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Primary progressive aphasias (PPAs) are a group of neurodegenerative diseases

o . cutive syndrome, behavioural disturbances and parkinsonism. Detailed knowledge of
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1 | INTRODUCTION

Primary progressive aphasias (PPAs) are a group of neurodegenerative
diseases presenting with insidious and relentless language impairment
(Gorno-Tempini et al., 2011; Rosen et al., 2006; Van Langenhove
et al., 2016). Two main PPA variants have been described within the
spectrum of frontotemporal lobar degeneration: the nonfluent/
agrammatic variant (avPPA), presenting with slow, effortful, hesitant
and distorted speech, and the semantic variant (svPPA), which begins
as difficulty finding words, particularly nouns, and single words com-
prehension deficits (Gorno-Tempini et al., 2011; Marshall et al., 2018).
As disease progresses, PPA patients variably present prominent dys-
executive syndrome, behavioural disturbances and parkinsonism
(Butts et al., 2015; Grossman et al., 1996; Kertesz et al., 2000; Tee &
Gorno-Tempini, 2019).

avPPA is characterized by atrophy of inferior frontal gyrus and
insula cortex in the dominant hemisphere, while svPPA shows asym-
metric, focal cerebral atrophy chiefly involving the dominant anteroin-
ferior and mesial temporal lobe (Gorno-Tempini et al., 2011).

Up to now, PPA interventions rely mainly on speech training
(Pagnoni et al., 2021), and on promising approaches with noninvasive
brain stimulation techniques such as transcranial Direct Current Stim-
ulation (tDCS) or repetitive Transcranial Magnetic Stimulation
(Benussi, Dell'Era, Cosseddu, et al., 2020; Cotelli et al., 2014; Pytel
et al, 2021; Tsapkini et al., 2018) to counteract language deficits.
However, it remains important to advance symptomatic treatment, to
reduce disease burden and improve patients' and carers' quality of life
(Murley & Rowe, 2018).

In this view, restoring neurotransmitters deficits hold the poten-
tial to improve associated behavioural, cognitive and motor symptoms
in PPAs, as a number of studies, mainly performed in autopsy case
series, have reported consistent impairment of dopaminergic, seroto-
ninergic, GABAergic and glutamatergic pathways (Murley &
Rowe, 2018). Despite these clear-cut results, clinical trials have not
shown consistent benefits from the modulation of neurotransmitters
on behavioural disturbances (Panza et al., 2020). Indeed, this may be
due to weaknesses in research methodology, with small studies in

serotonin, dopamine, and glutamatergic pathways (p < .05, False Discovery Rate
corrected-corrected). Disease severity was negatively correlated with the strength of
GMV colocalization of D1 receptors (p = .035) and serotonin transporter (p = .020).
Moreover, we observed a significant negative correlation between positive beha-
vioural symptoms, as measured with Frontal Behavioural Inventory, and GMV coloca-
lization of D1 receptors (p = .007) and serotonin transporter (p < .001). This pilot
study suggests that JuSpace is a helpful tool to indirectly assess neurotransmitter def-
icits in neurodegenerative dementias and may provide novel insight into disease

mechanisms and associated clinical features.

behavioural disturbances, magnetic resonance imaging, neurotransmitters, positron emission
tomography, primary progressive aphasia

unstratified populations, and by a poor knowledge of neurotransmitter
deficits in patients diagnosed as having PPA and their correlation with
clinical symptoms.

Recent advancements in positron emission tomography (PET) or
single photon computed emission tomography (SPECT) tracer devel-
opment resulted in a variety of novel tracers that can reliably measure
the availability of specific receptors. In line with that, Dukart and col-
leagues have shown that drug-induced spatial alteration patterns in
resting state functional activity as measured using magnetic resonance
imaging (rsfMRI) are associated with the distribution of specific recep-
tors systems targeted by respective compounds (Dukart et al., 2018).
Based on this approach, Dukart et al have recently developed
JuSpace, a toolbox aimed at testing the associations between MRI-
based measures and a list of included PET and SPECT maps covering
various neurotransmitter systems (Dukart et al., 2021). More in detail,
JuSpace creates a spatial pattern of brain alterations based on MRI
measures, comparing two different groups (e.g. patients versus
healthy controls). After that, it performs a correlation between these
alterations and each receptor/transporter map included in the tool-
box. JuSpace therefore aims to assess if the spatial patterns of brain
changes observed in the disease of interest are related to the distribu-
tion of specific neurotransmitters systems, as derived from indepen-
dent healthy volunteer populations (Dukart et al., 2021).

These premises prompted the present study, aimed at applying
JuSpace tool in a large sample of subjects with PPA, with the aim to
evaluate the pattern of neurotransmitters deficits in avPPA and
svPPA, and the correlation between neurotransmitter deficits and

clinical symptoms.

2 | METHODS

21 | Subjects

Patients fulfilling current clinical criteria for probable PPA (Gorno-
Tempini et al., 2011) were consecutively recruited from the Center for
Neurodegenerative Disorders, Department of Clinical and
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Experimental Sciences, University of Brescia, and from the IRCCS Isti-
tuto Centro San Giovanni di Dio, Italy, between January 2010 and
July 2021.

For all patients, the diagnostic evaluation included a review of the
full medical history, a complete neurological and neuropsychological/
behavioural assessment and a MRI brain scan. Moreover, each patient
underwent Mini-Mental State Examination (MMSE), phonemic and
semantic fluency, Token test, Rey complex figure copy and recall, Short
Story, Trail Making test A and B, as previously published (Borroni
et al, 2010; Premi et al., 2016). Behavioural disturbances were
assessed with Frontal Behavioural Inventory (Borroni et al., 2010;
Premi et al., 2016). Basic activities of daily living (BADL) and instru-
mental activities of daily living (IADL) were also assessed, and disease
severity was measured by CDR Dementia Staging Instrument plus
behaviour and language domains from the National Alzheimer's Coor-
dinating Center and Frontotemporal lobar degeneration modules—sum
of boxes (CDR plus NACC FTLD—SOB) (Miyagawa et al., 2020).

Diagnosis was accomplished by amyloid biomarkers in 39.8% of
patients further ruling out AD (n = 38 underwent cerebrospinal fluid
determinations of tau and AB4,, n = 3 PET amyloid imaging). More-
over, definitive PPA diagnosis was ascertained by genetic analysis in
19.4% of patients (n = 18 patients carried Granulin mutations and
n = 2 C9orf72 expansions all avPPA).

A healthy control (HC) group was recruited for comparisons. Each
HC underwent a neurological examination and a brief neuropsycho-
logical examination to ensure cognitive performances within normal
range (MMSE> = 27/30).

Full written informed consent was obtained from all participants
according to the Declaration of Helsinki. The study protocol was
approved by the local ethics committee of Brescia Hospital and of the
IRCCS Istituto Centro San Giovanni di Dio Fatebenefratelli.

2.2 | MRl acquisition, preprocessing and analyses

Brain structural images (three-dimensional T1-weighted Magnetiza-
tion Prepared—RApid Gradient Echo [MPRAGE] MRI) for patients and
HC were collected using three different scanners at University of Bre-
scia: (i) 1.5-T Siemens Simphony, (i) 1.5-T Siemens Avanto and (jii) 3-T
Siemens Skyra. T1-weighted images were then processed and ana-
lysed with the voxel-based morphometry (VBM) pipeline implemented
in the Computational Anatomy Toolbox (CAT12 v.1742) (www.neuro.
uni-jena.de/cat) for SPM12 (SPM12 v.7219) (www:.fil.ion.ucl.ac.uk/
spm/software/spm12) running on MATLAB R2019b (the MathWorks,
Inc., Natick, MA, USA). The VBM pipeline consists of several stages
(tissue segmentation, spatial normalization to a standard Montreal
National Institute [MNI] template, modulation and smoothing), as pre-
viously described (Kurth et al, 2015). CAT12 potentially provides
more robust and accurate performances compared to other VBM
pipelines (Farokhian et al., 2017). The normalized and modulated grey
matter images were then smoothed with 10-mm full width at half-

maximum Gaussian kernel.

To test for group differences (avPPA vs. HC and svPPA vs. HC) in
grey matter volume (GMV) a general linear model using SPM12 was
implemented, considering age, gender and scanner as nuisance vari-
ables. The statistical threshold was set to p < .05 corrected for multi-

ple comparisons (whole-brain family-wise error—FWE).

2.3 | Spatial correlation with neurotransmitter
density maps

We used the JuSpace toolbox (version 1.4) to test if the spatial pat-
terns of GMV alterations in avPPA or svPPA patients (relative to HC)
are correlated with specific neurotransmitter systems (Dukart
et al, 2021). Confounding effects of age, gender and scanner type
were regressed out from all images prior to these analyses (Dukart
et al., 2021). We tested if the spatial structure of GMV maps in
patients relative to HC was similar to the distribution of average
nuclear imaging derived neurotransmitter maps, derived from inde-
pendent healthy volunteer populations included in the toolbox. We
considered the 5-hydroxytryptamine 1a (5-HT1a) receptor, the
5-HT2a receptor, the serotonin transporter SERT, the D1 receptor,
the D2 receptor, the dopamine transporter (DAT), the FluoroDOPA,
the GABAa receptors, the vesicular acetylcholine transporter
(VAChT), the metabotropic glutamate receptor type 5 (mGLUR5), and
the noradrenaline transporter (NAT), to assess serotonin, dopamine,
GABAergic and glutamatergic systems. Each map included in Juspace
toolbox was available from the literature, as reported in Table S1.
Using JuSpace toolbox, native normalized, modulated and smoothed
grey matter images were parcelled in regions of interest using the
Neuromorphometrics Atlas (MICCAlI 2012 Grand Challenge and
Workshop on Multi-Atlas Labeling (www.masi.vuse.vanderbilt.edu/
workshop2012/index.php/Challenge_Details). Mean regional values
of GMV were extracted for all PPA patients and HC. Spearman corre-
lation coefficients (Fisher's Z transformed) were calculated between
these Z-transformed GMV maps of the patients and the spatial distri-
bution of the respective neurotransmitter maps included in JuSpace
toolbox. Exact permutation-based p-values as included in JuSpace
(10,000 permutations randomly assigning group labels using orthogo-
nal permutations) were computed to check if the distribution of the
observed Fisher's Z-transformed individual correlation coefficients
were significantly different from zero. All analyses were FDR cor-
rected for the number of tests (the number of neurotransmitter maps).
Spearman correlation coefficients (Fisher's Z transformed, performed
to ensure a normal distribution of the obtained correlation coeffi-
cients and to allow subsequent parametric testing) were calculated
between these Z-transformed GMV maps and the spatial distribution
of the respective neurotransmitter maps. A negative correlation (and
resulting negative Fisher's Z) means that GMV decline in patients is
strongest in regions with an initial (healthy) high availability of the
studied receptor (as derived from healthy independent populations),
pointing to an increased disease vulnerability of the respective

regions.
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Exact permutation-based p-values as implemented in JuSpace
(10,000 permutations randomly assigning group labels using orthogo-
nal permutations) were computed to test if the observed correlation

coefficients across patients deviate from a null distribution.

2.4 | Statistical analysis

Comparisons of demographic and clinical characteristics were per-
formed by the Student's t-test for continuous variables and the x? test
for categorical variables.

Spearman correlation was used to assess the relationship
between each neurotransmitter output obtained with Juspace (i.e., the
GMV-neurotransmitters correlation, Fisher's Z transformed) and clini-
cal or behavioural data. To assess the contributions of neurotransmit-
ters output to behavioural disturbances, we computed binary logistic
regression models considering GMV-neurotransmitters correlations as
independent variables throughout different behavioural groups. Statis-
tical significance was set at p < .05, corrected for multiple comparisons
(False Discovery Rate-FDR) (SPSS Statistics 22.0, Chicago, IL, USA).

2.5 | Data availability

All study data, including raw and analysed data, and materials will be
available from the corresponding author, B.B., upon reasonable
request. The software applied is publicly available at https://github.
com/juryxy/JuSpace.

3 | RESULTS

3.1 | Participants
In the present study, we considered 103 patients fulfilling current
clinical criteria for PPA, namely 73 with the avPPA (mean
age = 66.1 8.5, female = 59%) and 30 with the svPPA (mean
age = 63.6 + 8.4, female = 57%), and 80 HC (mean age = 63.1 £ 7.9,
female = 75%). Clinical characteristics of PPAs groups are reported
in Table 1.

Standard voxel-wise analyses of GMV demonstrated the typical

pattern of brain atrophy in avPPA, with main involvement of left

Variable PPA avPPA
Number 103 73
Age at evaluation, years 654 +8.5 66.1+8.5
Sex, female% 58.3 59.0
Age at onset, years 629 £8.7 63.6 £85
Education, years 9.7+43 95+43
Scanner type, % (A/B/C) 23.3/24.3/52.4 19.2/26.0/54.8
Clinical assessment at evaluation
CDR plus NACC SOB 6.0+43 62+45
MMSE 17.8+83 16.8+84
Short story 54+44 54+47
Fluency, letter 14.7 £ 10.5 13.1+99
Fluency, semantic 178+ 114 182+ 115
Token test 228+93 21.6 £10.2
Rey complex figure, copy 234+11.8 20.9 +12.3
Rey complex figure, recall 94+ 6.6 95+6.6
Trail making test, part A 151.1 £ 144.3 173.6 £ 146.0
Trail making test, part B 3741+ 1611 411.1 £ 1445
FBI, A 114+ 6.7 11.3+6.8
FBI, B 29+32 21+25
FBI, AB 14.3+8.5 134 +8.1

SVPPA P TABLE 1 ' Demographic and clinical
characteristics of PPAs groups
30 -
63.6 +8.4 17
57.0 .83**
61.1+89 .18
10.3+44 41
33.3/20.0/46.7 .30**
56+3.9 .57
203+74 .05
54+40 1.00
18.3+11.0 .03
17.1+11.2 .69
253+ 6.8 12
28.9+8.1 .001
9.1+6.8 79
97.0+£126.8 .02
282.9 + 166.3 .001
115+ 6.5 .93
49+38 .001
16.4+9.0 11

Note: Neuropsychological scores are corrected for age and education, according to Italian normative data.
Scanner type: A = 1.5 T Symphony, B = 1.5 T Avanto, C = 3 T Skyra. Bold values indicate p < 0.05.
Abbreviations: avPPA, nonfluent variant PPA; CDR plus NACC FTLD SOB, CDR dementia staging
instrument plus behaviour and language domains from the National Alzheimer's Coordinating Center and
Frontotemporal lobar degeneration modules—sum of boxes; FBI, frontal behavioural Inventory; MMSE,
Mini-Mental State Examination; PPA, primary progressive aphasia; svPPA, semantic variant PPA.

*Student-t test, unless otherwise specified.
**Chi-square test.
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FIGURE 1 Voxel-wise analyses in (A)
avPPA and in svPPA as compared to

HC. Panel A: avPPA < HC. Panel B:
svPPA < HC. Inverse comparisons

(avPPA > HC and svPPA > HC) did not
show any clusters above the pre-
established statistical threshold. Only
clusters surviving correction for multiple
comparisons (p < .05 familywise error
[FEW] whole-brain) were shown.
Significant clusters were superimposed on
a standardized MRI T1 3D template.
avPPA, nonfluent variant of primary
progressive aphasia; svPPA, semantic
variant of primary progressive aphasia
HC, healthy controls (B)

anterior perisylvian region, and in svPPA, affecting ventral and lateral
regions of the left anterior temporal lobe, as compared to HC (see

Figure 1).

32 |
svPPA

Neurotransmitters deficits in avPPA and

As compared to HC, voxel-based brain changes in avPPA were signifi-
cantly associated with spatial distribution of 5-HT1a receptors
(r = —.216, p < .01 FDR-corrected), D1 receptors (r = —.131, p < .01
FDR-corrected), dopamine transporter DAT (r = —.152, p < .01 FDR-
corrected), FluoroDOPA (r = —.116, p < .01 FDR-corrected), mGLUR5
(r = —.09, p < .01 FDR-corrected). There was no significant difference
in spatial distribution in regard to 5-HT2a receptors, SERT, D2 recep-
tors, VAChT, GABAa receptors, and NAT (all p >.05) (Figure 2,
panel A).

svPPA patients showed comparable spatial distribution as com-
pared to HC of 5-HT1a receptors (r = —.341, p < .01 FDR-corrected),
D1 receptors (r = —.200, p < .01 FDR-corrected), dopamine trans-
porter DAT (r =-.301, p <.01 FDR-corrected), FluoroDOPA
(r=—.262, p < .01 FDR-corrected), with extra involvement of seroto-
nin transporter SERT (r = —.210, p < .01 FDR-corrected) and with no
significant differences for 5HT2a, D2, mGLUR5, VAChT, GABAa, and
NAT (Figure 2, panel B).

For both groups, the negative correlation coefficients indicate
GMYV reduction in patients as compared to HC in areas with high neu-

rotransmitters density.

I

01 2 3 4586 7 8 910

3.3 | Neurotransmitter impairment and clinical
symptoms in PPA

Next, we assessed the relationship between GMV-neurotransmitters
correlation coefficients and clinical or behavioural data in PPA group.
We considered only GMV-neurotransmitters correlation coefficients
significantly impaired in PPA and we excluded those highly correlated
to each other (Spearman correlations coefficients > .80), namely DAT
and FluoroDOPA.

Thus, we included in the present analyses 5-HT1a receptors,
SERT, D1 receptors, and mGLURS.

Disease severity as measured by CDR plus NACC SOB was nega-
tively correlated with the strength of GMV colocalization of D1 recep-
tors (r = —.211, p =.035) and SERT (r = —.233, p =.020), with
greater disease severity being associated with lower GMV-
neurotransmitters correlation coefficients (see Figure 3).

Similarly, we observed a significant negative correlation between
FBI-B, that is, positive behavioural symptoms, and GMV colocalization
of D1 receptors (r = —.277, p = .007) and SERT (r = —.358, p < .001),
with more severe behavioural symptoms being associated with lower
GMV-neurotransmitters correlation coefficients; no significant corre-
lation was detected between FBI-A, that is, negative behavioural
symptoms, and any GMV co-localization of neurotransmitters in PPA.

When FBI-B items were considered in binary logistic regression,
presence of impulsivity was negatively associated with GMV co-
localization with D1 receptors (8 = —1.1, p < .001), 5HT1a (p = -3.3,
p =.01), and SERT (8 = —5.1, p =.003), and binge eating with D1
receptors (8 = —5.1, p = .004) and SERT (8 = —5.6, p = .004).
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FIGURE 2 Results of spatial correlation analyses for PPA patients. Fisher's Z-transformed correlation coefficients with respective
neurotransmitter maps are displayed. Error bars represent the parametric 95% confidence interval of the mean. DAT, dopamine transporter;
FDOPA, FluoroDOPA; GABAa, y-aminobutyric acid type A; NAT, noradrenaline; SERT, serotonin transporter. Panel A: Results of spatial
correlation analyses in patients with nonfluent variant of primary progressive aphasia (avPPA); Panel B: Results of spatial correlation analyses in
patients with semantic variant of primary progressive aphasia (svPPA). *p-values < .004 (corrected for multiple comparisons)

No significant correlations between neuropsychological tests and
GMV neurotransmitters co-localization at pre-established statistical
threshold were reported.

4 | DISCUSSION

The knowledge of neurotransmitters impairment in PPAs and its asso-
ciation with clinical features may be helpful for future tailored thera-
peutic approaches (Johnson et al, 2010; Kertesz et al, 2008).
Restoring these deficits, individually or in combination, has the poten-
tial to improve clinical symptoms and quality of life in both patients
and their carriers.

In the present work, we assessed if the spatial patterns of grey
matter atrophy observed in different subtypes of PPA are related to
the distribution of specific neurotransmitters systems as derived from
independent healthy volunteer populations (Dukart et al., 2021).
These data have been obtained by JuSpace toolbox, an integrated sys-

tem for the comparison of PET and SPECT derived neurotransmitter

maps with other imaging modalities such as MRI data (Dukart
etal, 2021).

We found that grey matter volume alterations in patients with
PPA significantly co-localized with dopaminergic, serotoninergic and
glutamatergic circuits. These findings corroborated previous literature
autopsy data (Murley & Rowe, 2018), with a new in vivo imaging
approach, and also allowed us to infer on correlations between neuro-
transmitter pathways and clinical presentation in a relative large sam-
ple of patients.

Indeed, we also demonstrated that disease severity was associ-
ated with progressive worsening of dopamine and serotonin circuits,
and more interestingly, impulsivity and binge eating disturbances were
strongly associated with grey matter volume co-localization to these
neurotransmitter systems.

Indeed, these findings suggest that PPA may be associated with
increased vulnerability of dopamine and serotonin systems to atrophy
inducing disease pathology. In this view, targeting selective neuro-
transmitters circuits may be considered in future clinical trials to coun-

teract disease course.
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FIGURE 3 Association between
disease severity and GMV-
neurotransmitter correlation coefficients.
CDR SOB, CDR dementia staging
instrument plus behaviour and language
domains from the National Alzheimer's
Coordinating Center and Frontotemporal
lobar degeneration modules sum of boxes.
Correlation coefficients (Fisher's

Z — Spearman rho) for each
neurotransmitter on y-axis
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Moreover, the major idea behind this approach is that pharmaco-
logical manipulation of specific neurotransmitters in PPA may be ben-
eficial only considering associated clinical and behavioural features,
thus reducing the cost and health burden of the disease. The core fea-
ture of PPA is the language deficit, but behavioural disturbances are
frequently detected over disease course (Banks & Weintraub, 2009;
de la Sablonniére et al., 2021; Fatemi et al., 2011; Gémez-Tortosa
et al., 2016; Van Langenhove et al., 2016).

Most studies evaluating pharmacological approaches in fronto-
temporal lobar degeneration have not reported clear-cut results
(Panza et al., 2020). Herein, we suggested that dopamine and seroto-
nin pathways, and in particular D1 receptors and SERT, may be key in
the onset of impulsivity and binge eating. Indeed, our findings confirm
and extend previous literature data, which have already linked these
behavioural disturbances to both dopamine and serotonin abnormali-
ties (da Cunha-Bang & Knudsen, 2021; Li et al, 2021; Majuri
et al., 2017). Taken together, the present results, even though prelimi-
nary, provide a framework for additional studies to examine

symptom-specific pharmacological treatment approaches.

5.0 10.0 15.0 20.0
CDR SOB

As compared to data obtained in previous neurophysiological
studies (Benussi et al., 2017; Benussi, Dell'Era, Cantoni, et al., 2020;
Benussi, Grassi, Palluzzi, et al., 2020), we failed to confirm a co-
localization of grey matter alteration and the GABAergic system,
and we found significant glutamatergic impairment only in avPPA,
even though we analysed metabotropic receptors and we did not
consider NMDA glutamatergic receptors (Benussi et al., 2017;
Benussi, Dell'Era, Cantoni, et al., 2020; Benussi, Grassi, Palluzzi,
et al., 2020).

We acknowledge that this study entails some limitations. First,
future implemented neurotransmitters maps in JuSpace may further
refine the present findings. Moreover, the maps available have been
recently obtained, and present some limitations that might to be
addressed, for example, the variability in the number of HC cases in
each map and receptor density assessment is not necessarily related
to neurotransmitter density. In spite of this, JuSpace appears a prom-
ising tool to explore in vivo neurotransmitter impairment (Dukart
et al., 2021) as already explored in Parkinson's disease with regard to

dopaminergic and serotoninergic systems. In light with this, our results
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are in line with neurotransmitter impairment in FTD reported in post
mortem studies (Murley & Rowe, 2018).

Second, we do not have pathological confirmation in sporadic
PPA cases, and we cannot exclude misdiagnoses; however, compre-
hensive diagnostic workup was carried out, including markers aimed
at excluding AD and genetic screening. Moreover, GRN mutations,
which present specific imaging features, are overrepresented in this
sample (e.g., 18 cases out of 73 avPPA) (Premi et al., 2014). Third, con-
sidering frontotemporal lobar degeneration phenotypes with promi-
nent behavioural disturbances, such as behavioural variant

frontotemporal dementia, may be of further interest.

5 | CONCLUSIONS

This pilot study suggests that JuSpace is a helpful tool to indirectly
assess neurotransmitter deficits in neurodegenerative dementias and
may provide novel insight into disease mechanisms and associated
clinical features. This approach may be useful to design and test new

targets for pharmacological intervention trials.
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