal gyrus, temporal
pole and insula. Widespread hyperperfusion not overlapping with reduced CT was found in
right motor cortices, right occipital pole and left superior and middle temporal gyri.

Relative to bvFTD patients, ALS cases showed no significant reduced CT (Fig. 2.B,
Supplementary table 3). Hypoperfusion mainly encompassed motor and temporal cortex
bilaterally, while hyperperfusion was observed in posterior cingulate cortex and inferior
frontal gyrus bilaterally, left dorsolateral and orbitofrontal cortex and right inferior temporal

gyrus.

When we repeated all the analyses using the not mean-centered CBFpy/c images the
majority of clusters of hyperperfusion remained significant in all comparisons
(Supplementary tables 1-3).

In bvFTD, reduced MMSE scores correlated with hypoperfusion in the inferior frontal
cortex and temporal pole bilaterally and widespread frontotemporoparietal CT reductions.
Reduced PBAC apathy scores were associated with right temporal hypoperfusion and left
temporal CT reductions, while reduced PBAC disinhibition scores were mainly associated
with right temporal hypoperfusion and widespread bilateral CT reductions (Fig. 3.A,
Supplementary table 1). In ALS, reduced ALSFRS-R correlated with hypoperfusion in
primary motor cortex and postcentral gyrus bilaterally and in right supplementary motor
cortex (Fig. 3.B, Supplementary table 2).

4. Discussion

The neuroanatomic distribution of perfusion alterations in our sample of TDP-43
proteinopathies converges with the regional distribution of pathology proposed in autopsy
studies, with hypoperfusion in anatomic regions thought to have high pathological burden
and hyperperfusion characterizing anatomic areas of likely more modest pathological
accumulation. We discuss in detail below the interaction between perfusion alterations and
CT reductions in both bvFTD and ALS and how these neuroimaging modalities can provide
in vivo markers of anatomic disease consistent with TDP-43 pathological progression.

4.1 Perfusion changes in areas of Reduced Cortical Thickness in bvFTD

In bvFTD patients, widespread CT reductions were detected in frontotemporal cortices and
insula, in agreement with their clinical phenotype (Du et al., 2007; McMillan et al., 2012).
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Notably, we observed more widespread CT reductions in the left hemisphere, a finding that
might be related to the selective inclusion of TDP-43 confirmed bvFTD. While imaging
studies of bvFTD typically include right hemisphere disease, prior studies focused on
confirmed TDP-43 samples have emphasized greater left sided atrophy relative to other
pathological subtypes (Rohrer et al., 2011). Many areas of reduced CT also had evidence for
hypoperfusion. Interestingly, some regions of CT reductions did not show altered perfusion,
and this is in accordance with a previous perfusion study we performed in language variants
of FTLD (Olm et al., 2016). Since partial volume correction normalizes CBF for the amount
of GM density, it is possible that the observed areas of reduced CT without altered perfusion
are actually reflecting a proportional decline in perfusion and thickness, but longitudinal
studies are warranted to confirm this hypothesis.

Hypoperfusion overlapping with reduced CT was observed in regions known to show severe
damage related to early pathological accumulation in bvFTD, including the orbitofrontal
cortex bilaterally, left frontotemporal regions and insula. It has been suggested recently that
concurrent hypoperfusion and reduced CT may indicate that a specific neuronal population
has excessively reduced activity relative to the amount of thinning (Olm et al., 2016). One
possible explanation is that there may be a floor effect to the amount of possible cortical
thinning since an area of neuronal depletion will still have some thickness associated with
gliosis and related cellular structural elements, even though hypoperfusion may continue to
decline due to the loss of neuronal activity. Accordingly, in the bvFTD cohort, this pattern
was mainly observed in areas of significant neuronal depletion known from autopsy studies
to be areas of early pathological accumulation in this phenotype, including anterior
prefrontal cortex and left temporal regions (Brettschneider et al., 2014). Clusters of
hyperperfusion overlapping with reduced CT were also detected. While we propose that
hyperperfusion in absence of CT reductions might signal the activity enhancement of a mild
diseased neural population, the overlap of hyperperfusion and CT reductions in other regions
might reflect a different underlying mechanism, such as neuroinflammation.
Neuroinflammation has indeed been previously associated with both hypermetabolism
(partially explained by the high metabolic demand of microglia) and CT reductions related
to increasing pathology (Brendel et al., 2017; Fleischman et al., 2010). However, the
biological mechanisms sustaining hyperperfusion are still not fully understood and future
studies are warranted to better investigate this aspect.

4.2 Perfusion changes in the Absence of Reduced Cortical Thickness in bvFTD

We also observed perfusion changes in absence of CT reduction. These may be associated
with altered neuronal activity in areas lacking sufficient pathology associated degeneration
to be already manifested as structural damage (Rajagopalan and Pioro, 2014). In bvFTD
patients, we observed hypoperfusion without reduced CT in posterior cingulate cortex
bilaterally, right insula and right inferior temporal gyrus, all regions known from previous
MRI studies to show progressive atrophy during the course of the disease (Du et al., 2007;
Meyer et al., 2017; Tan et al., 2013). These findings are also in accordance with previous
SPECT studies reporting hypoperfusion of the cingulate cortex and temporal regions in FTD
(Guedj et al., 2007; McMurtray et al., 2006). Notably, we found that not only reduced CT,
but also hypoperfusion in frontal and temporal regions without overlapping atrophy
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significantly correlated with greater cognitive impairment and behavioural symptoms in
bvFTD, strengthening the hypothesis that hypoperfusion may be associated with clinically
relevant regions of neurodegeneration.

We also observed hyperperfusion in absence of reduced CT. This phenomenon has been
previously associated with early compensatory mechanisms for some initial decline in a
neuronal population at risk for disease (Hu et al., 2010) and here we further propose that it
might indicate activity enhancement in response to mild incipient pathology. In bvFTD,
hyperperfusion was indeed mainly observed in primary motor cortex and cuneus bilaterally.
These regions are known from autopsy studies to show only late pathological involvement
(Brettschneider et al., 2014) and may be upregulated to help maintain functioning until
advanced disease stages. Notably, while some studies have suggested increased activity to
occur in contralateral homologues of diseased regions to provide compensatory support
(Andoh and Martinot, 2008), our findings of bilateral occipital and motor hyperperfusion in
bvFTD seem to favour the hypothesis of a regional activity increase due to mild pathological
burden that remains to be manifested as reduced CT.

4.3 Perfusion changes in the Absence of Reduced Cortical Thickness in ALS

No significant CT reductions were observed in ALS patients. This is not an uncommon
finding. Some previous MRI studies have indeed reported reduced CT in motor and
extramotor brain regions in ALS (Agosta et al., 2016; Walhout et al., 2014), while others
have not detected GM loss (Abrahams et al., 2005), presumably partially reflecting the
relative proportions of upper motor neuron and lower motor neuron dysfunction in patients
included in these studies. While many patients with predominant lower motor neuron
disease may lack significant cortical thinning (Spinelli et al., 2016; Walhout et al., 2014),
longitudinal imaging studies suggest that some of these patients may exhibit progressive
cortical atrophy during the course of the disease (Schuster et al., 2014). Notably however,
we detected both hyper- and hypoperfusion, suggesting that perfusion might be a sensitive
marker for altered brain activity in absence of structural loss as detectable using CT analysis,
even if future longitudinal studies are needed to fully address this hypothesis.

Hypoperfusion was observed in motor and premotor regions which have been proposed as
the epicenters of pathology spread in ALS (Brettschneider et al., 2013) and show progressive
structural decline during the course of the disease (Agosta et al., 2009; Kwan et al., 2012),
but also in superior frontal and supramarginal gyrus, in accordance with the sequential
propagation of pathology (Brettschneider et al., 2013). Overall, hypoperfusion was observed
in several extramotor brain regions including the temporal, fusiform and lingual gyrus,
pericalcarine cortex and precuneus bilaterally. Reduced perfusion in temporal and fusiform
gyri is in agreement with the progressive involvement of extramotor brain regions reported
in previous structural longitudinal MRI studies in ALS (Verstraete et al., 2014). Our results
also converge with findings from recent functional imaging studies looking at measures of
brain networks organization in ALS. In particular, decreased network degree centrality in
lingual, calcarine and fusiform gyrus (Zhou et al., 2016) has been recently reported in ALS
and related to altered visual processing (Lulé et al., 2010), strengthening the notion that ALS
is a multisystem disorder extending beyond motor cortices. An alternative explanation for

Neurobiol Aging. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferraro et al.

Page 10

hypoperfusion might be diaschisis, where altered WM projections from a structurally and/or
functionally impaired region may result in reduced functioning of an otherwise intact
projection area (Baron et al., 1981). However, in this work we have not directly investigated
WM alterations and future studies using WM analyses are warranted to test this hypothesis.
It is noteworthy, however, that we specifically identified hypoperfusion in motor regions to
be associated with motor impairment in our ALS cohort, reinforcing the hypothesis that
reduced perfusion mainly manifests in clinically relevant regions.

Hyperperfusion was observed in inferior frontal and orbitofrontal regions, right temporal
gyri and occipital cortex bilaterally. Anterior frontal and right temporal regions are highly
involved in executive and memory functions, and the enhanced activity of these regions is in
line with the absence of frontotemporal cognitive dysfunction in our ALS sample. These
results are also in agreement with a recent PET study reporting increased right temporal
metabolism in sporadic ALS patients with no cognitive impairment relative to healthy
controls (Cistaro et al., 2014). Interestingly, we also observed bilateral occipital
hyperperfusion in our ALS cohort. Pathological studies report occipital cortex to be
relatively spared by TDP-43 pathology in ALS (Brettschneider et al., 2013) and this would
strengthen the hypothesis, as in bvFTD cases, of elevated perfusion helping to maintain
functioning until advanced disease stages. In line with this possible explanation, the occipital
activity enhancement we observed would also fit well with the increased occipital functional
connectivity reported in recent MRI studies in ALS (Geevasinga et al., 2017), even if the
compensatory nature of these processes is still under debate.

4.4 Conclusions

We demonstrated that perfusion alterations extend beyond neuroanatomic loci of reduced CT
in bvFTD and are evident in ALS even in the absence of reduced CT. This suggests that
perfusion imaging, relative to structural imaging, may serve as an early physiological marker
for altered neural activity related to the distribution of underlying TDP-43 pathology.

While our results are largely convergent with pathological staging systems, some divergent
findings may be attributed to methodological differences between neuropathological and
neuroimaging studies (e.g., microsampling of unilateral 70 pm sections representative of
large anatomic regions vswhole-brain imaging, different sample sizes and distinct disease
stages at the time of examination). In this context, more post-mortem and clinico-
pathological correlation studies are necessary to establish the convergence between in vivo
neuroimaging and ex vivo neuropathological observations (Chen et al., 2018).

The present work has some limitations. Firstly, this is a cross-sectional study and
longitudinal analyses are needed to explore disease progression in areas showing different
perfusion patterns. The second limitation deals with the relatively small sample size, which
is due to the selective inclusion of bvFTD patients with either a neuropathological diagnosis
and/or a known genetic mutation associated with TDP-43. Additionally, while the majority
of our ALS cases had detailed neuropsychological assessments, a limitation of this
retrospective study is the use of PBAC and/or clinical evaluations to assess cognitive
impairment. Future studies using more sensitive tools that also better control for potential
motor confounds, such as the now widely-used Edinburgh Cognitive Assessment Scale
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(ECAS) (Abrahams et al., 2014), are necessary to more carefully evaluate cognition in ALS.
As regards our MRI approach it is noteworthy that while structural damage was not evident
in our CT analysis of ALS, we can’t completely rule out the possibility that different grey
matter analyses, such as voxel-based morphometry or surface-based CT measurements using
FreeSurfer (Fischl and Dale, 2000), would be more sensitive in detecting neurodegeneration.
Partial volume effects might also be important confounds in perfusion MRI analyses and
improved methods of correction are still needed. Moreover, even if the relatively low signal-
to-noise ratio of perfusion data has constrained the analyses to a less strict statistical
threshold, our MRI results are notably in line with pathological findings in both bvFTD and
ALS.

In summary, our study indicates that perfusion measurement can mark common and distinct
targets of neurodegeneration across the spectrum of TDP-43 proteinopathies. \We observed
similar frontotemporal and posterior cingulate perfusion reductions as well as posterior
cortical hyperperfusion in both bvFTD and ALS. This suggests partially overlapping brain
alterations to occur in TDP-43 proteinopathies and contributes to explain the clinical
continuum between these conditions, even if future studies with ALS-FTD patients are
necessary to fully address this hypothesis. Notably, in line with their different clinical
manifestations, we also detected divergent physiological alterations in the two phenotypes,
with bvFTD patients manifesting reduced perfusion in regions supporting cognition and
elevated perfusion in motor regions, and ALS patients showing the opposite pattern. We
conclude that perfusion measurement may provide a sensitive /n7 vivo marker for
characterizing important early mechanisms involved in disease pathogenesis and
progression.
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. ALS and bvFTD are commonly linked by TDP-43 molecular pathology.

. Perfusion imaging detects early alterations even in the absence of cortical
atrophy.

. Hypoperfusion can be observed in regions associated with early TDP-43
pathology.

. Hypoperfusion in core areas is associated with clinical impairment.

. Hyperperfusion characterizes regions associated with late TDP-43 pathology.
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Fig. 1.
Whole-brain perfusion and cortical thickness (CT) comparisons of bvFTD patients relative

to healthy controls (A) and relative to ALS patients (B). Regions where patients display
significant reduced CT are shown in white, hypoperfusion is shown in blue, hyperperfusion
is shown in red, overlapping reduced CT and hypoperfusion is shown in /ight blue and
overlapping reduced CT and hyperperfusion is shown in /ightred.
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Fig. 2.

Whole-brain perfusion comparisons of ALS patients relative to healthy controls (A), and
relative to bvFTD patients (B). Hypoperfusion is shown in blue, hyperperfusion is shown in
red.
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Fig. 3.
Whole-brain perfusion and cortical thickness (CT) regression analyses in bvFTD patients

(A) and ALS patients (B). Regions where hypoperfusion is significantly correlated with
reduced MMSE, reduced PBAC apathy and reduced PBAC disinhibition scales scores
(in bvFTD) and reduced ALSFRS-R (in ALS) are shown in blue, regions where reduced
CT is significantly correlated with reduced MMSE, reduced PBAC apathy and reduced
PBAC disinhibition scales scores (in bvFTD) are shown in white.
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Demographic, clinical and neuropsychological features of healthy controls, ALS and bvFTD patient groups.

Healthy controls ALS bvFTD
N 33 18 12
Age 59.69 (9.74) 62.01(8.39) | 62.62 (6.18)
Sex [F/M] 16/17 /9 4/8
Education 15.36 (2.45) 14.77 (2.69) | 17.25 (2.55)
MMSE 20.56 (0.55) | 28.18(1.87) | 2940 (7.13) **
ALSFRS-r - 36.70 (5.62) -
Disease duration [Y] - 3.66 (2.68) 5.33(2.01)
PBAC- Letter “F” fluency - 14.84 (3.95) | 11.50 (4.66)
PBAC- Digit span backward [0-7] - 4.48 (0.97) 3.87(0.78)
PBAC- Naming [0-6] - 6.00 (0.00) | 5.50(0.50) *
PBAC- Digit span forward [0-8] - 6.08 (1.38) 5.12 (0.78)
PBAC- Apathy [3-0]* - 3.00 (0.00) 2.00 (0.71)"
PBAC- Disinhibition [3-0] * - 2.92(0.27) 1.50 (0.72)"
PBAC- Agitation [3-0] * - 292(027) [ 213(L09)
PBAC- Empathy [3-0] * - 3.00 (0.00) 1.38 (0.86)"
PBAC- Ritualistic behavior [3-0] - 3.00(0.00) 1.38(0.86)*
PBAC- Self Insight [3-0] - 285(053) | 113(117)*

*
Behaviors are scored using the following scale: 3=not observed, 2=mild, 1=moderate, 0=severe.

Values are means and standard deviations. Significant differences between healthy controls and patient groups are indicated by *, significant

differences between bvFTD and ALS patients are indicated by # (p < 0.05 using independent samples t test for continuous variables and Fisher’s
exact test for categorical variables). Abbreviations: ALS= Amyotrophic lateral sclerosis; ALSFRS-r= Amyotrophic lateral sclerosis functional
rating scale revised; bvFTD= behavioral variant of frontotemporal dementia; F=female; M=male; MMSE= Mini Mental State Examination; N=
number; PBAC= Philadelphia Brief Assessment of Cognition; Y= years.
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