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Primary progressive aphasia (PPA) variants present with distinct disruptions in speech-language functions with
little known about the interplay between affected and spared regions within the speech-language network and
their interaction with other functional networks.

;Ziogizi:t The Neurodegenerative Research Group, Mayo Clinic, recruited 123 patients with PPA (55 logopenic (IvPPA),
Semantic 44 non-fluent (nfvPPA) and 24 semantic (svPPA)) who were matched to 60 healthy controls. We investigated

PPA functional connectivity disruptions between regions within the left-speech-language network (Broca, Wernicke,
anterior middle temporal gyrus (aMTG), supplementary motor area (SMA), planum temporale (PT) and parietal
operculum (PO)), and disruptions to other networks (visual association, dorsal-attention, frontoparietal and
default mode networks (DMN)).

Within the speech-language network, multivariate linear regression models showed reduced aMTG-Broca
connectivity in all variants, with IvPPA and nfvPPA findings remaining significant after Bonferroni correction.
Additional loss in Wernicke-Broca connectivity in nfvPPA, Wernicke-PT connectivity in IvPPA and greater aMTG-
PT connectivity in svPPA were also noted. Between-network connectivity findings in all variants showed reduced
aMTG-DMN and increased aMTG-dorsal-attention connectivity, with additional disruptions between aMTG-
visual association in both IvPPA and svPPA, aMTG-frontoparietal in lvPPA, and Wernicke-DMN breakdown in
svPPA.

These findings suggest that aMTG connectivity breakdown is a shared feature in all PPA variants, with IvPPA
showing more extensive connectivity disruptions with other networks.

1. Introduction hemisphere, particularly involving the temporal, frontal, and parietal

cortices (Botha et al., 2015; Gorno-Tempini et al., 2004; Mesulam, 2001;

Primary progressive aphasia (PPA) is an umbrella term for a group of
neurodegenerative syndromes characterized by progressive language
deficits (Gorno-Tempini et al., 2011; Mesulam, 2001). Three different
clinical presentations of PPA have been described and these include the
logopenic variant of PPA (IvPPA), the semantic variant of PPA (svPPA),
and the non-fluent variant of PPA (nfvPPA) (Gorno-Tempini et al.,
2011).These syndromes are associated with atrophy in the left

Whitwell et al., 2015), which in turn affects connectivity of certain brain
networks (Bonakdarpour et al., 2019). The language network, in
particular, involves several regions including what is often referred to as
Broca’s area (inferior frontal pars opercularis and triangularis), Wer-
nicke’s area (posterior superior temporal gyrus) (Bonakdarpour et al.,
2019) and the anterior middle temporal gyrus (aMTG) (Battistella et al.,
2019).

Abbreviations: AD, Alzheimer’s Disease; NRG, Neurodegenerative Research Group; MRI, Magnetic Resonance Imaging; FDG, Fluorodeoxyglucose; MoCA, Montreal
Cognitive Assessment; WAB, Western Aphasia Battery; BNT, 15-item Boston Naming Test; MPRAGE, magnetization prepared rapid gradient echo; FDR, False Dis-
covery Rate; AQ, Aphasia Quotient; ASRS, Apraxia of Speech Rating Scale; PPT, Pyramids and Palm Trees.
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IvPPA is characterized by primary language deficits such as anomia,
impaired sentence repetition and phonological errors, with preserved
single word comprehension, grammar (Tetzloff et al., 2018), semantic
knowledge (Lee et al., 2011) and motor speech (Rohrer et al., 2010). As
the disease progresses IvPPA patients also develop impaired sentence
comprehension (Gorno-Tempini et al., 2008). On neuroimaging, IvPPA
is characterized by left lateral temporal and inferior parietal atrophy and
hypometabolism on [18F] fluorodeoxyglucose PET (Gorno-Tempini
et al., 2004; Madhavan et al., 2013; Whitwell et al., 2015). svPPA is
characterized by progressive and multimodal semantic knowledge loss,
along with deficits in confrontational naming, object recognition and
single-word comprehension. Single-word repetition, speech fluency and
motor speech are usually spared in svPPA (Gorno-Tempini et al., 2011;
Hodges et al., 1992; Hurley et al., 2012). Patterns of atrophy and
hypometabolism in svPPA are observed in the anterior temporal lobes,
with greater damage primarily on the left hemisphere (Botha et al.,
2015; Gorno-Tempini et al., 2004; Rabinovici et al., 2008). nfvPPA is
characterized by the hallmark features of agrammatism with and
without apraxia of speech (Gorno-Tempini et al., 2011; Ogar et al.,
2007). nfvPPA is also characterized by difficulty in verb naming, and
syntactically demanding comprehension tasks (Thompson and Mack,
2014). In nfvPPA there is significant left posterior frontal (Broca’s area)
(Caso et al., 2014; Routier et al., 2018) and premotor (Gorno-Tempini
et al, 2004; Mandelli et al., 2016) atrophy and hypometabolism
(Whitwell et al., 2013).

Previous studies have shown that functional connectivity is dis-
rupted in PPA. Our studies on IvPPA showed significant reductions in
within network connectivity in the working memory (Whitwell et al.,
2015a), default mode network (DMN), and language networks (Singh
et al., 2023). Studies of svPPA showed extensive dysfunction in con-
nectivity from the anterior temporal lobes (Agosta et al., 2014; Guo
et al., 2013), specifically reduction within the semantic and language
networks (Battistella et al., 2019), along with alterations in between-
network connectivity with the DMN, dorsal attention, and visual asso-
ciation networks (Popal et al., 2020a). In nfvPPA there is dysfunction in
the inferior frontal gyrus connectivity (Sintini et al., 2022; Tao et al.,
2020), specifically affecting the speech production network (Mandelli
et al., 2018).

These studies have paved the way for investigation of network
reorganization in within and between network connectivity in PPA.
However, so far there are no reports on the interplay between affected
and spared regions within the speech-language network and their
interaction with other functional networks. Therefore, the primary aim
of this study was to assess the within and between-network connectivity
of the speech-language network in all three PPA variants and evaluate
how it differs across the variants and controls. We hypothesize that
based on the clinical symptoms seen in these PPA variants, the within-
network connectivity of the speech-language network would be
reduced. Specifically, based on the imaging patterns and the clinical
profiles we hypothesize reduction in the intrahemispheric connectivity
between the inferior frontal, middle temporal, and superior temporal
gyri in both IvPPA and nfvPPA, with reduced connectivity in the anterior
temporal lobe in svPPA. In addition to disruptions within the speech-
language network, we also hypothesize disrupted connectivity be-
tween the speech-language network and other networks, particularly
with the DMN. As a secondary aim, we looked at relationship between
the connections with the strongest group differences within the speech-
language network and language measures across all PPA variants. We
hypothesize that connectivity between inferior frontal and temporal gyri
will correlate with repetition and grammar in IVPPA and nfvPPA
respectively and the connectivity within the temporal gyri will correlate
with word knowledge in svPPA.
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2. Methods
2.1. Patients

The PPA cohort consisted of 123 patients that fulfilled clinical
diagnostic criteria for IVPPA (n = 55), svPPA (n = 24) or nfvPPA (n = 44)
(Gorno-Tempini et al., 2011) recruited by the Neurodegenerative
Research group (NRG) from the Department of Neurology, Mayo Clinic,
Rochester, MN, between October 25, 2010 and June 07, 2021. All pa-
tients underwent extensive neurological evaluations by one of three
behavioral neurologists (KAJ, HB or JGR), neuropsychological testing
overseen by a neuropsychologist (MMM), and a speech and language
battery performed by one of three board certified speech-language pa-
thologists (JRD, HMC or RLU). All patients also completed a structural
MRI that included a resting state functional MRI (rsfMRI) protocol and a
Pittsburgh Compound B (PiB) positron emission tomography (PET) scan
to assess for beta-amyloid deposition. PiB positivity was based on
established cut-offs (Jack et al., 2019). All clinical diagnoses were
rendered blinded to imaging results. A cohort of 60 cognitively normal
healthy amyloid-negative individuals (CU) were recruited by the Mayo
Clinic Study of Aging (MCSA) between March 18, 2010, and June 15,
2017, underwent an identical neuroimaging protocol, and served as the
controls for this study.

2.2. Patient consent and protocols

The study was approved by the Mayo Clinic IRB. All patients gave
written informed consent to participate in this study.

2.3. Clinical testing

The neurological evaluations of the PPA patients included the
Montreal Cognitive Assessment (MoCA) for assessing general cognitive
function (Nasreddine et al., 2005). The speech and language assessments
included the Western Aphasia Battery-Revised (WAB) (Kertesz, 2007),
specifically the fluency subscore to assess deficits in fluency, the Aphasia
Quotient (WAB-AQ) subtest to measure global language ability and
aphasia severity, and the repetition subset of the WAB to assess sentence
repetition subtest (Kertesz, 2007); the word-word version of the Pyra-
mids and Palm Trees (PPT) to assess word knowledge (Howard and
Patterson, 1992); the Apraxia of Speech Rating Scale (ASRS) to rate the
severity of apraxia of speech characteristics (Duffy et al., 2023); Famous
faces test to assess face recognition (Josephs et al., 2012) and the
Northwestern anagram test (NAT) for assessing sentence production
(Weintraub et al., 2009). The NAT was only performed in nfvPPA and
svPPA patients. Agrammatism was judged through conversation, writing
output, NAT and WAB fluency scores by one of three board certified
speech-language pathologists (JRD, HMC or RLU) during the patient
visit. The neuropsychological evaluation included the 15-item Boston
Naming Test (BNT) for assessing confrontation naming (Lansing et al.,
1999), and letter and animal fluency tests for assessing lexical and
category fluency performance, respectively (Scheffel et al., 2021),

2.4. Image acquisition

All patients underwent scanning with a 3 T volumetric MRI on GE
scanners (GE Healthcare, Milwaukee, Wisconsin) at Mayo Clinic,
Rochester, MN that included a magnetization prepared rapid gradient
echo (MPRAGE) sequence (TR/TE/T1 = 2300/3/900 ms; 26 cm field of
view, slice thickness = 1.2 mm, in plane resolution = 1 mm) (Jack et al.,
2008), and rsfMRI scanning using gradient echo planer imaging (TR/TE
= 2.9/30 ms; slice thickness = 3.3 mm, in plane resolution = 3.3 mm
and 160 volumes). Participants were instructed to keep their eyes open
during the scan (Sintini et al., 2021). All images met fMRI protocol
standards, motion parameters (scans exceeding 1.5 mm translation or
1.5° rotation were excluded) and quality control measures, with a
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quality control analyst rating between 1 and 3 (on a scale of 1 to 4 with 1
being high quality and 4 being lowest quality).

2.5. Image processing

Voxel-level comparisons of volume provided reference maps illus-
trating patterns of atrophy across all PPA variants compared to controls.
All MPRAGE scans were spatially normalized to the Mayo Clinic Adult
Lifespan Template (MCALT) template, segmented using unified seg-
mentation (Ashburner and Friston, 2005) and smoothed at 6 mm full
width at half maximum. Patterns of gray-matter volume loss were
assessed at the voxel-level using SPM12, adjusted for age and sex. These
models were corrected for family wise error (FWE) at q < 0.001. Results
were spatially normalized to the Montreal Neurological Institute tem-
plate for visualizing and generating images using BrainNet viewer (Xia
et al., 2013).

All fMRI images were preprocessed using CONN functional connec-
tivity toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012) (www.nitr
c.org/projects/conn). The preprocessing discarded the first 10 volumes
to generate a steady state magnetization, slice time correction, re-
alignment (motion estimation and correction), with outlier detection,
segmentation and direct normalization to MNI template space,
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smoothing with a gaussian kernel of 6 mm full width, half maximum,
nuisance regression for white matter, cerebrospinal fluid (CSF) signal,
denoised for six head motion parameters with their first and second
order derivatives (Power et al., 2015), and bandpass filtered in the
0.01-0.1 Hz frequency to reduce low frequency drift and noise effects
(Lowe et al., 1998). Of note, there was no difference across the three
groups in the mean framewise displacement (p = 0.84) and mean mo-
tion (p = 0.80) for the fMRI scans. After preprocessing, the functional
images were parcellated into cortical and subcortical areas using the
Harvard-Oxford atlas (Desikan et al., 2006) and CONN’s network par-
cellations atlas which was generated using independent component
analysis (ICA) on the HCP dataset (N = 497) (Whitfield-Gabrieli and
Nieto-Castanon, 2012) in MNI space. The mean blood-oxygen-level-
dependent (BOLD) time series within each region of interest (ROI) of
the atlas were extracted. Pearson’s R correlation coefficients were
calculated across all ROIs and were transformed to Fisher’s R-to-Z
transformations. Network (ROI-to-ROI) level connectivity maps were
generated for the speech language network (left-sided assessment only)
and its connectivity to five other networks (bilateral assessment) was
evaluated, namely the DMN, visual association, dorsal attention and
frontoparietal networks. The DMN, dorsal attention and frontoparietal
networks were defined using CONN’s network parcellations atlas, while

e
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Fig. 1. Network visualization. A. Location of the regions of interest that make up the speech-language network (left sided only). Each region of interest is highlighted
in different colours. Yellow denotes the inferior frontal cortex par operculum and orange denotes the inferior frontal cortex par triangularis, together both regions
make up the Broca’s area. Blue denotes the supplementary motor area, green denotes the anterior middle temporal gyrus, red denotes the parietal operculum, purple
denotes the planum temporale and pink denotes the posterior superior temporal gyrus (i.e., Wernicke’s area). B. Network visualization for all five networks, including
the speech-language (left sided only), dorsal attention, default mode network (DMN), fronto-parietal and visual association networks. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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the speech-language and visual association networks were defined using
speech-language or visual association specific ROIs from the Harvard-
Oxford atlas, where the functional connectivity of a network was
generated by averaging the signal across multiple regions of interest
within that network. Network visualizations are shown in Fig. 1. All
images were generated using MRIcroGL (https://www.nitrc.org/
projects/mricrogl/).

For the speech-language network, ROIs were placed only in the left
hemisphere, specifically Broca’s area (inferior frontal cortex including
the pars triangularis and operculum), Wernicke’s area (posterior supe-
rior temporal gyrus) (Bonakdarpour et al., 2019), aMTG (Battistella
et al., 2019), supplementary motor area (SMA) (Hertrich et al., 2016),
planum temporale (PT) and parietal operculum (PO) (Battistella et al.,
2020). Broca’s and Wernicke’s area were included as the epicenters of
the classic language network (Mesulam, 2005). The extended speech-
language network included the aMTG, often damaged in svPPA and
located near the anterior temporal lobe, the epicenter of atrophy in
svPPA (Battistella et al., 2020; Battistella et al., 2019), the planum
temporale and the parietal operculum i.e., the temporoparietal junction
which is often damaged in lvPPA (Battistella et al., 2020) and SMA,
which does not belong to a major language area but plays an important
role in speech programming (Hertrich et al., 2016). For the visual as-
sociation network ROIs were placed in cuneus, posterior inferior tem-
poral gyrus, amygdala, and hippocampus.

These networks were chosen based on previously reported literature,
specifically reports on disrupted connectivity in the DMN, language
(Singh et al., 2023), dorsal attention, visual association (Popal et al.,
2020a), fronto-parietal networks (Gao and Lin, 2012) and more
importantly the clinical and neuroimaging features of PPA (Bonakdar-
pour et al., 2019).

Regional gray matter volumes were extracted from CONN’s network
parcellations atlas and the Harvard-Oxford atlas to allow us to account
for volume loss (i.e., atrophy) in the analysis. Associations were only
evaluated with regions that survived Bonferroni correction for multiple
comparisons in the connectivity analysis. Regional gray-matter volumes
of aMTG, Broca’s area and PT were extracted from the Harvard-Oxford
atlas and composite gray matter volumes for DMN, dorsal attention and
visual association networks were extracted from CONN’s network par-
cellations atlas.

2.6. Statistical analysis

The CONN functional connectivity toolbox (Whitfield-Gabrieli and
Nieto-Castanon, 2012) (www.nitrc.org/projects/conn) was used to
generate network-level maps for each network within each group.
Group-level average connectivity maps (resulting from a one-sample t-
test) were corrected for false discovery rate (FDR) at p < 0.001, and the
group comparison difference maps (resulting from a two-sample t-test)
were FDR corrected at p < 0.05, with cluster size correction for FDR at p
< 0.05 for both.

Within- and between-network connectivity estimates were extracted
using the CONN functional connectivity toolbox. For investigating the
connectivity disruptions within the speech-language network, multi-
variate linear regression models assessed the relationship between the
groups of interest (IvVPPA, svPPA, nfvPPA, and CU) for all the speech-
language network ROIs, while adjusting for age and sex effects. After
fitting the models, we adjusted estimates for group contrasts with and
without correction for multiple comparisons using Bonferroni. For the
between-network analysis, the methodology using multivariate linear
regression models with and without correction for multiple comparisons
using Bonferroni described in the within the speech-language network
analysis was then repeated to assess relationships between the speech-
language network (left-sided assessment only) and all other networks
(bilateral assessment) in the groups of interest (IvPPA, svPPA, nfvPPA,
and CU), while similarly accounting for age and sex effects.

We also investigated the relationship between significant findings
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from the connectivity analysis within the speech-language network and
language measures across all PPA variants. Linear regression models
were fit to predict the language measures as outcome using the func-
tional connectivity findings, while adjusting for age and sex effects.

The influence of atrophy on functional connectivity findings were
also investigated. Linear regression models assessed the influence of
regional gray matter volume loss (i.e., atrophy) by predicting within- or
between-network functional connectivity as outcome between the
groups of interest (IvPPA, svPPA, nfvPPA, and CU), while adjusting for
total intracranial volume (TIV), age and sex effects.

2.7. Data availability

The data that supports the findings of this study will be available
from the corresponding author on request.

3. Results
3.1. Patient demographics and characteristics

The demographic and clinical features of the cohorts are shown in
Table 1. The three PPA variants did not differ on sex, age of onset, age at
scan, or disease duration. There was a significant difference in educa-
tion, with nfvPPA having slightly fewer years of education than IvPPA.
All IvPPA patients in this study showed evidence of beta-amyloid
deposition, with 22 % svPPA and 26 % nfvPPA patients showing evi-
dence of beta-amyloid deposition on PET.

Apraxia of speech was noted in 81 % of the nfvPPA cohort. On
clinical testing, the nfvPPA group mean on the MoCA was broadly
normal, while the mean for both the IvPPA and svPPA groups was mildly
impaired and significantly lower than nfvPPA. The svPPA group per-
formed worse on the BNT and PPT word-word test compared to the other
two PPA variants. The nfvPPA group performed worse on WAB fluency
and letter fluency, and the ASRS, compared to the other variants. The
IvPPA group performed worse on WAB repetition task compared to the
other two variants, and worse on the BNT compared to nfvPPA.

Atrophy patterns in all PPA variants were illustrated using voxel-
level comparisons. On comparison to CU, all PPA variants showed pre-
dominant left hemisphere involvement with lIvPPA showing temporal
and inferior parietal volume loss, svPPA showing anterior temporal
volume loss and nfvPPA showing posterior frontal volume loss (Fig. 2).

3.2. Within-network connectivity in the speech-language network

Group differences in within-network connectivity for the speech-
language network from the multivariate linear regression models are
shown in Fig. 3. Reduced connectivity between aMTG and Broca’s area
was observed in all PPA variants compared to CU, with findings for
IvPPA and nfvPPA surviving correction for multiple comparisons. svPPA
also showed increased aMTG-PT connectivity compared to CU, which
survived corrections for multiple comparisons. Reduced connectivity
between the Wernicke’s area and PT in lvPPA and between Wernicke’s
area and Broca’s area in nfvPPA was noted compared to CU (Fig. 3).

On exploring comparisons between the PPA variants, nfvPPA showed
a decrease in Broca-SMA connectivity when compared to lIvPPA, which
survived correction for multiple comparisons. Increased aMTG-PT con-
nectivity was noted in svPPA compared to both IvPPA and nfvPPA, with
both findings surviving correction for multiple comparisons. svPPA also
showed an increase in connectivity between aMTG and Wernicke’s area
when compared to nfvPPA (Fig. 3).

Volume loss adjustment showed that the aMTG-Broca connectivity
finding remained significant for all PPA variants despite correction for
the effect of volume of Broca’s area, while IvPPA and nfvPPA findings
remained significant after adjusting for volume of aMTG. Likewise, the
aMTG-PT finding in svPPA also remained significant after adjusting for
the effect of aMTG and PT volumes (Supp Fig. 1).
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Table 1

Participant’s demographics and disease characteristics.
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Disease cohort (N = 123)

IvPPA (N = 55)

nfvPPA (N = 44)

svPPA (N = 24)

P-value
IvPPA vs nfvPPA

P-value
IvPPA vs svPPA

P-value
nfvPPA vs svPPA

Female, n (%) 29 (53 %) 23 (52 %)
Education, yr 16 (14, 16) 14 (12, 16)
Age at onset, yr 65 (59.5, 70.5) 65 (59, 70)
Age at scan, yr 68 (62, 73) 69 (61.8, 73.3)
Disease duration, yr 3 (1.95, 4.25) 3.3(2.3,4.7)
Presence of apraxia of speech, n (%) 0 (Absent) 36 (81 %)

PiB positivity 100 % 26 %

MoCA (30) 20 (17.5, 22) 24 (21, 26)
BNT (15) 9(4.3,12) 13 (10, 14)
WARB repetition (10) 8.4(7.4,9) 9(7.9,9.4)
Letter Fluency 23 (13, 31.5) 18 (10, 22)
WAB Animal Fluency 11 (7.3, 15) 11 (8.8,15)
WAB fluency (10) 9(8,9 6(5,9)

WAB AQ (100) 87.6 (83, 91) 86 (81.2, 92.6)
NAT (10) - 8(5.7,9)
Famous faces, recognition (10) 10 (9, 10) 10 (9.8, 10)
ASRS total-3 (52) 3(0,5) 14 (8, 21.5)
PPT word-word (52) 49 (47, 50.8) 50 (48.8, 51)

13 (54 %) >0.99 >0.99 >0.99
16 (14, 16) 0.039 0.671 0.203
62 (56, 66) 0.931 0.052 0.074
64 (57.8, 69) 0.807 0.112 0.074
3.1 (2.02,5.1) 0.274 0.434 0.911

0 (Absent) - - -

22 % - - -

20.5 (16.8, 22) <0.0001 0.813 0.0007
1 (0, 4.25) 0.0002 <0.0001 <0.0001
9(8.1,9.4) 0.025 0.005 0.549
24 (15, 33) 0.015 0.764 0.021
8.5(4.8,12.5) 0.910 0.076 0.070

9 (9, 10) 0.010 0.010 <0.0001
84.8 (79.2, 92) 0.953 0.819 0.856
8.5(7.7,9.2) - - 0.203

9 (6.8, 10) 0.588 0.003 0.001
0(0,1) <0.0001 0.0002 <0.0001
40.5 (34, 47) 0.098 <0.0001 <0.0001

Data shown are n (%) or median (first and third quartiles). For continuous variables, p-values are from Mann-Whitney test. For categorical variables, p-values are from
Fisher’s Exact test. Key; MoCA, Montreal Cognitive Assessment; BNT, 15-item Boston Naming Test; WAB, Western Aphasia Battery; AQ, Aphasia Quotient; ASRS,

Apraxia of Speech Rating Scale; PPT, Pyramids and Palm Trees.
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Fig. 2. Volume loss across all PPA variants. Group level difference maps corrected for family wise error (FWE) at q < 0.001 for volume loss comparing all PPA

variants to CU. All images were generated using BrainNet Viewer.

Within the speech-language networks, aMTG-PT connectivity
showed a positive association with sentence repetition and word
knowledge measured using the WAB repetition and PPT word-word tests
respectively. While Broca-Wernicke connectivity showed a positive as-
sociation with fluency measured using the WAB fluency. However, no
significant association were noted between the language measures and
aMTG-Broca, Broca-SMA and Wernicke-PT connectivity (Fig. 4).

3.3. Between-network connectivity from the speech-language network

Group differences in connectivity between the speech-language
network ROIs and other brain networks from the multivariate linear
regression models are shown in Fig. 5. Disrupted aMTG connectivity,
specifically reductions in aMTG-DMN connectivity, with an increase in
aMTG-dorsal attention network connectivity, was observed in all three
PPA variants compared to CU, with findings for IvPPA and svPPA sur-
viving correction for multiple comparisons. Reduced connectivity be-
tween aMTG and visual association network was also noted in both
IvPPA and svPPA compared to CU, with findings for lvPPA surviving
correction for multiple comparisons. IvPPA also showed reduced aMTG-

frontoparietal network connectivity compared to CU. Wernicke-DMN
connectivity was also reduced in svPPA compared to CU (Fig. 5). The
network-level analysis (Fig. 6) also showed comparable findings, with
reduced speech-language-DMN and speech-language-visual association
network connectivity and an increase in speech-language-dorsal atten-
tion network connectivity in all three PPA variants.

On exploring comparisons between the PPA variants, svPPA showed
reduced aMTG-DMN connectivity compared to both IvPPA and nfvPPA,
with findings compared to nfvPPA surviving correction for multiple
comparisons. Reduced aMTG-visual association network connectivity
was also noted in IvPPA, and increased aMTG-dorsal attention network
connectivity was observed in svPPA when compared to nfvPPA.
Increased Wernicke-frontoparietal network connectivity in 1vPPA
compared to svPPA, reduced Wernicke-DMN connectivity in svPPA
compared to nfvPPA and reduced Broca-frontoparietal connectivity in
nfvPPA compared to svPPA were also noted (Fig. 5).

Volume loss adjustment showed that the aMTG-visual association
finding in lIvPPA and svPPA remained significant after adjusting for the
effect of visual association network volumes, while IvPPA findings
remained significant after adjusting for volume of aMTG (Supp Fig. 1).
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Fig. 3. Within-network functional connectivity in the speech language network. These forest plots compare within-network connectivity from the aMTG, Wernicke’s
and Broca’s area across the regions of interest within the speech-language network in all PPA variants compared to CU and from each other. The plot shows estimates
(median) and 95 % confidence interval. If the confidence interval does not touch zero, the difference is considered significant.

Likewise, both aMTG-DMN and aMTG-dorsal attention findings also
remained significant in all PPA variants after adjusting for the effect of
aMTG, DMN and dorsal attention network volumes (Supp Fig. 1).

4. Discussion

This study investigated functional connectivity across the three well-
recognized PPA variants. We found disruptions in the within-network

connectivity of the speech-language network, specifically reduced con-
nectivity between aMTG and Broca’s area in all three PPA variants, as
well as reduced connectivity from Broca’s area to Wernicke’s area and
the SMA in nfvPPA, and reduced connectivity between Wernicke’s area
and planum temporale in IvPPA. Disruptions in connectivity between
the aMTG and other brain networks were also observed in all three PPA
variants, with IvPPA showing disrupted connectivity with all other
networks assessed in this study. Importantly, the findings remained after
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correcting for volume, suggesting these patterns of disrupted connec-
tivity are not confounded by atrophy and may reflect altered connec-
tivity in the remaining tissue.

Our findings showed a significant breakdown of within-network
connectivity of the speech-language network in all three PPA variants,
which is consistent with previous literature showing evidence of lan-
guage network disruption in IvPPA (Singh et al., 2023; Whitwell et al.,
2015b), svPPA (Battistella et al., 2019) and nfvPPA (Pascual et al.,
2020). We further extend these findings by exploring the interplay be-
tween the affected and spared regions within the speech-language
network and highlight a particularly important finding, a shared
feature of reduced aMTG-Broca connectivity in all three PPA variants.
Reductions in connectivity between these regions is consistent with the
fact that the aMTG is typically involved in svPPA and Broca’s area is
typically involved in nfvPPA, and previous studies have observed
degeneration in white matter tracts running from these regions in these
PPA variants (Mahoney et al., 2013; Schwindt et al., 2013; Valls Carbo
et al.,, 2022). A similar reduction in connectivity between the middle
temporal gyrus and the inferior frontal gyrus (Broca’s area) in all three
PPA variants has also been previously reported (Bonakdarpour et al.,
2019).

The significance of the breakdown in aMTG-to-Broca’s area con-
nectivity to language function across the PPA variants is unclear. We did
not find any associations between the strength of this connection and
severity of agrammatism, fluency, word knowledge, repetition, or
naming, suggesting it is not specific to any one feature of language. It is
also not specific to one neuropathology, given that each of the PPA
variants is associated with abnormal deposition of different proteins
(Mesulam et al., 2014; Spinelli et al., 2017). It is possible that the un-
derlying mechanism causing disruption in this connection differs across
PPA variants. In svPPA, the aMTG is the likely epicenter of the disease
and this region undergoes severe atrophy (Collins et al., 2017) which
would disrupt connectivity (Battistella et al., 2019). Indeed, when we
account for volume of the aMTG, the breakdown in aMTG-Broca’s area
connectivity is weakened, becoming only a trend. This suggests that
atrophy may have been an important variable and that it may be difficult
to dissociate aM TG connectivity disruptions from atrophy in this region.
In nfvPPA, the disease epicenters are likely Broca’s area and the SMA
(Sintini et al., 2022). We did not observe any volume loss in the aMTG in
our group analysis, although the temporal lobe can become atrophic as
the disease spreads (Tetzloff et al., 2018). Hence, it is possible that
breakdowns in connectivity between Broca’s area and the aMTG may
proceed neurodegeneration and be an early marker of involvement of
this connection. In IvPPA, the aMTG can be atrophic, although this re-
gion is likely not the disease epicenter (Sintini et al., 2023). It is possible
in this situation either that degeneration of the grey and white matter in
the temporal lobes may disrupt the aMTG connections, or that reduced
connectivity proceeds degeneration of the aMTG and/or Broca’s area

(Lehmann et al., 2013; Whitwell et al., 2015b). Future studies that
question the role of aMTG as an important region in the language
network in addition to the Broca’s and Wernicke’s area, and that clarify
the role of reduced connectivity from this region in mechanisms of
disease spread, are required.

Variant specific disruptions in connectivity within the speech-
language network were also observed. In lvPPA, reduced Wernicke-PT
connectivity was observed compared to CU. This may be consistent
with the presence of naming difficulties (Gorno-Tempini et al., 2004),
letter fluency, (Riello et al., 2021; Schmidt et al., 2019) and phonolog-
ical processing deficits (Buchsbaum et al., 2011) in these patients.
Breakdown in connectivity between Wernicke’s and PT may also be
related to auditory processing deficits (Binder et al., 1996; Ocklenburg
et al., 2018). It is important to note that this connectivity breakdown
matches well with the disruption seen in the temporoparietal circuitry
(Gorno-Tempini et al.,, 2004) and atrophy seen in Wernicke’s area
(Lehmann et al., 2013) and planum temporale (Gorno-Tempini et al.,
2004) in IvPPA. In svPPA, we found an increase in aMTG-PT connec-
tivity compared to CU, lvPPA and nfvPPA, and aMTG-Wernicke con-
nectivity compared to nfvPPA. The reason that connectivity from the
aMTG to the PT and Wernicke’s would be increased, while connectivity
to Broca’s area is decreased, is unclear. One could hypothesize that the
increase in connectivity to PT and Wernicke’s may be related to atrophy
or the possibility of dysfunction in the remaining neurons and synapses,
which may be triggering a compensatory effect. While the decrease in
connectivity to Broca’s area may be influenced by aMTG atrophy, which
is in line with our results. An association was observed between aMTG-
PT connectivity and sentence repetition and word knowledge scores,
whereby worse clinical performance on both tests were associated with
lower connectivity. Additionally, the aMTG-PT finding in svPPA
remained significant after adjusting for the effect of aMTG and PT vol-
umes. In nfvPPA, a significant reduction in Wernicke-Broca connectivity
was noted compared to CU. This would be consistent and matches well
with the frontal and temporal atrophy seen in patients (Grossman et al.,
2013; Tetzloff et al., 2019). This finding would also be consistent with
the presence of letter fluency (Riello et al., 2021) and agrammatic dif-
ficulties in nfvPPA arising from damage to Broca’s area (Whitwell et al.,
2013). Further, a decrease in Broca-SMA connectivity compared to
IvPPA was also noted, which fits with the selective atrophy seen in the
Broca’s area and the premotor regions in nfvPPA (Lee et al., 2011) and
reduced structural connectivity in the frontal aslant tract (Catani et al.,
2013; Valls Carbo et al., 2022) in these patients.

Another important finding was the disrupted connectivity between
aMTG and several other brain networks across the PPA variants. The
temporal lobe, particularly the anterior temporal lobe, is home to con-
nections from many networks including the language, DMN and visual
association networks (Guo et al., 2013; Hurley et al., 2015; Pascual
et al., 2015). Since several networks traverse through this region, we
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Fig. 5. Between-network functional connectivity in the speech language network. These forest plots compare within-network connectivity from the aMTG, Wer-
nicke’s and Broca’s area across the regions of interest from the speech-language network to other networks in all PPA variants compared to CU and from each other.
The plot shows estimates (median) and 95 % confidence interval. If the confidence interval does not touch zero, the difference is considered significant. Abbrevi-
ations: FP, Fronto-parietal; DMN, default mode network; VA, Visual association and DA, Dorsal attention.

theorize the possibility of it being an important hub in the speech-
language network. Therefore, disruptions within temporal regions may
compromise activity of key nodes within other networks. Overall, IvPPA
showed the greatest disruption in connectivity between aMTG and all
other networks. This may be due to Alzheimer’s disease (AD) pathology
in these patients, since it is known that disease mechanisms underlying
AD have a widespread influence throughout the brain and affect con-
nectivity of several different networks (Singh et al., 2023). Although
some of the other variants showed presence of amyloid, it is likely that
the amyloid represents low-intermediate ADNC as a secondary pathol-
ogy (Bergeron et al., 2018; Josephs et al., 2021; Santos-Santos et al.,
2018) and hence may not have such a strong influence on connectivity.
However, all three PPA variants showed reduced aMTG-DMN connec-
tivity, along with an increase in aMTG-dorsal attention network con-
nectivity compared to CU, which is in line with the reciprocal balance i.
e., activation of one coincides with the deactivation of the other network

(Fox et al., 2005; Spreng et al., 2016), seen between the DMN and dorsal
attention networks. Furthermore, disruptions in DMN and dorsal
attention connectivity have been previously reported in both IvPPA
(Putcha et al., 2022; Singh et al., 2023) and svPPA (Popal et al., 2020b).
svPPA showed lower DMN disruption compared to both IvPPA and
nfvPPA and greater dorsal attention disruption compared to nfvPPA,
which may reflect the severe involvement of the aMTG in svPPA patients
and matches well with the activation and deactivation patterns of both
networks. In nfvPPA, the DMN is generally considered to be spared but
here we noted disruptions in DMN connectivity compared to CU, albeit
comparatively lower than that seen in both IvPPA and svPPA. Further-
more, both aMTG-DMN and aMTG-dorsal attention findings remained
significant in all PPA variants after adjusting for the effect of aMTG,
DMN and dorsal attention network volumes. In svPPA, reduction in
Wernicke-DMN connectivity compared to CU and nfvPPA was also
noted, but the disruption in aMTG-DMN connectivity in these patients
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was much greater.

The dorsal attention network is activated when engaging in tasks
requiring visual attention (Corbetta, 1998; Sestieri et al., 2010). svPPA
patients frequently present with visual attention changes, specifically in
terms of paying special focus to certain visual stimuli (Miller et al., 2000;
Viskontas et al., 2011). svPPA patients have not only shown an inten-
sified focus on certain visual stimuli but may also present with an in-
crease in visual expression i.e., musical and artistic abilities to the point
of compulsion or obsession (Miller et al., 2000). nfvPPA patients on rare
occasions have also presented with enhanced artistic abilities, creativity,
abstract visualization and vibrant colour preference (Mell et al., 2003;
Seeley et al., 2008). Although, visual attention is generally considered to
be spared in IvPPA (Foxe et al., 2016), there is one report that has shown
the presence of these enhanced artistic abilities in IvPPA (Papadopoulou
et al., 2023) as well. Together these findings may suggest that emer-
gence of a new ability is a compensation to breakdown in connectivity in
another area. We hypothesize that an increase in aMTG-dorsal attention
connectivity may have an influence on these artistic abilities and visual
attention in these patients; and in fact, there is a possibility that multiple
networks working in concert to guide visual attention, perception, and
integration. Specifically, the dorsal attention network working in con-
cert with the DMN, which is responsible for integrating visual infor-
mation (Buckner et al.,, 2008; Vessel et al.,, 2019) and the visual
association network, which facilitates visual processing and memory
formation (Rosen et al.,, 2018) may be creating these behaviors.
Furthermore, this matches well with the rare occurrence of artistic
abilities, generally spared visual attention, and lower disruption in vi-
sual association seen in IvPPA compared to nfvPPA. One can also hy-
pothesize that reduced in aMTG-DMN connectivity in all PPA variants
and reduced aMTG-visual association connectivity in both 1vPPA and
svPPA compared to CU, may cause disruption in the balance of the
dorsal attention network producing an intensified focus on the visual
environment without processing and integrating any visual information.
Furthermore, the aMTG-visual association finding in lvPPA and svPPA
remained significant after adjusting for the effect of visual association
network volumes, while 1IvPPA findings remained significant after
adjusting for volume of aMTG (Supp Fig. 1). This suggests that in sVvPPA,
it may be difficult to dissociate aMTG connectivity disruptions from
atrophy in this region.

In 1IvPPA, reduced connectivity between aMTG and frontoparietal
network compared to CU was also noted. This is an important network
for governing the reciprocal balance between DMN and dorsal attention

networks. Studies have shown that the frontoparietal network is
anatomically in a position of advantage for integrating information from
both these networks (Gao and Lin, 2012; Sridharan et al., 2008) and
potentially serving as a gate-keeper in modulating goal-directed atten-
tion and cognition (Grady et al., 2016; Spreng et al., 2013; Vincent et al.,
2008). These findings therefore highlight the disruption in both up-
stream and downstream connectivity in lvPPA. Variant specific com-
parisons showed increase in Wernicke-frontoparietal network
connectivity in IvPPA compared to svPPA and reduced Broca-
frontoparietal connectivity in nfvPPA compared to svPPA, but these
between network connections were not abnormal in these variants when
compared to CU.

Strengths of this study include the large PPA cohort with compre-
hensive clinical evaluations, consistent image acquisition and process-
ing, along with the fact that all models controlled for differences in age
and sex. One potential confounder in our analyses could be atrophy in
our speech and language ROIs. Another consideration is that the nfvPPA
cohort included patients with agrammatic aphasia only and patients
with both agrammatic aphasia and apraxia of speech. Further studies
will be needed to understand how the connectivity disruptions observed
in these patients relate to these different clinical symptoms. We
acknowledge that there are several approaches one can select to analyze
rsfMRI data. In this study we have used not only used ICA but have also
manually defined networks based on specific ROIs, which may be
considered a limitation as some patients have different network patterns
than the priori assumptions. Additionally, we lack the power to assess
the impact of amyloid on connectivity. Studies with longitudinal data
will be needed to assess how these network changes evolve over time.
Furthermore, studies assessing the impact of amyloid in svPPA and
nfvPPA patients will be needed.

5. Conclusion

Our results characterize the disruptions in functional connectivity in
all three PPA variants. Breakdown in aMTG connectivity both within the
speech-language network and across other brain networks was a shared
feature of all PPA variants, with IvPPA showing more extensive con-
nectivity disruptions with other networks. Together these findings sug-
gest brain network reorganization following the impairment of the
speech-language network and specifically highlight the possibility of
aMTG as an important region in the speech-language network.
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