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1. INTRODUCTION 

Primary progressive aphasia (PPA) is a rare and early-onset neurodegenerative disease 

characterized by the prevailed and pronounced decline of language abilities. The three 

currently differentiated variants of primary progressive aphasia, namely the non-fluent 

variant (nfvPPA), the semantic variant (svPPA), and the logopenic variant (lvPPA) differ in 

terms of particular clinical phenotypes that are associated with the specific loss of neurons 

within the language network. Pathoanatomically, they belong to the spectrum of 

frontotemporal lobar degeneration. However, the variants display a heterogeneous 

underlying histology that is usually unclassifiable in living patients, which makes it difficult 

to identify the specific subtypes consistently and to evaluate the course of disease 

progression appropriately. For diagnostic purposes, PPA is most often classified on the basis 

of its clinical profile including neurological, neuropsychological and biomarker-based 

characteristics. A detailed neuropsychological examination, especially of the linguistic 

profile, is a crucial step in formulating a specific diagnosis and in comprehending the 

implications of the disease. Whereas neurochemical biomarkers theoretically have the 

potential to differentiate PPA variants, imaging-based biomarkers enable a more detailed 

understanding of primary affected brain regions and disease progression with time. Using 

these parameters, disease progression in all three PPA variants can be examined to learn 

about disease progression, to locate entry points for the assessment of potential therapeutic 

approaches and to define read-outs to control for possible therapeutic effects. Such structured 

approaches are thus crucial to understand and track clinico-pathological changes in primary 

progressive aphasia in particular. 

 

1.1 Historical background 

In 1892, Arnold Pick described in detail a patient with pronounced speech disorder of 

aphasic character [1]. Against the view of the times, he asserted that the symptoms would be 

associated with locally pronounced atrophic processes in the brain. After detailed autopsy of 

this and several subsequent patients who showed mainly behavioral, speech-related and 

mnestic impairments during life, he documented specific clinical deficits that corresponded 

with pathoanatomical changes. As Pick‘s findings were mostly related to frontal and 

temporal lobe atrophy, and as later histological research excluded Alzheimer-related 

pathology as well as decisive arteriosclerotic or inflammatory processes, the term ‘Pick’s 

disease’ was used to label a neurodegenerative process primarily located in frontotemporal 

regions [2]. Carl Schneider’s publications [3,4] consolidated not only the term but also 

initiated the focus on behavioral symptoms in Pick’s disease. Extensive (case) studies 

addressing histopathology, pathoanatomical features and clinical appearance as well as 

several phenomenological concepts (see, e. g., [5–7]) followed, and international consensus 

criteria were listed in 1994 [8] to set a common terminology and diagnostic guidelines. 

Besides a detailed description of behavioral and affective symptoms, “the criteria for, and 

the different forms of language breakdown in, progressive aphasia” (p. 416) were not yet 

included nor discussed specifically. Only in 1982, specific language decline related to Pick’s 

disease in absence of behavioral alterations was addressed more specifically in a case study 

[9] referring back to only three other publications reporting comparable patients [10–12]. 
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Whereas Mesulam first argued for a differentiation of his cases from aphasias in Pick’s 

disease, the following research worked out an associated primarily language-related variant. 

The term ‘primary progressive aphasia’ appeared in 1987 for the first time [13] and 

contributed to the understanding of Pick’s disease as a spectrum of several specific disorders. 

The non-fluent variant and the semantic variant of primary progressive aphasia were 

enumerated as disorders related to frontotemporal lobe atrophy  [14] and, subsequently, 

another updated international consensus criteria defined “the three prototypic clinical 

syndromes […] for the generic entity of frontotemporal lobar degeneration” (p. 1546) [15]. 

From 1998 until the current diagnostic criteria were released in 2011 [16,17], around 360 

publications on the behavioral variant of frontotemporal dementia and about 440 articles 

about primary progressive aphasia appeared in English language (pubmed; 24 March 2021). 

Both the updated criteria for the behavioral variant and for the language variants of 

frontotemporal dementia define inclusion and exclusion criteria as well as clinical, imaging-

related and pathology-based diagnostic features. Notably, a third variant of primary 

progressive aphasia was added that had been gradually identified and defined [18–20], and 

was labeled the logopenic variant. 

 

Today, the term frontotemporal lobar degeneration (FTLD) (see, e. g., [21,22]) is 

consistently used to designate the behavioral variant of frontotemporal dementia (bvFTD), 

the non-fluent variant (nfvPPA), the semantic variant (svPPA), and the logopenic variant 

(lvPPA) of primary progressive aphasia. In addition, the FTLD spectrum includes related 

diseases that show fronto-temporal related dysfunction, such as combinations of motoneuron 

disease with frontotemporal spectrum disorders (MND-FTSD) [23], corticobasal 

degeneration (CBD) [24], progressive supranuclear palsy (PSP) [25], and several syndromes 

still to be classified in more detail (for example the “slowly progressive anarthria” [26] or 

the “slowly progressive Foix-Chavany-Marie syndrome” [27]). The present work focuses on 

PPA subtypes and the following description and analyses will thus be restricted to the 

language variant of frontotemporal dementia. 

 

1.2 Primary progressive aphasia 

The term primary progressive aphasia designates the most prominent and diagnostically 

significant features of the disease: It is a language impairment that may affect speech, 

comprehension, reading and/or writing skills, and is the most salient deficit during early 

stages of the disorder while other domains such as memory, visuospatial skills, and executive 

functions are preserved [17,28]. Specifically, language dysfunction develops gradually, has 

a progressive nature, and cannot be explained by other medical disorders or psychiatric 

diagnoses. Thereby, this definition differentiates PPA from aphasia variants that may occur 

due to brain damage (e. g., after stroke) and specifies it as a neurodegenerative disease.  

 

The three main subtypes of PPA – the non-fluent/agrammatical variant (nfvPPA), the 

semantic variant (svPPA), and the logopenic variant (lvPPA) – each present with a particular 

clinical phenotype due to distinct areas being primarily affected by degenerative loss of 

neurons. However, subject to debate are cases with clinical profiles meeting criteria for more 

than one clinical diagnosis or variant, which are generally labeled as ‘PPA unclassifiable’ 
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[17] or as a proposed fourth variant (a ‘mixed phenotype’ [29]) that may account for around 

6 percent of all PPA cases [30,31]. Below, the three internationally recognized variants of 

PPA are described in detail. 

  

1.2.1 Demographic features 

PPA has an estimated proportion of about 20 to 40 percent of all FTLD cases [32,33]. 

Although information on prevalence of PPA is scarce,  the estimated frequency lies around 

1 to 7 per 100.000 [31,32,34,35], indicating that PPA is a rare disease (see 

https://ec.europa.eu/health/non_communicable_diseases/rare_diseases_de; 31. March 

2021). Approaches to specify proportions of each subtype vary between studies. Although 

PPA is generally considered to be a form of early-onset dementia, with mean age of symptom 

onset before the age of 65 in most patients, actual age of onset may vary widely, with 

reported cases starting earliest in the second and latest in the eighth decade of life [34,36,37]. 

The mean duration of survival from symptom onset to death is approximately seven years, 

however with significant variations depending on particular co-diagnoses or comorbidities 

[35,38]. Most studies report no gender bias while some argue for a higher vulnerability for 

men over women (see, e. g., [37]). Overall, demographic data do not suggest a specific 

predisposition for PPA; however, non-right handedness in svPPA and a history of language 

learning disability in lvPPA, specifically, seem to be overrepresented [40]. Whereas most 

PPA cases appear sporadically, an estimated 20 to 30 percent have a familial predisposition 

as indicated by a positive family history for dementia [41]. Including all variants, 

approximately 5 percent of cases appear to be due to a pathogenic mutation that may either 

be hereditary or sporadic [42,43]. 

 

1.2.2 Genetic mutations  

In FTLD, pathogenic mutations in the chromosome 9 open reading frame 72 (C9orf72), the 

granulin (GRN), or the microtubule-associated protein tau (MAPT) gene are most common 

and account for about 80 percent of hereditary forms and also some sporadic cases [42,44]. 

Other causal mutations have been identified in rare cases, including in the valosin containing 

protein (VCP), the TAR DNA-binding protein (TARDBP), the fused in sarcoma (FUS), the 

TANK binding kinase 1 (TBK1), the charged multivesicular body protein 2B (CHMP2B), 

and presenilin-1 (PSEN1) gene [43–47]. A precise assessment of familial cases can be 

complicated; including all FTLD syndromes, approximately 10 to 15 percent are hereditary 

with autosomal dominant inheritance, that is the variable transmission of any FTLD 

phenotype across generations [48]. Another 25 to 30 percent might have a familial 

component, in that any form of dementia was documented in at least one family member 

[44,48]. Moreover, the genetic impact seems to vary across PPA variants: studies indicate 

that only 6 to 7 percent of nfvPPA, and 1 to 2 percent of svPPA and lvPPA are due to a 

pathogenic mutation [43,48]. Positive family histories for dementia are observed in around 

30 percent in nfvPPA cases versus 20 percent in svPPA and lvPPA [41,48].  

 

Conversely, if a hereditary or sporadic mutation exists, the penetrance for the development 

of a PPA syndrome seems to vary between mutations. A large meta-analysis with n=3403 



4 

 

subjects displaying any of the FTLD phenotypes with a positive mutation status found that 

only 3% of C9orf72 mutations, 11% of GRN mutations, and 4% of MAPT mutations resulted 

in PPA [49]. GRN mutations are most frequent in nfvPPA, whereas MAPT mutations are the 

primary cause in pathogenic svPPA, and GRN or C9orf72 mutations appear most frequently 

in the rare occasion of pathogenic lvPPA [43].  

 

Each mutation results in specific pathogenic processes – so called proteinopathies – that lead 

to the clinical appearance of the disease. C9orf72 and GRN mutations promote the 

accumulation of TDP-43, whereas a MAPT mutation results in the aggregation of tau [50]. 

However, these histopathological changes occur in sporadic cases as well, and form the basis 

of a diverse clinico-pathological spectrum underlying primary progressive aphasia. 

 

1.2.3 Pathology  

Primary progressive aphasia can be approached in terms of its underlying proteinopathy; that 

is, the pathogenic neuronal accumulation of specific proteins. In general, around 60 percent 

of patients with PPA exhibit FTLD pathology while the remaining 40 percent are related to 

Alzheimer’s pathology [45]. In the frontotemporal dementia spectrum, the three main 

histological subtypes were FTLD-tau, FTLD-TDP, and FTLD-FUS [50]. FTLD-tau 

pathology involves neuronal tau inclusions. These can be further differentiated into four-

repeat tauopathies (4R tau), as exhibited in corticobasal degeneration (CBD), progressive 

supranuclear palsy (PSP), argyrophilic grain disease (AGD), and globular glial tauopathy 

(GGT), and three-repeat tauopathies (3R tau) such as in Pick’s disease [51]. FTLD-tau is 

specifically involved in nfvPPA and subtypes of atypical Parkinson’s disease [30,50]. The 

second variant, FTLD-TDP, is named due to the involvement of the transactive response 

DNA binding protein 43 kDa (TDP-43) [52]. Four subtypes are recognized: TDP-A, -B, -C, 

and -D [50]. For PPA, the semantic variant is predominantly associated with TDP-C while 

the non-fluent variant is sometimes linked to TDP-C [53]. In rare cases, pathological changes 

are associated with FTLD-FUS; that is, neuronal intracytoplasmic or – intranuclear 

inclusions with the fused in sarcoma (FUS) protein [50]. FTLD-FUS has been found in 

bvFTD but only on very rare occasions in PPA [30]. Finally, typical changes for Alzheimer’s 

pathology were observed in PPA variants as well (see, e. g., [28,32,52]). Alzheimer’s 

pathology usually results in lvPPA. Amyloid positivity was observed in nfvPPA and svPPA, 

too, similar to the extent of that in age-matched healthy controls (around 10 to 20 percent). 

Noticeably, amyloid positivity seems to be independent from age in lvPPA but shows an 

increase related to higher age in nfvPPA and svPPA, and also healthy ageing subjects 

[30,54,55]. In line with this observation, a meta-analysis found that amyloid beta pathology 

often appeared comorbid to primary FTLD-tau or FTLD-TDP-43 pathology in the non-fluent 

and semantic variant [30]. 

 

With respect to PPA variants, nfvPPA shows the most heterogeneous pathology of the three 

subtypes: FTLD-tau is observed in around 60 to 90 percent of cases, followed by FTLD-

TDP-43 pathology, most often type A. Alzheimer’s pathology is involved in around 10 

percent of cases [30,54,56,57]. In comparison, the majority of cases with svPPA 

(approximately 70 to 80 percent) are due to FTLD-TDP-43 type C pathology, whereas a 
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minority of cases involve tau (Pick’s disease and GGT) or Alzheimer’s pathology (both 

around 10 percent) [30,54,56]. In lvPPA, studies indicate that about 60 to 80 percent of 

patients exhibit Alzheimer’s disease pathology while a few cases are related to FTLD-TDP-

43 type A and FTLD-tau (3R tau) pathology [30,34,58,59]. It is for this reason that the 

logopenic variant is usually classified as an atypical form of early-onset Alzheimer’s disease 

[60] and against the background of histopathological classification subject of debate in the 

range of frontotemporal lobar degeneration spectrum disorders. 

 

Analyzing PPA variants in terms of their particular histopathological features is crucial to 

develop disease-modifying therapeutic approaches. For diagnostic purposes, however, this 

approach is complex as, first, pathology can only be examined reliably via biopsy, autopsy, 

or (potentially) genetic testing; and second, pathology and clinical diagnosis often do not 

match (see, e. g., [59]). In clinical practice, PPA variants are thus most often classified 

according to the neuropsychological profile and biomarker-based features approximated via 

analyses of blood and cerebrospinal fluid as well as brain imaging. 

 

1.2.3.1 Neurochemical biomarkers 

A biomarker is an indicator of physiological or pathological processes of interest in the body 

and can be a valuable part of the diagnostic workup. For primary progressive aphasia, the 

presence of some specific biomarkers in cerebrospinal fluid and serum supports early 

recognition of the disease.  

 

The analysis of cerebrospinal fluid (CSF) allows the assessment of neurofilament light 

chains (NF-L), phosphorylated neurofilament heavy chains (pNF-H), tau, phosphorylated 

tau (p-tau), and β-amyloid (Aβ1-42). Elevated NF-L levels are associated with axonal 

degeneration and elevated pNF-H concentrations are linked to neuronal death. Abnormal 

levels suggest a non-Alzheimer’s pathology. Conversely, elevated tau and p-tau (indicators 

for tau tangles in the brain), and decreased Aβ1-42 levels (suggesting amyloid plaques or β-

amyloid pathology) suggest Alzheimer’s disease as a pathological entity [62,63]. The 

analysis of serum NF-L concentrations is a less invasive but equally reliable method [64]. 

 

In comparison with healthy controls, nfvPPA and svPPA but not lvPPA is characterized by 

increased CSF and serum NF-L levels that correlate with increased neuropsychological 

deficits, clinical dementia rating, state of atrophy, and disease duration [62,64,65]. Also, 

serum NF-L displays discriminatory potential between nfvPPA and svPPA compared with 

lvPPA [64]. In contrast, CSF pNF-H levels are capable of differentiating nfvPPA (increased 

concentration) from svPPA and lvPPA. As a result with Alzheimer’s pathology, patients 

with lvPPA often display significantly increased CSF tau and p-tau concentrations and 

markedly decreased CSF Aβ1-42 levels compared with both other groups [63,64,66]. 

 

1.2.4 Neuropsychology 

To assess primary progressive aphasia neuropsychologically, it is necessary to understand 

the neuroanatomy of the language network and associated areas first. 
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1.2.4.1 Functional neuroanatomy of language 

Language organization in the brain is based on a network of cortical and subcortical areas 

including parts of the frontal, temporal and parietal lobe, the basal ganglia, and thalamic 

nuclei [67,68]. Primarily, the inferior frontal gyrus (Broca’s area), the superior temporal 

gyrus (Wernicke’s area), parts of the middle temporal gyrus and parietal structures build the 

most germane landmarks in language relevant tasks [68] (Figure 1). While (left) temporal 

regions are major protagonists in language processing, frontal areas are important for 

facilitating comprehension, working memory functions, and motor initiation processes, and 

regions in the parietal cortex are related to linguistic interpretation of speech [69,70]. In 

broad terms, language processing can be subdivided into comprehension and production. For 

both concepts, information of sound (phonological), word (lexical), and meaning (semantic) 

need to be recognized and processed. As a schematic representation, the model of language 

processing states that for comprehension (either auditory in terms of listening or visually in 

terms of reading), an acoustic/visual analysis enables phonological/orthographic decoding 

that leads to lexical selection and conceptual activation [71]. In reverse, for language output 

(either verbally in terms of speaking or graphically in terms of writing) a concept is encoded 

into lexical representation, morphological, phonological and phonetic selection and into 

Figure 1. Illustration of most language-relevant regions in the left hemisphere. Major language 

relevant gyri (inferior frontal, superior temporal, middle temporal gyrus) are color-coded. 

Reprinted by permission from The American Physiological Society. The brain basis of language 

processing: From structure to function, Friederici, Physiological Reviews, 91(4), 2011, 1357–

1392 (p. 1359). 
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speech motor (articulation) or graphomotor (writing) output. Modern theories specify a “dual 

stream model” including ventral pathways concerned with semantic processing in terms of 

connecting sound with meaning and dorsal pathways engaged in phonological processing 

that is encoding sound as information of articulatory representation [72]. Albeit functionally 

segregated, both streams are crucial for intact receptive and productive language abilities. 

 

2.1.4.1.1 Processing of language comprehension 

Roughly, sensory processing of acoustic information is transmitted from the inner ear over 

the hearing pathways through several brainstem nuclei (superior olivary nuclei, lateral 

lemnisci nuclei, inferior colliculi) to subcortical structures (medial geniculatum nuclei as 

part of the thalamus) and to the primary auditory cortex in the temporal lobe (Figure 2) [73]. 

The primary auditory cortex – the gyri temporalis transversi, or Herschel’s gyri – is located 

in the bilateral superior temporal lobe 

symmetrically and enables the conscious 

perception of auditory information and a first 

acoustic-phonological processing without 

interpretation [70,72,73]. From there, 

information is transmitted to the adjacent 

regions (secondary auditory cortex); that is, 

the superior temporal gyrus including the 

Wernicke’s area, the planum temporale, and 

the parainsular area where the interpretation 

of stimuli, together with information from 

interconnected regions, is implemented.  

 

The analysis of speech information proceeds 

according to a three-phase model of language 

comprehension [68] (Figure 3). First, basic 

speech information is processed: The anterior 

superior temporal sulcus responds to speech 

intelligibility, and is together with the middle 

superior temporal sulcus especially sensitive 

to syllables and phonemes [69]. The anterior 

superior temporal gyrus with the frontal 

operculum brings together structure building 

of speech components [68]. Processing of phonological information is located in the bilateral 

(more posterior) superior temporal gyrus and the superior temporal sulcus, both of which 

rank among the major components of Wernicke’s area [67,74]. While the left auditory cortex 

is specifically sensitive to speech, the right hemispheric complex is more specialized for 

suprasegmental information such as tone pitch and prosody, enforcing a lateralization to the 

benefit of specialization [74–76]. Second, semantic and syntactic information is left-laterally 

analyzed. When integrating the acoustic signal with the semantic information on the word 

level, left posterior lateral and inferior temporal regions (that is, the middle and inferior 

temporal gyrus), the angular gyrus and the inferior frontal gyrus are crucial [74,77]. 

Figure 2. Exemplary illustration of the hearing 

pathway. Reprinted by permission from Elsevier 

Science & Technology: Patel, & Iversen (2007). The 

linguistic benefits of musical abilities. Trends in 

Cognitive Sciences, 11(9), 369–372 (p. 370).  
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Processing on the sentence level relies even more on a temporo-frontal network, as frontal 

regions are mainly involved in strategic and (working) memory aspects: The left inferior 

frontal gyrus, the right superior temporal gyrus, the left middle temporal gyrus, and the left 

posterior temporal region were found to be mainly involved [77]. Specifically, Broca’s area 

is related to grammatical properties and phrase structure building. In addition to semantic 

processing, the left superior and anterior temporal regions are also important for syntactic 

processing.  

 

Finally, unification processes of the derived information are primarily led by the posterior 

superior temporal gyrus and posterior temporal sulcus together with the basal ganglia, which 

are supposed to serve coordination and control functions, although this needs further 

clarification [67,68]. In particular, the planum temporale in the left posterior superior 

temporal gyrus is assumed to function as a hub that not only integrates information from 

other loci but also transmits information to multiple networks. For audiovisual combination, 

information from the gyrus angularis is integrated to enable functions such as reading, 

writing and object naming. Also, the posterior superior temporal gyrus builds an affective 

network together with the orbitofrontal cortex and the amygdala, and this has been shown to 

be involved in facial motion processing and the interpretation of social stimuli [78]. 

Connections to frontal regions (Broca’s area) are not only important for motor-based speech 

production and to facilitate speech comprehension but also to enable auditory-motor 

functions (such as repetition) and verbal working memory constitution when dealing with 

more (syntactically) complex sentences [68,79]. Moreover, the planum temporale, 

specifically, integrates components such as spectrotemporal information or categorizational 

processing [70]. It is not only relevant for speech perception but also for representations of 

articulatory information (medial part) and speech production (postero-medial part) [69]. 

Accordingly, efferent fibers from the Wernicke’s area reach diverse cortical association 

fields depending on the current purpose.  

 

Figure 3. Model of auditory language comprehension. Reprinted by permission from 

The American Physiological Society. The brain basis of language processing: From 

structure to function, Friederici, Physiological Reviews, 2011, 91(4), 1357–1392 (p. 

1377). 
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2.1.4.1.2 Processing of language production 

Language production – that is, the integration of sensory and motor processes – has been 

found to be closely linked to a temporal-parietal-frontal route, including the dorsal posterior 

superior temporal gyrus, posterior parts of the planum temporale, the posterior Sylvian 

region, the supramarginal gyrus, inferior postcentral and precentral sensorimotor regions, 

and premotor areas [74,80]. For speech production, Broca’s area in the inferior frontal gyrus 

of the dominant hemisphere (mostly left-lateralized) is primarily involved. It is responsible 

for speech planning, articulation, and sentence structure, receives information primarily from 

the primary and secondary auditory cortex and the angular gyrus, and initiates speech 

production via efferent fibers to the precentral gyrus (motor cortex) [73]. In general, the 

motor cortex and its adjacent fields (the premotor area and the supplementary motor area) 

control arbitrary movements. In speech production, specifically, efferences from the motoric 

face cortex (as part of the precentral gyrus) are sent through subcortical regions (capsula 

interna) and brainstem nuclei 

(nucleus trigeminus, facialis, 

ambiguous, and hypoglossus) to 

control relevant muscles in the 

lower jaw, mouth, lips, palate, 

throat, larynx, and tongue [81] 

(Figure 4). Thereby, several 

interconnected structures 

contribute to adequate speech 

output: The planning of speech 

movements takes place in the left 

dorsolateral frontal region 

including the anterior Broca’s 

area and the left anterior insula. 

Mediofrontal contribution from 

the anterior cingulate cortex and 

the supplementary motor area 

were found to be responsible for 

speech initiation and speech flow. 

A loop connecting the motor 

cortex, the striatum, thalamus, 

supplementary motor area, and 

premotor cortex is relevant in 

observing and performing 

automated motor sequences. The 

cerebellum integrates sensory 

information from association areas and from the motor cortex to control output and reports 

feedback via the brainstem and thalamus to the motor cortex. Moreover, an auditory-motor 

integration system as well as short-term memory circuits to store and rehearse information 

connects the supramarginal gyrus with Broca’s area and enables repetition and an adequate 

response to auditory content [74,82,83].  

Figure 4. Ascending and descending paths of speech motor 

control. Modulated with permission of Springer, from Störungen 

von Sprache und Sprechen, Huber W, Ziegler W, in Sturm W, 

Herrmann M, Münte TF, eds.: Lehrbuch Der Klinischen 

Neuropsychologie. Grundlagen, Methoden, Diagnostik, Therapie. 

2. Auflage. Spektrum Akademischer Verlag; 2009:558-609 (p. 

589); permission conveyed through Copyright Clearance Center, 

Inc. 
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2.1.4.1.3 The dual stream model 

Based on the physiological underpinnings of language comprehension and production, the 

dual stream model [72] was formulated in order to understand the pathways of main 

language functions systematically. Initially, one ventral and two dorsal streams were 

postulated. Newer versions based on fiber tracking approaches extend the model and suggest 

two dorsal and two ventral pathways connecting mainly frontal and temporal regions [70] 

(Figure 5). The ventral streams are supposed to link the (anterior) temporal region to frontal 

areas to load sound with meaning, thus supporting speech recognition and comprehension. 

The first ventral fiber tract connects the Broca’s area (pars triangularis and pars orbitalis) to 

the superior and middle temporal gyrus and via the inferior frontal-occipital fascicle to 

parietal and occipital regions and is supposed to specifically support semantic processing. 

The second ventral stream links the frontal operculum to the anterior superior temporal gyrus 

and is probably involved in the combination of speech elements but requires further 

investigation [70].  

 

The dorsal pathway, which is concerned with processing sounds into articulatory motor 

representation and thereby supporting speech production, runs left-lateralized along the 

parietotemporal boundary and includes posterior regions within the Sylvian fissure (planum 

temporale), regions of the inferior parietal lobe (angular and supramarginal gyrus) and 

frontal areas including the premotor cortex and the inferior frontal gyrus [67,69,72]. The first 

dorsal stream is expected to connect the premotor cortex to the posterior superior temporal 

gyrus, probably to support sound-to-motor mapping [70]. The second dorsal pathway 

transmits information from the pars opercularis to the posterior superior temporal gyrus with 

the duty of integrating higher-level language functions.  

 

Figure 5. Schematic illustration of language-relevant brain regions and connecting fiber tracts. Reprinted by 

permission from Springer Nature: Springer Nature NATURE HUMAN BEHAVIOUR LANGUAGE, MIND 

AND BRAIN, FRIEDERICI, CHOMSKY, BERWICK, MORO & BOLHUIS, COPYRIGHT © 2017, THE 

PUBLISHER (2017). 



11 

 

Findings that some areas are not only involved in speech perception but also in speech 

production, or at least facilitate each other, led to the assumption that both functions would 

share a neural basis [84]. In fact, there is good evidence that the ventral and dorsal pathways 

are able to work bi-directionally and that cortical structures for language comprehension and 

production converge, in that they are either multifunctional or controlled hierarchically 

according to their current purpose [69,72,82]. Another possibility within the framework of 

two ventral and dorsal pathways is a functional allocation into bottom-up versus top-down 

information processes; however, this hypothesis requires further clarification [70]. 

 

In sum, the language network is a specialized and highly interconnected structure. Both 

speech production and comprehension require cortical and subcortical structures that are 

connected via an extensive network of white matter tracts (see, e. g., [83]). Data support a 

dual stream model that can explain speech comprehension and production, but this model 

needs to be considered with caution, as both systems rely interdependently on specialized 

cortical structures and require multiple cognitive features. Accordingly, damage to one knot 

can not only produce specific symptoms of language impairment but may also cause 

limitations in other language domains, as can be seen in advanced stages of primary 

progressive aphasia [86]. It is for this reason that language, as a cognitive function, is 

considered to be a capacity relying on an intact and interactive network.  

 

1.2.4.2 Neuropsychological profile 

As a neurodegenerative disease, each of the PPA variants displays a specific 

neuropsychological profile of deficits in early stages and a general decrease in cognitive 

functions – not only in language capabilities –with longer disease duration.   

 

In comparison with other subgroups, patients with nfvPPA tend to consult medical 

professionals proportionately early after symptom onset, as considerable speech 

impediments such as impaired grammaticality appear as one of the first symptoms [29]. The 

sentence structure (potentially in both verbal and written output) becomes short and simple 

and displays omission errors, e. g., in terms of missing function words [17]. Another deficit 

that often appears as a first symptom in nfvPPA is effortful speech with inconsistent sound 

errors that can culminate in apraxia of speech. Thereby, speech production is characterized 

by slow and laborious articulation, the speech flow is intermittent and reduced, and 

vocalization is sometimes dysarthric, dysprosodic, or dysphonic. In speech apraxia, sound 

errors appear unintentionally and range from omissions to wrong ordering to substitutions. 

A language-receptive feature in nfvPPA is a gradually decreasing comprehension of 

complex sentences especially for verbal but also nonverbal content (e. g., reading). In 

contrast to impairments that primarily affect speech production, other language-related 

functions such single-word comprehension, object knowledge, and reading are spared until 

late stages of the disease [17].  

 

In contrast, svPPA often begins with more insidious symptoms, such as naming impairments 

(anomia) in the prodromal stage and a decrease in content-related expressiveness resulting 

from impaired single word comprehension. Often, words of high familiarity are maintained 
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longer than those of lower frequency. With disease duration, object knowledge is severely 

and multimodally impaired. In reading and writing, features such as surface dyslexia and/or 

dysgraphia may appear due to lost concept knowledge of irregular words that were originally 

internalized by learning. In contrast, skills such as grammar, motor speech, and repetition 

capacity are spared [17,28].  

 

Clinically, lvPPA is characterized by impaired word retrieval that is especially impressive 

in spontaneous speech and naming and often leads to a basically fluent speech flow, 

however, with a slow rate of speech output and recurring pauses due to lack of proper 

expressions [17]. Also, phonological errors occur, often with unawareness of the patient. 

Other language-related tasks appear unimpaired, with spared single-word comprehension, 

object knowledge, motor speech and grammar. The repetition and comprehension of 

complex sentences is, however, compromised in terms of word-length-effects and also 

complexity, as a consequence of verbal short-term memory deficits [20,87]. Also, in 

comparison with both other variants, lvPPA patients tend to score lower in memory and 

visuospatial tasks [88]. Moreover, the symptom pattern is often variable, making it more 

complicated to classify, which has resulted in calls for revised criteria [89,90]. 

 

With disease progression and thus increasing neuronal damage, additional symptoms or 

‘PPA-plus syndromes’ [28] may occur and clinical syndromes blur so that, for instance, 

naming difficulties or syntactic deficits are observable in all subtypes [87,91,92]. Symptoms 

of nfvPPA often overlap with symptoms of atypical Parkinson’s disease [93], patients with 

svPPA develop behavioral changes [94,95], and progression in lvPPA entails a more 

generalized cognitive decline; specifically, an impairment in attention and visuo-spatial 

performance [96]. This is due to the underlying clinico-anatomical pathology and the 

selective neural vulnerability pattern for each variant. However, the brain operates as a 

neural network, and damage to one node consequently results in a negative impact on 

interconnected functional components [97]. Like every functional network in the brain, the 

language network is connected to grey matter structures so that spreading atrophy patterns 

with progression of the disease may result in clinically comparable deficits between different 

PPA types [86]. Tracking disease progression in each variant is, however, important in order 

to learn about the disease in general and about the pathological expansion in detail. Knowing 

about primarily and secondary affected loci enables disease management and allows to 

define variant-specific read-outs, which are necessary for possible interventions and to 

monitor the efficacy of clinical trials. As the underlying disease progresses, 

neuropsychological testing is limited in its validity due to decreasing language abilities. 

Further, as in advanced stages symptoms can overlap between variants, it is necessary to 

include other parameters to quantify the degradation of the language system. The current 

diagnostic criteria [17] consider not only neuropsychological but also neuroimaging-

supported characteristics for each subtype, making structural analyses particularly useful for 

this purpose. 
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1.2.5 Neuroimaging  

Classification can further be supported with the help of imaging biomarkers, such as 

molecular positron emission tomography (PET) or structural MRI imaging. 

Fluorodeoxyglucose (FDG-) PET imaging depicts brain metabolism and provides an early 

marker of dysfunctionality. In contrast, the Pittsburgh Compound B (PiB-) PET is used to 

detect amyloid deposits and has its primary purpose in diagnostic evaluation. However, due 

to high costs and insufficient quantification frameworks for PET imaging, structural MRI is 

preferred when quantifying and tracking disease progression. 

 

1.2.5.1 Atrophy patterns in primary progressive aphasia 

MRI sequences allow evaluation of both gray and white matter structures and enable 

quantification of volume-based changes in the brain. The distinct pattern of language 

impairment for each PPA subgroup is associated with a specific anatomical distribution of 

cortical atrophy [86]. In general, the selective neurodegenerative loss of neurons in PPA is 

predominantly focused on the language-dominant (usually left) cerebral hemisphere and the 

language-related network components as there are parts of the frontal, temporal and parietal 

lobe involved [28]. More specifically, a clinico-anatomical correlation has been delineated 

for each PPA subtype: Structurally, patients with nfvPPA show significant mainly left-sided 

abnormalities in the inferior frontal and posterior fronto-insular regions (pars opercularis and 

triangularis, parts of the pars orbitalis, anterior and middle insula) and in the superior and 

middle temporal gyrus in comparison with healthy controls [20,98,99] (see exemplary 

illustration in Figure 6). Moreover, the left precentral gyrus of the insula with extensions to 

the inferior precentral gyrus, to the middle frontal gyrus anteriorly, and the bilateral caudate 

nucleus up to the left putamen appear specifically vulnerable [20,29]. In a meta-analysis 

incorporating MRI and PET studies, the left middle frontal gyrus, pars opercularis (inferior 

frontal gyrus), basal ganglia (lentiform nucleus) and the superior portion of the temporal 

pole were identified [100]. White matter abnormalities often mirror the distribution of gray 

matter atrophy [101]. Left orbitofrontal, inferior frontal, anterior temporal, inferior parietal, 

insula and striatal WM regions are significantly damaged [101,102]. As white matter 

Figure 6. Cortical atrophy pattern per PPA variant versus healthy controls. lvPPA, logopenic variant of 

primary progressive aphasia; nfvPPA, non-fluent variant of primary progressive aphasia; svPPA, semantic 

variant of primary progressive aphasia. Reprinted from Miller et al., Handedness and language learning 

disability differentially distribute in progressive aphasia variants, Brain, 2013, 136(11), 3461–3473 (p. 3462), 

by permission of Oxford University Press. 
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consists of myelinated axons and is important for signal transmission between neurons, it is 

often described in terms of tracts that connect cortical structures. White matter damage was 

traced to the corpus callosum (anterior > posterior), the left cingulum, the fornix (bilaterally), 

the external capsulae, and the corona radiata (left > right) [101]. Tract-wise, the frontal aslant 

tract, the frontostriatal, the superior longitudinal, and the arcuate fasciculus are most affected 

[57,102,103]. Specific to nfvPPA, white matter tract damage appears most severe in the 

dorsal language pathway, explicitly, the superior longitudinal fasciculus (anterior, posterior, 

and superior) [104,105]. 

 

In svPPA, compared with healthy controls, all anterior temporal regions, either dominantly 

left or bilaterally, were reported to be significantly affected [106,107]. Grey matter atrophy 

was pronounced bilaterally (left > right) in the temporal poles, the lateral and ventral regions 

of the temporal lobe (including the superior, middle and inferior temporal gyri, 

parahippocampal gyri, fusiform gyri), the entorhinal cortex, the hippocampi, the insula and 

the right amygdala [98,99,106–108] (Figure 6). Further, neurodegeneration was observed to 

reach the amygdaloid complex medially, the junctions of the fusiform gyrus and around the 

collateral sulcus posteriorly, and the ventromedial and orbitofrontal cortex anteriorly. A 

meta-analysis identified primarily affected regions in the left subcallosal area, the amygdala 

bilaterally, the inferior portion of the left and right temporal pole, and the left anterior 

superior temporal sulcus and anterior middle temporal gyrus as primarily affected in svPPA 

[100]. Concerning white matter damage, abnormalities are correlated with and even more 

widespread than grey matter volume loss, often preceding atrophy [101,109]. Altered white 

matter portions were found in in the anterior (temporal pole) and inferior temporal area, the 

orbitofrontal, inferior and left dorsolateral frontal areas and in the (medial) anterior temporal 

region, including the insula, amygdala and striatal region [101,102]. Affected regions were 

seen either bilaterally or left-dominant in the (anterior) corpus callosum, the cingulum, the 

corona radiata, the external capsulae [101]. In terms of white matter tracts, either bilateral or 

left-dominant damage to the uncinate, arcuate and the (anterior portion of the) inferior 

longitudinal fasciculus and lesser to the left anterior superior longitudinal fasciculus and the 

genu of the corpus callosum were found to be most sensitive for classifying svPPA in 

comparison with healthy controls and other PPA subtypes [101–103,105,109,110]. With 

reference to the language network, both ventral streams and the temporal portion of the 

dorsal pathway are most affected [105]. 

 

In lvPPA patients’ brains, compared with those of healthy subjects, a mainly left-dominant 

grey matter atrophy pattern including the inferior parietal lobe (left > right angular gyrus, 

left supramarginal gyrus), the posterior part of the left middle temporal gyrus and left 

superior temporal sulcus, precuneus, dorsal posterior cingulate gyrus, left anterior 

hippocampus, and in some studies also in the posterior portion of the inferior frontal gyrus 

were affected [20,98,99] (Figure 6). In more severe disease stages, damage reached the left 

anterior temporal lobe, and further left inferior frontal lobe regions [111]. Agosta et al. [101] 

identified white matter changes in anterior temporal, orbital (bilateral), inferior and 

dorsolateral frontal, and inferior parietal regions. Also, damage was seen mostly in the left-

sided (anterior) corpus callosum (left > right), (anterior and posterior) cingulum, corona 
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radiata (left > right), external capsulae, and fornix. In comparison with both other PPA 

variants, logopenic patients show the least white matter damage [105]. Changes in white 

matter tracts were most prominent in the left temporoparietal region of the superior 

longitudinal fasciculus, and to a much lesser degree in pathways of the dorsal network 

including the left arcuate fasciculus as well as the left frontoangular-, left 

frontosupramarginal- and right temporoparietal superior longitudinal fasciculus and left 

middle inferior longitudinal fasciculus [105].  

 

Imaging biomarkers can be especially valuable when tracking disease progression as they 

serve as objective indicators and may improve identification of symptomatic changes when 

clinical phenotypes blur. Due to well-established quantification measures, volumetric 

evaluation of structural MRI images is especially feasible to quantify pathological changes 

in the brain.  

 

1.2.5.2 Longitudinal atrophy progression in primary progressive aphasia 

Although there is good evidence of specific focal atrophy patterns for each subtype, there is 

only limited data available concerning longitudinal MRI volumetry as an objective 

parameter to monitor disease progression and for successive calculation of sample size 

numbers for therapeutic trials up to now. Prior studies addressing atrophy rates in PPA are 

summarized here (for details see Table 1): Chan et al.[112] compared whole brain volume 

(WBV) and distinct quadrants between healthy controls and a “temporal FTD” group  (mixed 

nfvPPA and svPPA) over the course of one year. Significant changes manifested in all parts, 

whereby atrophy rates between hemispheres reached significance only in anterior parts (left 

> right). Knopman et al. [113] reported a group-wise annualized change in WBV of -1.62 % 

(±1.03) and in ventricular volume (VV) of +11.6 % (±5.9) across patient groups (nfvPPA 

and svPPA). Frings et al. [114] conducted a study with nfv- and svPPA patients and 

compared grey matter (GM) atrophy rates in the frontal and temporal lobe with up to five 

repeated MRI scans once every six months. Already at baseline, whole brain and lobar 

volumes were significantly reduced in nfvPPA, whereas in svPPA only temporal volumes 

were decreased in comparison with healthy controls. Lobar atrophy rates exceeded those of 

WBV. Both WBV and lobar GM volume loss decreased steadily over time. In svPPA, a 

significant asymmetry of volume loss (left > right) appeared. Asymmetric progression (left 

> right) was confirmed by Rogalski et al. [92] who studied progression of cortical volume 

loss in nfvPPA, svPPA, lvPPA patients over two years. Besides the observation that rates of 

atrophy were especially high for the svPPA group in comparison with nfvPPA and lvPPA, 

all groups showed a more convergent distribution of cortical atrophy that remained 

distinctively left-lateralized over time. Rohrer et al. [115] stated that the increasing cerebral 

asymmetry would further progress with time due to a disproportionate increase in left 

hemispheric atrophy instead of a global fixed rate atrophy. Depending on the PPA subtype, 

lobes would atrophy at different rates (svPPA: temporal > frontal > parietal > occipital; 

nfvPPA: frontal > temporal/parietal > occipital). The increasing left-right-hemisphere ratio 

would indicate that “atrophy spread occurs mainly via an intrahemispheric network of 

connected brain regions, rather than interhemispherically” and thus within a language 

network [116]. In contrast, Lu et al. [117] compared nfvPPA with svPPA and described a   
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Table 1. Literature review: Rates of annual GM atrophy progression in % 

 

Note: * only most significant atrophy rates are reported; † approximate percent change based on descriptive 

presentation of results; †† approximate mean percent change based on absolute volume indications. 

Abbreviations: BSI, Boundary shift integral method; CON, healthy controls; FL, frontal lobe; lvPPA, 

logopenic variant primary progressive aphasia; N, sample size; N/A, not available; nfvPPA, non-fluent 

variant of primary progressive aphasia; OL, occipital lobe; PL, parietal lobe; PSTC, Perisylvian temporal 

cortex; svPPA, semantic variant of primary progressive aphasia; TL, temporal lobe; VV, ventricular volume; 

WBV, whole brain volume 

 

Study Details Duration nfvPPA svPPA lvPPA 

Chan et al. (2001) 

 

1.5 

Tesla 

1 year 1                         12 

-3.6 (±1.8) 
-2.6 (±1.3) 

-2.1 (±1.1) 

-1.5 (±1.1) 

 

N/A 
N/A 

N/A 

N/A 

Rohrer et al. 

(2008) 

 

1.5 

Tesla 

1 year  

N/A 

21 

-2.5 (±1.5) 

 

N/A 

Knopmann et al. 
(2009) 

 

1.5 
Tesla 

1 year 17 
-1.6 (±0.89) 

+11.0 (±4.4) 

16 
-1.7 (±1.0) 

+13.2 (±5.4) 

9 
-2.1 (±1.0) 

+14.8 (±5.6) 

Fjell et al. (2009)* 
 

 

1.5 
Tesla 

1-2 years  
 

 

 
N/A 

N/A 

N/A 

 

N/A 

N/A 
N/A 

N/A 

N/A 
N/A 

 
 

 

 
N/A 

N/A 

N/A 

 

N/A 

N/A 
N/A 

N/A 

N/A 
N/A 

 
 

 

 
N/A 

N/A 

N/A 

 

N/A 

N/A 
N/A 

N/A 

N/A 
N/A 

Gordon et al. 

(2010) 

1.5 

Tesla 

1 year 10 

-2.9 (±0.9) 

11 

-2.6 (±1.6) 

 

N/A 

Krueger et al. 
(2010) 

 

1.5 
Tesla 

1 year  
N/A 

N/A 

N/A 
N/A 

N/A 

N/A 

20 
-3.2 (±2.9) 

-2.4 (±2.5) 

-5.9 (±3.0) 
-4.8 (±2.9) 

-2.2 (±1.8) 

-1.7 (±1.9) 

 
N/A 

N/A 

N/A 
N/A 

N/A 

N/A 

Rogalski et al. 

(2011) 

3 

Tesla 

2 years 3 

-6.6 (±2.5) 

4 

-9.2 (±2.8) 

6 

-7.1 (±2.2) 

Rohrer et al. 
(2012) 

 

1.5 
Tesla 

~1 year 18 
-2.6 (±1.2) 

-4.3 (±1.6) 

-3.4 (±2.0) 
-5.7 (±2.8) 

-4.5 (±2.3) 

-5.3 (±3.6) 

-3.4 (±3.5) 

-4.3 (±2.3) 

-3.5 (±3.2) 
-1.0 (±3.0) 

-1.2 (±3.8) 

17 
-2.5 (±1.5) 

-4.2 (±3.2) 

-3.1(±2.8) 
-4.3 (±2.0) 

-2.8 (±2.5) 

-7.1 (±2.3) 

-6.6 (±2.9) 

-3.5 (±2.9) 

-2.0 (±2.9) 
-1.8 (±3.1) 

-1.3 (±2.9) 

 
N/A 

N/A 

N/A 
N/A 

N/A 

N/A 

N/A 

N/A 

N/A 
N/A 

N/A 

Frings et al. 

(2012) 
  

3 

Tesla 

6 months 

to 3 years 

4 

-1.94 (±0.74) 
-2.75 (±1.25) 

-2.46 (±1.52) 

-3.06 (±1.15) 
-3.42 (±3.65) 

7 

-2.04 (±1.52) 
-4.41 (±2.07) 

-3.38 (±3.24) 

-2.74 (±2.25) 
-2.54 (±2.27) 

 

N/A 
N/A 

N/A 

N/A 
N/A 

Rohrer et al. 

(2013) 
 

1.5 

Tesla 

1 year  

N/A 
N/A 

N/A 

 

N/A 
N/A 

N/A 

21 

-2.0 (±0.9) 
-2.3 (±1.8) 

-1.6 (±1.4) 

Rogalski et al. 

(2014) 

3 

Tesla 

2 years 10 

-7.5 
-4.5 

-8.5 

-5 

8 

-8.5 
-6.2 

-12.4 

-10 

8 

-9.7 
-7.1 

-11.8 

-8.5 

Staffaroni et al. 

(2019) 

3 

Tesla 

1-4 years 39 

-3.0 

-4.1 
-1.9 

-2.8 

34 

-3.9 

-4.3 
-5.6 

-5.5 

 

N/A 

N/A 
N/A 

N/A 

 

Study Details Duration Methodology Regions CON nfvPPA svPPA lvPPA 

Chan et al. (2001) 

 

1.5 

Tesla 

1 year BSI N 

Left anterior 
Right anterior 

Left posterior 

Right posterior 

27 

-0.3 (±0.8) 
-0.2 (±0.7) 

-0.5 (±0.7) 

-0.4 (±0.5) 

1                         12 

-3.6 (±1.8) 
-2.6 (±1.3) 

-2.1 (±1.1) 

-1.5 (±1.1) 

 

N/A 
N/A 

N/A 

N/A 

Rohrer et al. 

(2008) 

 

1.5 

Tesla 

1 year Semi-automated 

technique of brain 

segmentation + BSI 

N 

WBV 

20 

-0.4 (±0.4) 

 

N/A 

21 

-2.5 (±1.5) 

 

N/A 

Knopmann et al. 
(2009) 

 

1.5 
Tesla 

1 year BSI N 
WBV 

VL 

 
N/A 

N/A 

17 
-1.6 (±0.89) 

+11.0 (±4.4) 

16 
-1.7 (±1.0) 

+13.2 (±5.4) 

9 
-2.1 (±1.0) 

+14.8 (±5.6) 

Fjell et al. (2009)* 
 

 

1.5 
Tesla 

1-2 years Linear elasticity 
method (tensor-

based 

morphometry) 

 
 

N 

Volumetric ROIs 
Hippocampus 

Amygdala 

Thalamus 

Surface ROIs 

Frontal pole 

Temporal pole 
Entorhinal cortex 

Superior temporal sulcus 

Middle temporal gyrus 
Inferior temporal gyrus 

Follow-up  
1-year    2-year 

142         89 

 
 -0.84        -1.76 

-0.81         -2.02 

-0.69         -1.42 

 

-0.59         -1.30 

-0.56         -1.17 
-0.55         -1.20 

-0.55         -1.32 

-0.47         -1.25 
-0.47         -1.18  

 
 

 

 
N/A 

N/A 

N/A 

 

N/A 

N/A 
N/A 

N/A 

N/A 
N/A 

 
 

 

 
N/A 

N/A 

N/A 

 

N/A 

N/A 
N/A 

N/A 

N/A 
N/A 

 
 

 

 
N/A 

N/A 

N/A 

 

N/A 

N/A 
N/A 

N/A 

N/A 
N/A 

Gordon et al. 

(2010) 

1.5 

Tesla 

1 year BSI N 

WBV 

24 

-0.1 (±0.5) 

10 

-2.9 (±0.9) 

11 

-2.6 (±1.6) 

 

N/A 

Krueger et al. 
(2010) 

 

1.5 
Tesla 

1 year Automated and 
manual technique 

(BRAINS2 

software package) 

N 
Left FL 

Right FL 

Left TL 
Right TL 

Left PL 

Right PL 

23 
-1.3 (±3.1) 

-0.8 (±2.8) 

-0.7 (±2.1) 
-0.9 (±2.1) 

-0.0 (±2.3) 

-0.0 (±2.6) 

 
N/A 

N/A 

N/A 
N/A 

N/A 

N/A 

20 
-3.2 (±2.9) 

-2.4 (±2.5) 

-5.9 (±3.0) 
-4.8 (±2.9) 

-2.2 (±1.8) 

-1.7 (±1.9) 

 
N/A 

N/A 

N/A 
N/A 

N/A 

N/A 

Rogalski et al. 

(2011) 

3 

Tesla 

2 years Freesurfer N 

Cortical volume 

27 

N/A 

3 

-6.6 (±2.5) 

4 

-9.2 (±2.8) 

6 

-7.1 (±2.2) 

Rohrer et al. 
(2012) 

 

1.5 
Tesla 

~1 year Semi-automated 
technique of brain 

segmentation + BSI 

N 
WBV 

Left Hemisphere 

Right Hemisphere 
Left FL 

Right FL 

Left TL 

Right TL 

Left OL 

Right OL 
Left PL 

Right PL 

14 
-0.4 (±0.4) 

-0.2 (±1.0) 

+0.1 (±1.0) 
-0.8 (±1.4) 

-0.7 (±1.6) 

-0.5 (±1.4) 

-0.8 (±1.0) 

-0.5 (±1.5) 

-0.2 (±1.1) 
+0.2 (±2.9) 

-0.4 (±3.5) 

18 
-2.6 (±1.2) 

-4.3 (±1.6) 

-3.4 (±2.0) 
-5.7 (±2.8) 

-4.5 (±2.3) 

-5.3 (±3.6) 

-3.4 (±3.5) 

-4.3 (±2.3) 

-3.5 (±3.2) 
-1.0 (±3.0) 

-1.2 (±3.8) 

17 
-2.5 (±1.5) 

-4.2 (±3.2) 

-3.1(±2.8) 
-4.3 (±2.0) 

-2.8 (±2.5) 

-7.1 (±2.3) 

-6.6 (±2.9) 

-3.5 (±2.9) 

-2.0 (±2.9) 
-1.8 (±3.1) 

-1.3 (±2.9) 

 
N/A 

N/A 

N/A 
N/A 

N/A 

N/A 

N/A 

N/A 

N/A 
N/A 

N/A 

Frings et al. 

(2012) 
  

3 

Tesla 

6 months 

to 3 years 

Automated ABV N 

WBV 
Left TL 

Right TL 

Left FL 
Right FL 

 

N/A 
N/A 

N/A 

N/A 
N/A 

4 

-1.94 (±0.74) 
-2.75 (±1.25) 

-2.46 (±1.52) 

-3.06 (±1.15) 
-3.42 (±3.65) 

7 

-2.04 (±1.52) 
-4.41 (±2.07) 

-3.38 (±3.24) 

-2.74 (±2.25) 
-2.54 (±2.27) 

 

N/A 
N/A 

N/A 

N/A 
N/A 

Rohrer et al. 

(2013) 
 

1.5 

Tesla 

1 year Semi-automated 

technique of brain 
segmentation + BSI 

N 

WBV 
Left Hemisphere 

Right Hemisphere 

20 

-0.3 (±0.4) 
-0.3 (±0.9) 

0.0 (±0.9) 

 

N/A 
N/A 

N/A 

 

N/A 
N/A 

N/A 

21 

-2.0 (±0.9) 
-2.3 (±1.8) 

-1.6 (±1.4) 

Rogalski et al. 

(2014) 

3 

Tesla 

2 years Freesurfer N 

Whole cortex left† 
Whole cortex right† 

PSTC left† 

PSTC right† 

35 

N/A 
N/A 

N/A 

N/A 

10 

-7.5 
-4.5 

-8.5 

-5 

8 

-8.5 
-6.2 

-12.4 

-10 

8 

-9.7 
-7.1 

-11.8 

-8.5 

Staffaroni et al. 

(2019) 

3 

Tesla 

1-4 years ABV N 

Right frontal composite†† 

Left frontal composite†† 
Right temporal composite†† 

Left temporal composite†† 

137 

-0.6 

-0.6 
-0.6 

-0.6 

39 

-3.0 

-4.1 
-1.9 

-2.8 

34 

-3.9 

-4.3 
-5.6 

-5.5 

 

N/A 

N/A 
N/A 

N/A 

 

Study Details Duration nfvPPA svPPA lvPPA 

Chan et al. (2001) 

 

1.5 

Tesla 

1 year 1                         12 

-3.6 (±1.8) 
-2.6 (±1.3) 

-2.1 (±1.1) 

-1.5 (±1.1) 

 

N/A 
N/A 

N/A 

N/A 

Rohrer et al. 

(2008) 

 

1.5 

Tesla 

1 year  

N/A 

21 

-2.5 (±1.5) 

 

N/A 

Knopmann et al. 
(2009) 

 

1.5 
Tesla 

1 year 17 
-1.6 (±0.89) 

+11.0 (±4.4) 

16 
-1.7 (±1.0) 

+13.2 (±5.4) 

9 
-2.1 (±1.0) 

+14.8 (±5.6) 

Fjell et al. (2009)* 
 

 

1.5 
Tesla 

1-2 years  
 

 

 
N/A 

N/A 

N/A 

 

N/A 

N/A 
N/A 

N/A 

N/A 
N/A 

 
 

 

 
N/A 

N/A 

N/A 

 

N/A 

N/A 
N/A 

N/A 

N/A 
N/A 

 
 

 

 
N/A 

N/A 

N/A 

 

N/A 

N/A 
N/A 

N/A 

N/A 
N/A 

Gordon et al. 

(2010) 

1.5 

Tesla 

1 year 10 

-2.9 (±0.9) 

11 

-2.6 (±1.6) 

 

N/A 

Krueger et al. 
(2010) 

 

1.5 
Tesla 

1 year  
N/A 

N/A 

N/A 
N/A 

N/A 

N/A 

20 
-3.2 (±2.9) 

-2.4 (±2.5) 

-5.9 (±3.0) 
-4.8 (±2.9) 

-2.2 (±1.8) 

-1.7 (±1.9) 

 
N/A 

N/A 

N/A 
N/A 

N/A 

N/A 

Rogalski et al. 

(2011) 

3 

Tesla 

2 years 3 

-6.6 (±2.5) 

4 

-9.2 (±2.8) 

6 

-7.1 (±2.2) 

Rohrer et al. 
(2012) 

 

1.5 
Tesla 

~1 year 18 
-2.6 (±1.2) 

-4.3 (±1.6) 

-3.4 (±2.0) 
-5.7 (±2.8) 

-4.5 (±2.3) 

-5.3 (±3.6) 

-3.4 (±3.5) 

-4.3 (±2.3) 

-3.5 (±3.2) 
-1.0 (±3.0) 

-1.2 (±3.8) 

17 
-2.5 (±1.5) 

-4.2 (±3.2) 

-3.1(±2.8) 
-4.3 (±2.0) 

-2.8 (±2.5) 

-7.1 (±2.3) 

-6.6 (±2.9) 

-3.5 (±2.9) 

-2.0 (±2.9) 
-1.8 (±3.1) 

-1.3 (±2.9) 

 
N/A 

N/A 

N/A 
N/A 

N/A 

N/A 

N/A 

N/A 

N/A 
N/A 

N/A 

Frings et al. 

(2012) 
  

3 

Tesla 

6 months 

to 3 years 

4 

-1.94 (±0.74) 
-2.75 (±1.25) 

-2.46 (±1.52) 

-3.06 (±1.15) 
-3.42 (±3.65) 

7 

-2.04 (±1.52) 
-4.41 (±2.07) 

-3.38 (±3.24) 

-2.74 (±2.25) 
-2.54 (±2.27) 

 

N/A 
N/A 

N/A 

N/A 
N/A 

Rohrer et al. 

(2013) 
 

1.5 

Tesla 

1 year  

N/A 
N/A 

N/A 

 

N/A 
N/A 

N/A 

21 

-2.0 (±0.9) 
-2.3 (±1.8) 

-1.6 (±1.4) 

Rogalski et al. 

(2014) 

3 

Tesla 

2 years 10 

-7.5 
-4.5 

-8.5 

-5 

8 

-8.5 
-6.2 

-12.4 

-10 

8 

-9.7 
-7.1 

-11.8 

-8.5 

Staffaroni et al. 

(2019) 

3 

Tesla 

1-4 years 39 

-3.0 

-4.1 
-1.9 

-2.8 

34 

-3.9 

-4.3 
-5.6 

-5.5 

 

N/A 

N/A 
N/A 

N/A 
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much more extensive atrophy rate in nfvPPA across frontal, temporal and parietal regions, 

while Whitwell, Anderson, Scahill, Rossor and Fox [118] compared healthy controls, 

nfvPPA and svPPA, and observed significantly increased rates of atrophy only in svPPA.  

  

In nfvPPA, specifically, longitudinal GM change (left > right) over the course of one year 

was seen throughout dorsolateral and medial frontal lobe (inferior frontal gyrus, pars 

triangularis, rolandic operculum) as well as supplementary motor area, premotor and motor 

cortices, superior lateral and medial temporal regions (anterior fusiform gyrus), insula, 

inferior and medial parietal lobes, bilaterally in the middle cingulate cortex, left brainstem, 

cerebellum, and in subcortical regions (hippocampus and amygdala, thalamus, striatum) 

compared with healthy controls [119–121]. Over a period of two years, significant extension 

were detected in the left perisylvian cortex, anterior temporal regions, and frontal and 

parietal areas [99].  

 

Disease manifestation and progression in svPPA can either be (more often) left-dominant or 

right-dominant and was addressed by Brambati et al. [122]: The predominantly left temporal 

lobe variant “corresponds to the classic description of SD” (p. 103) while the predominantly 

right temporal lobe variant more often showed behavioral and less often language 

impairments. In comparison with healthy controls, each form displayed a typical and almost 

similar atrophy pattern at baseline including the corresponding left/right temporal pole, 

(superior), middle and inferior temporal and fusiform gyrus, and insula. Contralaterally, the 

parahippocampal, fusiform and inferior temporal gyri were affected. However, volume of 

the hippocampus/amygdala complex was decreased in the left dominant variant bilaterally 

and in the right dominant variant only on the left side. Within one year, progression of grey 

matter loss continued to be localized on each dominantly affected side, with the left variant 

resulting in broader extensions to the anterior insula, the right thalamus and bilateral 

ventromedial frontal cortex. Astonishingly, however, in each case the contralateral temporal 

lobe atrophied in a similar way to the primarily affected side and displayed cortical loss in 

the pole, (middle), inferior temporal and fusiform gyrus and in the hippocampus/amygdala. 

Due to later-appearing language deficits in right dominant variant, those patients were likely 

detected later in their disease progression. Likewise, Rohrer et al. [123] studied a group of 

left temporal svPPA patients in comparison with healthy controls and calculated that the 

right temporal lobe and hippocampus lost volume more quickly than the originally affected 

hemisphere after one year. In another study, a group of (unspecified) svPPA patients was 

compared with healthy controls and showed the highest volume changes in the temporal lobe 

bilaterally [124]. Rates of atrophy proved to be disease-specific and were greater in regions 

that were already smallest at baseline. Moreover, longitudinal GM loss was found bilaterally 

in the temporal lobes (superior, middle, inferior temporal gyri, fusiform gyrus, temporal 

pole, parahippocampal gyrus) and the basal ganglia (bilateral putamen, left pallidum, right 

thalamus), left frontal lobe (medial orbital gyrus, superior medial frontal gyrus, anterior 

cingulate) and bilateral insula [121]. Over the course of two years, a peak of bilateral 

temporal atrophy with a left-sided dominance and extension to more posterior parts like the 

temporoparietal region was detected [99] .  

Looking at only the logopenic variant, Rohrer et al. [116] described an annual whole-brain 
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volume loss of about 2.9% (±0.9) in comparison with healthy controls and saw a dominantly 

left-hemispheric atrophy with increasing asymmetry as disease progressed. With time, 

variant specific regional peak sites of grey matter loss that included the left posterior 

temporal lobe (superior and middle temporal gyri), the inferior parietal lobe and the medial 

temporal lobe extended to the posterior cingulate bilaterally and to the anterior and medial 

temporal lobe and the left caudate, insula and frontal regions. After one year of follow-up, 

atrophy in the right hemisphere reflected those regions that were initially affected in the left 

hemisphere in lvPPA. In a region of interest (ROI) analysis, lvPPA patients showed less 

volume decrease than both other variants. However, GM atrophy rates were highest 

bilaterally in anterior portion of the left superior temporal gyrus, left inferior temporal and 

fusiform gyrus and left hippocampus [121]. Within two years of follow-up, atrophy 

progression was widespread reaching the left temporal lobe and temporoparietal junction, 

and at and around the right perisylvian region [99]. 

 

As a comparison, an annual whole brain volume loss of about 0.5% is expected in healthy 

aging elderly (age 59 to 95) (e. g. [123,124]). In their study, Fotenos et al. [125] found whole 

brain volume differences starting at age 30 and delayed white matter loss compared with 

grey matter atrophy. In contrast, Resnick et al. [126] reported no differences in magnitude 

between white and grey matter loss (over a period of four years) but instead a disparity 

between regions, with frontal and parietal lobe volumes decreasing more than those of 

temporal and occipital lobes. More specifically, Fjell et al. [127] measured an annual cortex 

volume atrophy rate of 0.5% in prefrontal and temporal regions in healthy ageing subjects 

and stated that atrophy further accumulated with increasing age. Most notably, the frontal 

and temporal poles, the superior temporal sulcus, and the entorhinal cortex on the surface, 

and the hippocampus, amygdala and thalamus subcortically were affected. After two years 

of follow-up, atrophy rates in healthy elderly exceeded 1.0% in the same regions. 

 

Quantifying longitudinal white matter decrease in PPA using structural assessments is rare. 

In healthy controls, Resnick et al. [126] reported absolute atrophy rates for longitudinal 

volume tracking and showed higher white than gray matter decrease in all cortical lobes, 

with greater age-related vulnerability in frontal and parietal regions compared with the 

temporal and occipital lobes. In this study, white matter decrease appeared overall more 

widespread compared with gray matter atrophy. Concerning PPA, longitudinal white matter 

changes were traced in several studies; however, diffusivity changes or “white matter 

damage” were tracked rather than volumetric quantification. In nfvPPA, spreading white 

matter pathology was reported most prominently in the left orbitofrontal, inferior frontal, 

anterior temporal, inferior parietal, and single occipital WM regions and in the brainstem 

[101,128]. Interestingly, increasing affection in the right compared with the left hemisphere 

was observed. In svPPA, WM decrease occurred asymmetrically (left > right) and was 

focally restricted involving anterior and inferior temporal WM and dorsolateral, inferior and 

orbitofrontal regions with a marked left predominance [101,128,129]. Patterns of white 

matter damage in lvPPA affected left orbital, dorsolateral and inferior frontal areas, inferior 

parietal portions, as well as regions in the temporoparietal junction and in the temporal lobe 

[101]. In comparison with both other variants, lvPPA displayed the least white matter 
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damage and also diffuse and multi-centric WM changes with a less stereotyped pattern of 

progression [105,129].  

 

Although volumetric analyses of structural MRI enable the quantification of gray and white 

matter, no study to date has reported volumetric atrophy rates of white matter decrease in 

PPA. This might be because white matter is most often understood and examined in terms 

of connecting white matter tracts that provide insights into pathological spreading in vivo. 

Nevertheless, the missing volumetric quantification is surprising with regard to previous 

findings: Although some studies suggest white matter alterations as a consequence of 

cortical degeneration [103] and although white matter changes seem to mirror patterns of 

grey matter volume loss in early stages of the disease, studies traced an uncoupling of both 

measures in terms of extended white matter changes and overall divergent patterns of 

atrophy in later stages [101,102,130]. 

 

In sum, few studies to date have used MRI as meaningful follow-up parameter to monitor 

and assess disease progression. Studies mentioned above did not examine all three variants 

of PPA, provided only small sample sizes, relied in their analyses on different methods, did 

not establish a comparable group of healthy controls that were examined over time, did 

analyses based on a priori defined regions-of-interest, did not differentiate between groups 

or brain regions, or did not do follow-up measurements over a longer period of time. In 

addition, critical requirements for clinical trials such as reliable indications for sample size, 

study duration, suitable longitudinal outcome measures (global, cognitive, functional and 

behavioral), and biomarkers (imaging and possibly CSF) that were enumerated by Knopman 

et al. [131] have not yet been adequately evaluated. Evidence-based criteria are going to be 

suggested in the present study. In order to assess structural MRI data by examining brain 

atrophy evidence-based and without a priori defined regions of interest to monitor disease 

progression the following questions were posed: 

 

1. Do PPA subtypes present with disease-specific atrophy patterns that differ from 

healthy controls at baseline? 

2. How does the amount and location of atrophy for each variant change after one year 

and two years of follow-up?  

3. For each variant, what are most useful regions per variant to assess disease 

progression and potential disease modifying therapies (therapeutic approaches)? 

4. How many subjects are necessary to adequately evaluate therapeutic trials? How long 

should a clinical trial last in order to effectively identify a treatment effect? 
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2. MATERIAL AND METHODS 

2.1 Materials 

Below, both the deduction of the study sample and the composition of the study protocol are 

described in detail. The results of this project have been published elsewhere [132]. This 

study has been supported by the German Consortium for Frontotemporal Lobar 

Degeneration, funded by the German Federal Ministry of Education and Research (BMBF; 

grant no. FKZ01GI1007A). The study was approved by the local Ethics Committees 

(proposal number at the central study center at University of Ulm, 39/11, 8 March 2011). 

 

2.1.1 Subjects 

Patients were recruited from the German FTLD consortium [133] (www.ftld.de) that was 

founded in 2010 and currently comprises 15 research sites within Germany. With data-lock 

in 2018, n=269 participants 

(CON n=76; nfvPPA=85; svPPA 

n=70; lvPPA n=45) with at least 

one and up to four consecutive 

visits with MRI scan were 

included [132]. Subjects were 

either healthy controls or had a 

PPA variant diagnosed according 

to the valid criteria [17]. 

Unclassified cases or mixed 

variants were already excluded 

from the initial sample. After 

exclusion of inchoate data, 

imaging artifacts, and 

demographics outliers, n=94 

subjects (CON n=24, nfvPPA n=29, svPPA n=22, lvPPA n=19) finished two complete, 

consecutive measurements including baseline (V1) and the 1-year follow-up visit (V2). Of 

those, n=42 participants (CON n=9, nfvPPA n=15, svPPA n=10, lvPPA n=8) completed a 

2-year follow-up examination (V3). To increase sample size for longitudinal disease 

tracking, a further n=12 subjects (CON n=3, nfvPPA=3, svPPA n=5, lvPPA n=1) were 

considered that passed the baseline (V1) and the 2-year follow-up visit (V3) but did not have 

the V2 examination. In sum, a total of n=106 subjects and their cognitive, clinical and 

volumetric data from at least baseline (V1) and one or two follow-up times (V2 and/or V3) 

were included in the present study. In total, n=254 visits were analyzed (see Figure 7). Data 

were collected from ten German sites (Bonn, Erlangen, Göttingen, Hamburg, 

Homburg/Saar, Leipzig, Munich, Rostock, Ulm, Würzburg) between the years 2011 to 2018. 

Data subsets have been used in previous studies [134,135]. Every participant or his/her legal 

representative signed written informed consent. On-site monitoring was conducted regularly 

for all patient data.  

 

Figure 7. Composition of study visits for the present sample. Data 

derived from the German FTLD consortium from 2011 to 2018. 
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2.1.2 Genetic testing 

Genetic testing for most causative gene mutations in FTLD (C9orf72, MAPT, GRN, TBK1) 

was conducted for diagnostic purposes at the first visit, if possible. A specifically trained 

genetic counsellor performed the information, consent and outcome consultation with each 

patient and his/her legal representative. 

 

2.1.3 Neuropsychological assessment 

Besides a neurological examination, each study visit included an extensive 

neuropsychological protocol exploring memory, language, executive functions, attention, 

and visuospatial abilities (see Table 2). The balanced PPA sum score [134] was calculated 

to serve as a global indicator for each patient’s language abilities. Therefore, the assessment 

tasks including the verbal fluency, the Boston Naming Test, the digit span forward and 

backward, the Aachen Aphasia Test, the Token Test, and the Cookie Theft Test were 

adjusted and summarized (for details see [134]). In the further analyses, only an extract of 

tests (that were most important in relation to PPA) were considered.  

 

Table 2. Neuropsychological protocol for each FTLD consortium study visit. 

Neuropsychological Test  Domain Ability 

CERAD-plus battery [136] 

- Mini Mental Status Exam (MMSE) [137]  

- Semantic and phonemic word fluency 

- Boston Naming Test (15-item short 

version) 

- Word List Learning 

- Constructional Praxis 

- Word List Recall 

- Word List Recognition 

- Constructional Praxis Recall 

- Trail Making Test A (TMT-A) 

- Trail Making Test B (TMT-B) 

  

Dementia Screening 

Language 

Language 

 

Memory 

Visuospatial abilities 

Memory 

Memory 

Memory 

Executive Functions 

Executive Functions 

 

 

- Word fluency, semantic knowledge 

- Naming  

 

- Verbal learning 

- Constructional learning 

- Verbal recall 

- Verbal recognition 

- Nonverbal recall 

- Information processing speed 

- Cognitive flexibility 

Digit- and block span [138]  Memory Short-term and working memory (verbal 

and nonverbal) 

Boston Diagnostic Aphasia Examination [139] 

- Cookie Theft Picture subtest 

 Language  

 

- Spontaneous speech production 

Subtests of the German Aachen Aphasia Test 

(AAT) [140] 

- Spontaneous speech 

- Token Test 

- Written language subtest  

 Language 

 

 

 

- Linguistic profiling 

- Sentence comprehension 

- Reading and writing abilities 

Repeat and Point Test [141]  Language Word repetition, semantic knowledge 

Stroop-Test (adapted version from the 

European Huntington’s Disease Network) 

[142] 

 Executive Functions Interference resolution 

Hamasch-Five-Point Test (H5PT-R) [143]  Executive Functions Figural fluency 

Cognitive Estimation Test (CET) (adapted 

German version „Test zum kognitiven 

Schätzen“) [144] 

 Executive Functions Problem solving, cognitive estimation 

Applause-sign [145]  Executive Functions Motor control 

Reading the mind in the eyes Test (RMET) 

(FTLD consortium adapted version) [146] 

 Social cognition Social sensitivity 
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2.1.4 Clinical rating scales 

At each visit, a trained rater conducted the Frontotemporal specific Clinical Dementia Rating 

Scale (FTLD-CDR) [147] that includes the widely used Clinical Dementia Rating Scale 

(CDR) [148] and two additional subscales (behavior and language) to assess the severity of 

dementia in FTLD or PPA, specifically, in the most sensitive manner. Therefore, both the 

patient and the caregiver answered questions regarding functionality and independence in 

daily routine. With a maximum sum-of-boxes score of 24, a mild dementia is defined as 

scores from 4.5 to 9 points, whereas medium to severe dementia is defined as scores above 

9 points. 

 

2.1.5 Questionnaires 

If possible, daily life competences were assessed with questionnaires providing both a 

version for patients (-p) and for legal representatives or caregivers (-c) who could judge the 

subject’s every day function. The Apathy Evaluation Scale (Apathy-p/-c) [149], the BAYER 

Activities of daily living scale (BAYER ADL-p/ -c) [150], and the Frontal Systems 

Behavioural Scale Revised (FrsBE-p/ -c) [151] were handed out. Both versions asked the 

similar questions to allow calibration of self- and outside perception. 

 

2.1.6 Neurochemical markers 

At the baseline visit, cerebrospinal fluid (CSF) was obtained to determine tau, 

phosphorylated tau (p-tau), Abeta (Aβ1-40 and Aβ1-42), and neurofilament heavy chain levels 

(pNF-H) [132]. Blood samples were collected at each visit to assess and track neurofilament 

light chain levels (NF-L) [135]. 

 

2.1.7 Imaging data  

All imaging data were collected in accordance with the Standard Operating Procedures 

(SOPs, listed below) of the FTLD consortium. PET data primarily served diagnostic 

purposes. MRI data were analyzed in terms of atlas-based volumetry for this project, 

specifically.  

 

2.1.7.1 Data acquisition 

For diagnostic purposes, patients received an FDG- and amyloid-PET at baseline visit, if 

available [132]. A 3 Tesla magnetic resonance imaging (MRI) scan was conducted at 

baseline and every year of follow-up (layer thickness: 1mm, repetition time: 2300ms, echo 

time: 3.0ms, inversion time: 900ms, voxel x/y/z: 1mm/1mm/1mm). Magnetic resonance 

imaging was conducted in compatibility with the Alzheimer’s Disease Neuroimaging 

Initiative (ADNI)-2 protocol. According to the SOPs, MRI scanners had regular quality 

assessments to ensure data compatibility between study centers by means of regular 

phantom-based monitoring of scanner performance on each site including (i) gradient 

calibration, (ii) residual nonlinearity after 3D distortion (i.e., “gradwarp”) correction, (iii) 

signal to noise ratio (SNR), and (iv) contrast.  
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2.1.7.2 Data preprocessing 

In preparation, each MRI scan was anonymized for privacy protection. Then, the T1-

weighted magnetization-prepared gradient echo image (MPRAGE) sequence of each 3 Tesla 

MRI was converted from digital imaging and communication in medicine (DICOM) format 

into Neuroimaging Informatics Technology Initiative (NIfTI) file format with the help of the 

MRIConvert program (version 2.0 rev. 235, Lewis Center for Neuroimaging, University of 

Oregon; http://lcni.uoregon.edu) and was controlled for artifacts in terms of a thorough 

quality control by sight [132]. 

 

2.1.7.3 Atlas-based volumetry 

MR imaging data were processed with atlas-based volumetry (ABV) (see [152]), a fully-

automated, investigator-independent method for volumetric analysis of structural MR 

images. Converted data were processed with the Statistical Parametric Mapping 12 (SPM12) 

software (Wellcome Trust Centre for Neuroimaging, London, UK, 

www.fil.ion.ucl.ac.uk/spm) using a fully automated MATLAB script (R2019b, The 

Mathworks, USA) [132]. In short, the standardized procedure included (1) segmentation, (2) 

Figure 8. Image processing and volume determination shown exemplarily for the frontal lobe gray matter: (1) 

Unified segmentation of SPM12 (i. e. normalization, segmentation, and intensity correction) is performed on a 

T1-weighted volume data set. (2) A binary frontal lobe mask is derived from the LONI Probabilistic Brain Atlas 

(LPBA40) by setting all voxels of the maximum likelihood map belonging to the frontal lobe to a value of “one” 

while all other voxels are set to zero. (3) The modulated gray matter image resulting from unified segmentation 

is multiplied with the frontal lobe mask. This results in a modulated image of the individual frontal lobe gray 

matter. Because of modulation of the gray matter image, the effect of normalization (i. e., extension or shrinkage 

of the investigated structure) is compensated for so that the computed volume represents the volume of the 

original structure in native space. The analysis is fully automated and requires about 1 hour per MRI scan on an 

AMD Opteron 2.0 GHz PC. Reprinted by permission of John Wiley and Sons: Frings et al. (2012). Quantifying 

change in individual subjects affected by frontotemporal lobar degeneration using automated longitudinal MRI 

volumetry. Human Brain Mapping, 33(7), 1526–1535 (p. 1529). Copyright © 2011 Wiley‐Liss, Inc. 
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stereotaxic normalization, and (3) voxel by voxel multiplication and integration of 

modulated brain component images with masks from probabilistic brain atlases (Figure 8). 

In the first step, the 3D T1 input image was segmented into gray matter (GM), white matter 

(WM) and cerebrospinal fluid (CSF) component images using the "unified segmentation" 

algorithm of SPM12 with default parameters. The component images were then transferred 

to Montreal Neurological Institute (MNI) space (i. e. the same space in which the atlases are 

available) by stereotaxic normalization using diffeomorphic anatomical registration through 

exponentiated Lie algebra (DARTEL), a high-dimensional elastic image registration 

technique integrated in SPM12 [153]. The resulting normalized component images are 

‘modulated’ in order to preserve the overall volume in the original native space. In the last 

step, volumetric measures of brain structures were determined by voxel-by-voxel 

multiplication and subsequent integration of normalized and modulated component images 

(GM, WM or CSF) with predefined masks from different brain atlases. Here, the LONI 

Probabilistic Brain Atlas (LPBA40) [154] was chosen that delineates beside the cerebrum, 

cerebral cortex, cerebral subcortex, and the frontal, temporal, parietal and occipital lobes, 56 

detailed regions (50 cortical structures, four subcortical areas, brainstem, and cerebellum) 

(Table 3). Each of those regions (with the exception of the brainstem) was not only measured 

per hemisphere but with the help of the normalized modulated component images within the 

standardized procedure of ABV also with regard to gray and white matter portions. For this 

study the whole brain was examined without predefined regions of interest; all regions were  

analyzed and calculated in cross-sectional and longitudinal models. 

 

Table 3. Brain regions assessed with the LONI Probabilistic Brain Atlas (LPBA40) 

1 Superior frontal gyrus R  20 Supramarginal gyrus L  39 Parahippocampal gyrus R  

2 Superior frontal gyrus L  21 Angular gyrus R  40 Parahippocampal gyrus L  

3 Middle frontal gyrus R  22 Angular gyrus L  41 Lingual gyrus R  

4 Middle frontal gyrus L  23 Precuneus R  42 Lingual gyrus L  

5 Inferior frontal gyrus R  24 Precuneus L  43 Fusiform gyrus R  

6 Inferior frontal gyrus L  25 Superior occipital gyrus R  44 Fusiform gyrus L  

7 Precentral gyrus R  26 Superior occipital gyrus L  45 Cingulate gyrus R  

8 Precentral gyrus L  27 Middle occipital gyrus R  46 Cingulate gyrus L  

9 Middle orbitofrontal gyrus R  28 Middle occipital gyrus L  47 Insula R 

10 Middle orbitofrontal gyrus L  29 Inferior occipital gyrus R  48 Insula L 

11 Lateral orbitofrontal gyrus R  30 Inferior occipital gyrus L  49 Caudate R 

12 Lateral orbitofrontal gyrus L  31 Cuneus R  50 Caudate L 

13 Gyrus rectus R  32 Cuneus L  51 Putamen R 

14 Gyrus rectus L  33 Superior temporal gyrus R  52 Putamen L 

15 Postcentral gyrus R  34 Superior temporal gyrus L  53 Hippocampus and Amygdala R 

16 Postcentral gyrus L  35 Middle temporal gyrus R  54 Hippocampus and Amygdala L 

17 Superior parietal gyrus R  36 Middle temporal gyrus L  55 Cerebellum 

18 Superior parietal gyrus L  37 Inferior temporal gyrus R  56 Brainstem 

19 Supramarginal gyrus R  38 Inferior temporal gyrus L  
  

Abbreviations: L, left; R, right. Lombardi et al. (2021), CC BY-NC 4.0, 

https://creativecommons.org/licenses/by-nc/4.0/ 
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2.3 Statistical methods 

Statistical analyses were performed with IBM SPSS Statistics for Windows, Version 25, and 

R software, Version 3.6.1. For a descriptive analysis of volumetric data, box- and spaghetti 

plots were created with R, to understand brain volume per visit and for each brain region 

over the course of the whole study (on a single subject level). 

 

2.3.1 Cross-sectional analysis of demographics, clinical and cognitive scores 

Normal distribution of nominal variables (sex, handedness) was assessed with a Pearson 

Chi-square test [132]. Normal distribution of demographic information, clinical, and 

cognitive scores were examined with the Shapiro-Wilk Test for metrical data or 

Kolmogorov-Smirnoff Test for ordinal data. Differences in central tendencies between 

groups were conducted either with a univariate analysis of variance (ANOVA) with 

Bonferroni or Dunnett-T3 post-hoc test or with a Kruskal-Wallis-H Test and Bonferroni 

correction for ordinal data and in case of non-parametrical distributions.  

 

2.3.2 Cross-sectional analysis of volumetric data 

To make volumetric data comparable between groups and to control for effects of disparate 

head sizes, results of the ABV for V1 were corrected for intracranial volume (ICV): 

Structural volumes per subject were divided by the individual ICV and multiplied with the 

mean ICV of the whole study population [M(V1) = 1405ml] [132]. Cross-sectional volume 

disparities between each PPA group and healthy controls were calculated as difference of 

mean structural volume for each brain region measured by the LPBA40 separately using a 

simply contrasted analysis of covariance (ANCOVA) with factor group and the covariates 

age and sex. The level of significance was set to p=.05. Only volume disparities p<.001 are 

reported.  

 

To compare possible differences between the overall left and right hemisphere and between 

the overall gray and white matter portions, relative atrophy rates of each hemisphere and the 

four cortical lobes were analyzed with a paired t-Test or Wilcoxon signed-rank test for non-

parametrical data at visit 1 within each group. Results p<.05 were reported. 

 

2.3.3 Longitudinal analysis of volumetric data 

Longitudinal MRI measurements (for three timepoints, V1 to V3) were analyzed by means 

of the R software (www.r-project.org) [132]. To correct for chronological interval, 

volumetric data of follow-up appointment was corrected and consistently set to 365 days (or 

730 days if V2 was missing) after the previous visit. Therefore, volume difference between 

visits was divided by the exact number of days between baseline and the consecutive 1-year 

(or 2-year) follow-up visit and multiplied with the factor 365 (or 730 respectively). The 

corrected annual volume decline was deducted from the baseline volume. In order to analyze 

the data descriptively, patient-individual trajectories and box and whisker plots separated by 

disease group were created. Longitudinal measures were then assessed in two ways: First, 

volume information of each PPA group was compared with that of healthy controls. A 

possible impact of disease group and time point of visit on MRI measurements, adjusted for 
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age at baseline and sex, was investigated using a linear mixed-effects (LME) model 

(‘lmerTest’ package) [155] using annualized data of the first three visits. Results from the 

LME model with p<.001 were reported. Second, the course of volume change was traced 

within each group to describe variant-specific atrophy progression over time. To control for 

possible confounding factors (e. g. disease duration, age at symptom onset, handedness, bias 

between centers) sensitivity analyses were performed. 

 

To assess atrophy progression in the overall left compared with the overall right hemisphere 

and atrophy progression in overall gray versus white matter portions, atrophy rates over one 

and two years were analyzed with a paired t-Test or Wilcoxon signed-rank test for non-

parametrical data within each group for each hemisphere and the four cortical lobes. Results 

p<.05 were reported. 

 

2.3.4 Sensitivity analyses 

To control for possible confounding factors (disease duration, age at symptom onset, 

handedness, positive gene mutation status, bias between centers) several sensitivity analyses 

were performed [132]: The LME models were assessed again with each variable being 

separately included as a covariate. To control for the influence of genetic forms versus 

sporadic PPA, the LME models were re-calculated for the study sample minus the 

pathogenic gene mutation carriers to review significant alterations in the results. To control 

for a fundamental impact of study site, both a descriptive and a model-driven analysis was 

conducted. As an example, the right putamen was defined as target structure for calculations 

as it ranks among the smallest regions and would thus be most sensitive to variation. First, 

it was assessed descriptively whether a site effect was visually apparent. In a second step, 

subject distribution per site was reviewed. Here, the linear mixed effect model was repeated 

according to a “leave-one-out” approach providing ten results for the right putamen per visit 

per group, each without data of one particular site to control for significant changes in the 

results. 

 

2.3.5 Sample size estimation for clinical trials 

The annualized volume decline (for one and two years of disease progression) in percent per 

subject per group served to generate sample size estimates [132]: First, standardized effect 

sizes based on mean volume differences between patients and healthy controls were 

computed (for detailed procedure see [156]). Then, a theoretical treatment effect of 50%, 

20%, and 10% was assumed for all PPA groups separately. Calculation of the minimum 

sample sizes per group were based on an independent t-test assuming a two-sided, 

explorative type 1 error level of 5% and a statistical power of 80%. A non-parametric 

bootstrapping approach was used to provide 95% confidence intervals for the estimated 

sample sizes. Based on 1000 replicates for each scenario, the adjusted bootstrap percentile 

interval was calculated ('boot' package). 
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3. RESULTS   

 

3.1 Demographics, clinical and cognitive characteristics 

Table 4 summarizes demographic data and clinical results for the final study population 

(n=106) [132]. Sex distribution and years of education showed no substantial difference 

between groups. Handedness displayed a significant relation with group, χ²(6)=14.732, 

p=.016, φ=.016. Patients with svPPA were younger than those with nfvPPA at symptom 

onset (p=.006) and younger than those with lvPPA at baseline examination (p=.043). In 

nfvPPA disease duration was shorter than in lvPPA (p=.024). Genetic testing delivered a 

total of six pathogenic mutation carriers among the patient group. 

Table 4. Demographic data for the present study population. Data derived from the German FTLD consortium 

from 2011 to 2018 

 

Note: Subjects with at least two subsequent visits that were included in cross-sectional and longitudinal data 

evaluations (n=106). *, p<.05; **, p<.01; ***, p≤.001; b differs from nfvPPA, c differs from svPPA, d differs 

from lvPPA (cross-sectional comparison). Abbreviations: CDR, Clinical Dementia Rating Scale; CON, 

healthy controls; f, female; FTLD-CDR, Frontotemporal specific Clinical Dementia Rating Scale; lvPPA, 

logopenic variant primary progressive aphasia; m, male; MMSE, Mini Mental State Exam; nfvPPA, non-

fluent variant of primary progressive aphasia; svPPA, semantic variant of primary progressive aphasia. 

Modified from Lombardi et al. (2021), CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/ 
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Table 5. Neuropsychological data for the present study population. Data derived from the German FTLD 

consortium from 2011 to 2018 
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Neurochemical markers showed the following profiles: Aβ1-42 levels were significantly 

lower in the lvPPA group than in the nfvPPA group (p=.004). pNF-H levels at baseline were 

higher in the nfvPPA group compared with both the svPPA group (p=.029) and the lvPPA 

group (p=.023). NF-L concentrations in the nfvPPA group (p=.002) and the svPPA group 

(p=.041) but not in lvPPA were higher than in healthy controls. Likewise, serum NF-L levels 

remained significantly different in the nfvPPA group (p=.001) and the svPPA group (p≤.001) 

at the 1-year follow-up measurement. At the 2-year follow-up visit, data were too sparse to 

compare PPA variants with healthy controls.  

 

Table 5 presents most of the neuropsychological data collected with the FTLDc protocol: At 

visit 1, all PPA subgroups differed from healthy controls (p<.001) but not between each 

other relating to clinical dementia rating scores (the CDR and the FTLD-CDR). MMSE and 

PPA sum scores, used as a dementia screening tool and as a global indicator for language 

abilities, respectively, displayed similar patterns. As expected, all PPA variants differed in a 

profound way from healthy controls in nearly all language-specific tasks. 

Note: Subjects with at least two subsequent visits that were included in cross-sectional and longitudinal data 

evaluations (n=106). *, p<.05; **, p<.01; ***, p≤.001; a differs from CON, b differs from nfvPPA, c differs 

from svPPA, d differs from lvPPA (cross-sectional comparison). Abbreviations: AAT, Aachen Aphasia Test; 

CDR, Clinical Dementia Rating Scale; CET, Cognitive Estimation Test; CON, healthy controls; f, female; 

EF, executive functions; FTLD-CDR, Frontotemporal specific Clinical Dementia Rating Scale; lvPPA, 

logopenic variant primary progressive aphasia; m, male; MMSE, Mini Mental State Examination; nfvPPA, 

non-fluent variant of primary progressive aphasia; H5PR-T, Hamasch-five-point Test; svPPA, semantic 

variant of primary progressive aphasia. 

 

Continuation Table 5 
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The linguistic subdomains of spontaneous speech comprised in the AAT served as best 

indicators for specific language profiles, pointing to increasing deficits in articulation 

(p<.001), phonetic (p=.001) and also syntactic (p=.029) structure in nfvPPA. Impairments 

in the semantic content appeared most sensitive in both svPPA (p=.004) and lvPPA (p<.001). 

Figural fluency (H5PT-R) was slower in all PPA variants (p<.001) compared with healthy 

controls (H5PT-R total correct); however, the rate of correct answers was similar (H5PT-R 

% correct). The Cognitive Estimation Test (CET) indicated slight frontal executive deficits 

in svPPA (p=.023) and nfvPPA (p=.039). The tasks to test cognitive processing speed (TMT-

A) and cognitive flexibility (TMT-B) pointed to slower performances in nfvPPA (both 

p<.001) and lvPPA (both p≤.001) but not svPPA. Also, the verbal short-term and working 

memory were especially reduced in nvfPPA (p<.001) and lvPPA (p<.001). Likewise, 

assessment of the nonverbal short-term and nonverbal working memory indicated preserved 

abilities in svPPA, whereas both, nfvPPA (forward p<.001, backward p<.001) and lvPPA 

(forward p<.001, backward p=.007) showed noticeable shortcomings. Relating to the verbal 

and figural episodic memory, all PPA variants differed from healthy controls but not from 

each other.  

 

At the second visit, clinical dementia rating scales and cognitive sum scores as well as most 

of the language test results differed between the PPA variants and healthy controls. 

Specifically, nfvPPA showed impairments in all subcategories of spontaneous speech in the 

AAT (<.001<p<.04), while patients with svPPA suffered from mainly semantic deficits 

(p=.001). In addition to semantic deficiencies (p<.001), patients with lvPPA developed 

anomalies in phonetic (p=.003) and syntactic (p=.011) processing. Also, the Repeat and 

Point Test showed differential diagnostic potential: Patients with svPPA scored worse for 

pointing (p<.001), whereas patients with nfvPPA (p<.001) and lvPPA (p=.010) performed 

less accurately in repeating. Patients with nvPPA displayed reduced relative rates in the 

H5PT-R (p=.005), indicating repetitive behavior. Also, deficits in processing speed and 

cognitive flexibility remained. Deficits in nfvPPA and lvPPA in the digit and block span 

forward and backward also remained. With regard to mnestic tests, noticeable 

underperformance appeared in the svPPA group (p<.001), specifically in the verbal 

recognition task. 

 

At visit 3, a similar pattern of deficits in the PPA variants compared with healthy controls 

appeared, with some additional features: Object naming (Boston Naming Test) was below 

the norm in the semantic (p<.001) and logopenic (p=.027) but not the non-fluent variant. 

Patients with nfvPPA scored lowest (p=.001) in spontaneous speech (Cookie Theft Test). 

Speech comprehension (Token Test) and writing appeared most affected in both nfvPPA 

(p=.015) and lvPPA (p=.019). According to linguistic features of speech production (AAT), 

patients with nfPPA were impaired in almost all subtests (<.001<p<.004), whereas in svPPA 

only semantic deficits (p=.040) appeared, and in lvPPA no relevant deficits were recorded. 

The Repeat and Point Test indicated significant deficits in repeating in nfvPPA patients 

(p=.003), and pointing in svPPA (p<.001). Decreased processing speed in the H5PT-R as 

well as in the TMT-A was only seen in the nfvPPA and lvPPA groups. The estimation task 
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Figure 9. Lateralized decrease in brain volume per group per visit. Boxplots depicting brain volume (in ml) per 

group over time (visit 1 to 3) for study sample (n=106). Data derived from the German FTLD consortium from 

2011 to 2018. Red triangles flag mean volume, black strings the median. Abbreviations: L, left; R, right. 

Lombardi et al. (2021), CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/ 
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Figure 10. Individual trajectories of volume loss for distinct brain regions. Spaghetti plots depicting brain volume 

(in ml) development for distinctive regions per subject per group over time (visit 1 to 3) for study sample (n=106). 

Data derived from the German FTLD consortium from 2011 to 2018. Dots mark factual examinations according 

to the FTLD protocol, the blue line depicts mean fitting per group with 95% confidence interval (gray shadow); 

C9orf72 mutation carrier (yellow); GRN mutation carrier (green); TBK1 mutation carrier (red); MAPT mutation 

carrier (purple). Abbreviations: GM, gray matter; L, left; R, right. Lombardi et al. (2021), CC BY-NC 4.0, 

https://creativecommons.org/licenses/by-nc/4.0/ 
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(p=.004) as well as the digit span forward (p<.001) and the block span backward (p=.037) 

was worst in nfvPPA. The block span forward was completed most poorly in lvPPA 

(p=.015). Verbal recall was worst in lvPPA (p <.001), while verbal recognition appeared 

lowest in svPPA (p=.018). 

 

3.2 Volumetric results 

The boxplots and spaghetti plots (Figure 9 and 10) outline the course of brain volume per 

group per region over time. The boxplots show the mean per group per visit. The spaghetti 

plots display the brain volume development per subject per group per visit. The following 

results are based on these volumetric data.  

 

3.2.1 Atrophy pattern at baseline 

At baseline, brain volume differed significantly between healthy controls and PPA 

subgroups (Figure 11; Appendix Table 8) [132]. The one-way ANCOVA with planned 

contrasts revealed that in nfvPPA atrophy was most pronounced in both frontal lobes, the 

left temporal and the left parietal lobe (p<.001). More specifically, atrophy was seen in the 

bilateral superior (GM, WM), middle (GM, WM) and inferior (GM, WM) frontal gyrus, the 

left precentral (GM) gyrus†, left superior (GM) and middle (GM) temporal gyrus and left 

angular (WM) gyrus. Additionally, the left striatum, putamen†, and hippocampus/amygdala 

complex† decreased in volume most extensively.  

 

Atrophy in svPPA was observed most extensively in both temporal lobes and the left frontal 

lobe (p<.001). Primarily, GM volume loss was found in the bilateral superior, middle and 

inferior temporal and parahippocampal (right†) gyrus while WM decreases appeared in those 

regions, but only on the left side (superior temporal gyrus WM†). Also, the left fusiform 

gyrus (GM, WM), left cingulate gyrus (GM), left insula, left gyrus rectus (GM)†, left middle 

frontal gyrus (GM)†, as well as the left middle (GM)† and lateral (GM)† orbitofrontal gyrus 

were affected. Subcortical structures showed distinct atrophy bilaterally (left > right).  

 

Atrophy in patients with lvPPA appeared more widespread with parts of the left frontal, 

temporal and parietal lobe notably altered (p<.001). Substantial atrophy was displayed in the 

left superior (GM) and middle (GM, WM†) frontal gyrus, the left superior (GM, WM†), 

middle (GM, WM) and inferior (GM, WM) temporal gyrus as well as in the left fusiform 

gyrus (GM), left parahippocampal gyrus (WM†) and left insula†. Moreover, atrophy was 

observed in the left supramarginal gyrus (GM), left angular gyrus (GM), left precuneus 

(GM), and left middle occipital gyrus (GM) and also the left striatum†, putamen and 

hippocampus/amygdala complex.  

 

After adjustment for multiple comparisons (Bonferroni corrected), single results (†) differed 

slightly from p<.001, however all were within p≤.004. The interaction group*age reached 

significance for the hippocampus/amygdala complex (p=.045) and the left precuneus WM 

(p=.016), the interaction group*sex for the parietal lobe WM (p=.019; WM_R: p=.011) as 

well as the right supramarginal (p=.011) and right postcentral gyrus WM (p=.044). 
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Figure 11. Volume difference between PPA subgroup and CON at baseline. Cross-sectional comparison 

between CON and (A) nfvPPA, (B) svPPA, (C) lvPPA at baseline. All values were normalized to mean 

intercranial volume (ICV). Percentage difference to mean of healthy controls, values reported p<.001. Data 

derived from the German FTLD consortium from 2011 to 2018. Color code: Affected regions in the frontal lobe 

(blue), temporal lobe (green), parietal lobe (brown), occipital lobe (gray), subcortical structures (yellow). 

Abbreviations: CON, healthy controls; GM, gray matter; L, left hemisphere; lvPPA, logopenic variant of 

primary progressive aphasia; nfvPPA, non-fluent variant of primary progressive aphasia; R, right hemisphere; 

svPPA, semantic variant of primary progressive aphasia; WM, white matter. Lombardi et al. (2021), CC BY-

NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/ 
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A paired t-Test (or Wilcoxon signed-rank test for non-parametrical data) within each group 

indicated that overall gray matter decrease was more pronounced than overall white matter 

decrease in svPPA (p=.005) and lvPPA (p=.045) but not in nfvPPA. More specifically, in 

nfvPPA only the left occipital lobe showed a marginally higher gray than white matter 

atrophy (p=.048). In svPPA, gray matter loss was greater than white matter decline in the 

left frontal lobe (p=.022) and the right (p=.005) and left (p≤.001) temporal lobe. In lvPPA, 

particularly the left temporal (p=.005), parietal (p=.018), and occipital (p=.023) lobes 

showed greater gray matter than white matter atrophy.  

 

With respect to lateralization, the left versus right hemisphere presented with significantly 

higher atrophy in gray matter in nfvPPA (p=.027), svPPA (p≤.001), and lvPPA (p≤.001). 

Likewise, left lateralized atrophy of overall white matter was pronounced in svPPA (p=.011) 

and lvPPA (p≤.001) but not in nfvPPA. In the left versus the right frontal lobe, nfvPPA 

patients displayed considerably higher (p=.01) gray matter atrophy. In the left compared 

with the right parietal lobe, both gray (p=.01) and white (p=.044) matter losses were 

pronounced. In contrast, the white matter portion of the right versus the left occipital lobe 

decreased more (p≤.001). In patients with svPPA, atrophy in the left hemisphere was more 

pronounced in both gray and white matter in the frontal (GM: p=.001; WM: p=.015) and the 

temporal (GM: p≤.001; WM: p≤.001) lobes. As in nfvPPA, white matter portions in the 

occipital lobe of the right hemisphere were significantly reduced (p≤.001) compared with 

the left hemisphere. In lvPPA, left sided gray and white matter atrophy was higher in all 

lobes including the left frontal (GM: p≤.001, WM: p=.004), left temporal (GM: p≤.001, WM: 

p≤.001), left parietal (GM: p≤.001, WM: p=.023), and left occipital (GM: p=.004) regions. 

As in both other PPA variants, only white matter atrophy in the occipital lobe was more 

pronounced on the right than on the left (p=.006). 

 

3.2.2 Atrophy progression 

Healthy controls showed atrophy rates in distinct regions from 0 to -3% at the 1-year follow-

up visit and from 0 to -6% at the 2-year follow-up visit [132]. There was no significant 

difference in volume decline between parts of the left and right hemisphere over one year 

and only a marginal difference (p=.045) between the gray matter portion in the left versus 

right occipital lobe over two years of follow-up time. Concerning the decline of gray versus 

white matter portions, no difference reached significance either for the 1- or for the 2-year 

follow-up analysis. 

 

Comparing gray versus white matter atrophy assessed with a paired t-Test (or Wilcoxon 

signed-rank test) within each PPA group, indicated more gray matter atrophy in svPPA 

(p=.009) after two years of follow-up, and in lvPPA (p=.024) after one year of follow-up but 

not in nfvPPA. Comparing left versus right hemispheric atrophy within each PPA group over 

both one year and two years of follow-up, again assessed via a paired t-Test (or Wilcoxon 

signed-rank test), indicated that atrophy progression in all PPA variants was more 

pronounced in the left than right hemisphere over both periods, from the first to the second 

visit and from the first to the third visit. A detailed analysis of subcomponents is presented 

in the following sections. 
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3.2.2.1 Atrophy progression in nfvPPA 

When comparing longitudinal gray versus white matter atrophy in nfvPPA compared with 

healthy controls, gray matter in the right temporal lobe (p=.04) and in the left parietal lobe 

(p=.013) decreased relatively more over one year than white matter did in the same regions 

[132]. However, with atrophy data from two years of follow-up, no significant difference 

remained. Second, the comparison of left versus right lateralized atrophy indicated that 

overall volume of the left compared with the right hemisphere decreased more (1-year 

follow-up: p=.005; 2-year follow-up: p=.016). Also, atrophy in the left hemisphere was 

higher than in the right hemisphere for overall gray matter (1-year follow-up: p=.014; 2-year 

follow-up: p=.031) and for the temporal (GM: p=.024; p=.031; WM: p=.004; p=.017), 

parietal lobe (GM: p=.012; p=.023), and occipital (GM: p=.041; p=.019) lobes. Significant 

left hemispheric decrease in overall white matter (p=.015) and in the white matter portion of 

the frontal lobe (p=.020) was only significant in the first year of follow-up. 

 

In more detail, compared with healthy controls, notable volume decreases (p<.001) were 

evident at the 1-year follow-up analysis in the bilateral superior (GM, WM), middle (GM, 

WM) and inferior (GM, WM) frontal and precentral gyrus (GM), the superior temporal gyrus 

(GM), the insula, the supramarginal (GM) and the middle occipital gyrus (GM). Left 

lateralized volume disparities were located in the middle (GM) and lateral (GM) 

orbitofrontal gyrus, the middle (GM, WM) and inferior (GM, WM) temporal gyrus, the 

fusiform (GM), cingulate (GM), postcentral (GM) and angular gyrus (GM, WM), and 

precuneus (GM). Subcortically, the bilateral striatum, caudate, putamen and 

hippocampus/amygdala complex displayed notably reduced volume. At two years of follow-

up, the left fusiform gyrus (WM), left supramarginal gyrus (WM), and left precuneus (WM) 

showed significant decreases additionally (see Table 6). 

 

Tracing the mean decline within each group at the 1-year follow-up measurement indicated 

that in nfvPPA the basal ganglia (putamen and caudate both left -7%, caudate right -6%) 

decreased most in volume. Also, parts of the frontal lobes (-5%), including gray matter 

portions of the bilateral superior frontal, left middle and left inferior frontal gyrus, the 

bilateral precentral gyrus and the left middle orbitofrontal gyrus were most afflicted (-5% to 

-6%) as well as white matter portions of the left lateral orbitofrontal gyrus, the left inferior 

and middle frontal gyrus and the right gyrus rectus (-5 to -6%) (Figure 12A; Appendix Table 

9). Volumetric changes at the 2-year follow-up measurement supported progression and 

more widespread patterns of atrophy: Again, the left putamen (-11%), left caudate (-12%) 

and the left hippocampus and amygdala complex (-10%) were most extensively affected. 

Similarly, the left frontal lobe (with up to -9%) showed high atrophy in the bilateral superior 

(GM), bilateral middle (GM, WM), left inferior (GM, WM), bilateral precentral (GM), and 

left middle (GM) and lateral (GM, WM) orbitofrontal gyrus (-8 to -10%). Also, the bilateral 

postcentral gyrus (GM), left supramarginal gyrus (GM, WM), left precuneus (GM), left 

superior temporal gyrus (GM), left parahippocampal gyrus (WM), left fusiform gyrus (WM) 

as well as the left cingulate gyrus (GM) (-8 to -9%) were affected (Figure 12B; Appendix 

Table 9).  
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3.2.2.2 Atrophy progression in svPPA 

In svPPA compared with healthy controls, gray matter decrease was more extensive than 

white matter atrophy in the right hemisphere (p=.037) as well as in the left (p=.049) and right 

(p=.002) temporal lobe [132]. Assessing disease progression over a period of two years 

pointed to significantly greater gray matter than white matter atrophy in both hemispheres 

(left: p=.009, right: p=.009), the bilateral temporal (left: p=.002, right: p≤.001), and the 

bilateral occipital lobe (left: p=.02, right: p=.046). Concerning left versus right hemispheric 

volume, atrophy over one year and two years was higher for the overall left hemisphere than 

for the overall right hemisphere (1-year follow-up: p≤.001; 2-year follow-up: p≤.001) and 

for both the gray (p=.001; p≤.001) and white (p=.003; p≤.001) matter portions. More 

specifically, left sided atrophy was more pronounced in the frontal lobe (WM: p=.010; 

p=.009), temporal lobe (GM: p≤.001; p=.005; WM: p=.001; p=.001), and in the occipital 

lobe (GM: p=.032; p=.010). After two years, significantly higher left hemispheric volume 

loss occurred additionally in the frontal lobe (GM: p≤.001) and in the parietal lobe (WM: 

p=.009). 

 

Table 6. Summary of longitudinal disease spreading per PPA variant compared with healthy controls. Data 

derived from the German FTLD consortium from 2011 to 2018 

Note: Regions displaying atrophy that is significantly higher (p≤.001) than in healthy controls over 2 years 

of follow-up. Circles point to unique features of atrophy progression per PPA variant. Abbreviations: L, left 

hemisphere, Bi, bilateral. 
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In comparison with healthy controls for both the 1-year and the 2-year follow-up analysis, 

the LME model revealed that patients with svPPA differed most (p<.001) in the bilateral 

superior (GM, WM_L), middle (GM, WM_L), and inferior (GM, WM) temporal gyrus, as  

well as in volume of the parahippocampal (GM, WM_L), fusiform (GM, WM_L), and left 

cingulate (GM) gyrus and bilateral insula. The left superior (GM), middle (GM) and inferior 

Figure 12. Longitudinal atrophy patterns in PPA variants. Atrophy progression from baseline to (A) 1-year 

follow-up visit and (B) 2-year follow-up visit within each group. Data derived from the German FTLD 

consortium from 2011 to 2018. Abbreviations: CON, healthy controls; lvPPA, logopenic variant of primary 

progressive aphasia; nfvPPA, non-fluent variant. Lombardi et al. (2021), CC BY-NC 4.0, 

https://creativecommons.org/licenses/by-nc/4.0/ 
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(GM) frontal gyrus, the middle (GM) and lateral (GM) orbitofrontal gyrus, the gyrus rectus 

(GM), and the angular gyrus (GM) showed left-lateralized atrophy. Moreover, the bilateral 

striatum, putamen, hippocampus/amygdala complex and the left caudate of svPPA patients 

also lost significantly more volume than healthy controls (see Table 6). 

 

In svPPA, within-group volume decline at the 1-year follow-up measurement proceeded 

mainly in the left temporal lobe (up to -7%) including the left superior (GM), middle (GM, 

WM), and bilateral inferior (GM, WM) temporal gyrus, the left fusiform gyrus (GM), the 

left and right gyrus rectus (WM), the left insula (all -6% to -8%) and the hippocampus and 

amygdala complex (left -9%, right -7%) (Figure 12A; Appendix Table 9). When observing 

volume changes at the 2-year follow-up visit, these foci remained most vulnerable: Peak 

atrophy rates were measured in the left temporal lobe (up to -13%), more specifically in the 

bilateral superior (GM), bilateral middle (GM) and bilateral inferior temporal gyri (GM, 

WM), the bilateral fusiform gyrus (GM), left parahippocampal gyrus (WM), left middle 

(GM) and left lateral (GM) orbitofrontal gyrus (left > right; all -10% to -15%). Additionally, 

left insula, putamen, caudate and striatum (-10% to -12%) as well as the hippocampus and 

amygdala complex bilaterally (left -15%, right -12%) decreased substantially in volume 

(Figure 12B; Appendix Table 9). 

 

3.2.2.3 Atrophy progression in lvPPA 

In the comparison with healthy controls, the group of lvPPA patients displayed higher gray 

than white matter atrophy in both hemispheres (left: p=.03, right: p=.018), the bilateral 

frontal lobe (left: p=.027, right: p=.04), the bilateral temporal lobe (left: p=.01, right: p=.017) 

and the right occipital lobe (p=.036) over the course of one year [132]. After two years, 

however, none of the significant differences remained. Comparing lateralized volume 

decrease, overall left hemispheric atrophy was more pronounced than right hemispheric 

atrophy (1-year follow-up: p=.004; 2-year follow-up: p=.003). Moreover, overall left gray 

(p=.049; p=.008) and left white (p=.005; p=.008) matter, and portions of the left temporal 

(WM: p=.018; p=.013), left parietal (WM: p=.003; p=.012) and left occipital (WM: p=.022; 

p=.009) lobe displayed higher volume loss. Over two years, differences (atrophy left > right) 

appeared in the frontal (WM: p=.028), temporal (GM: p=.018), parietal (GM: p=.024), and 

occipital (GM: p=.028) lobe. 

 

The following regions differed considerably in patients with lvPPA (p<.001) in comparison 

with healthy controls at the 1-year and the 2-year follow-up visit: Reduced volume was 

located in parts of the left frontal lobe including the superior (GM), middle (GM, WM) and 

inferior (GM) frontal gyrus, the lateral orbitofrontal (GM) and the precentral (GM) gyrus. 

Moreover, decreases were seen in the left temporal lobe, the superior (GM, WM), middle 

(GM, WM) and inferior (GM, WM) temporal gyrus, the parahippocampal (GM, WM), 

fusiform (GM, WM) and cingulate (GM) gyrus as well as the left insula. Also, parts of the 

left parietal and left occipital lobe showed atrophy in particular the postcentral (GM), 

superior parietal (GM), supramarginal (GM), angular (GM, WM), middle (GM) and inferior 

(GM) occipital gyrus and the precuneus (GM). Significant right lateral volume decreases 

were observed in the superior (GM) and middle (GM) frontal gyrus, the superior (GM) and 
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middle (GM) temporal gyrus and the middle (GM) occipital gyrus. On the subcortical level, 

the left striatum, bilateral putamen and left hippocampus/amygdala complex differed most 

from healthy controls (see Table 6). 

 

Volumetric results within the lvPPA group revealed only gray matter changes and highest 

atrophy rates of 5% to 6% at the 1-year follow-up visit in the temporal lobe (left > right), the 

hippocampus/amygdala complex (bilaterally) and the basal ganglia. More precisely, the 

bilateral superior, bilateral middle, and bilateral inferior temporal gyri, the fusiform gyrus 

(bilaterally) and the left parahippocampal, cingulate and lateral orbitofrontal gyrus were 

included in the regions with the greatest volume decrease (-5% to -6%). To a similar extent, 

the right inferior occipital gyrus and the left striatum, putamen as well as the bilateral caudate 

and the bilateral hippocampus and amygdala complex decreased in volume (-5% to -6%) 

(Figure 12A; Appendix Table 9). 2-year follow-up analyses showed atrophy progression in 

gray and white matter mainly left-sided and especially in the frontal and temporal lobe (-8% 

and -9%). Most severe atrophy was seen in the hippocampus and amygdala complex 

bilaterally (left -11%, right -8%) followed by the left superior (GM) and middle (GM) 

temporal gyrus and the left fusiform gyrus (WM) (-9% to -10%) and the superior (GM) and 

middle (GM) frontal gyrus bilaterally (-8% and -9%). Volume losses of -8% were observed 

in the left inferior temporal gyrus (GM), left cingulate gyrus (GM), left supramarginal gyrus 

(WM) and left precuneus (WM). With respect to the basal ganglia, volume shrinkage in the 

left caudate progressed most (-8%) (Figure 12B; Appendix Table 9).  

 

3.4 Sensitivity analyses 

With only one exception (left fusiform gyrus GM; .01<p≤.05), the sensitivity analysis for 

handedness indicated no relevant impact on the reported results in both the 1-year and the 2-

Figure 13. Sensitivity analysis to control for a possible multicenter bias descriptively. Data derived from 

the German FTLD consortium from 2011 to 2018. Abbreviations: R, right. 
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year follow-up measurement [132]. Since disease duration was not measurable for control 

patients, it was not possible to include disease duration as an additional covariate in the 

models. However, in order to carefully address this possible issue, a sensitivity analysis only 

with the three PPA groups was conducted. The LME models including disease duration as 

an additional covariate displayed a negligible impact for the vast majority of the structures, 

and confirmed the robustness of the findings. Likewise, longitudinal results remained stable 

after exclusion of the six pathogenic gene mutation carriers (see also Figure 10). Concerning 

a possible fundamental impact of study site, the descriptive assessment excluded a visually 

apparent effect (see Figure 13). Concerning atrophy progression, the “leave-one-out” 

approach pointed to minimal variations leading to p-values of ≤.004 instead of <.001 for the 

first year follow-up. Results for the 2-year follow-up visit remained unchanged. Group-

specific outcomes yielded similar conclusions: Results of the linear mixed effect models 

varied to a negligible extent, in that p-values increased partially from <.001 to ≤.007, and 

only in one single case to =.04.  

 

3.5 Sample size calculation for therapeutic trials 

Based on mean atrophy rates for the 1-year and 2-year follow-up visit, sample sizes were 

calculated for a 50% to 10% treatment effect (Table 7, in detail see Appendix Table 10) that 

is, for a treatment that would result in a 50% to 10% reduction in disease-related volume 

decline [132]. On a single group level, the left inferior frontal gyrus (GM), left superior 

temporal gyrus (GM), left striatum, and left caudate were the best indicators to control for 

therapeutic effects in nfvPPA at one year of follow-up. For svPPA, the left superior, middle 

and inferior temporal gyrus (GM), the hippocampus/amygdala complex, left insula, and the 

left fusiform gyrus (GM) appeared specifically sensitive. Likewise, in lvPPA the left 

superior, middle, inferior temporal and fusiform gyrus (GM) as well as the 

hippocampus/amygdala complex produced useful estimates. Although each PPA variant 

tended to show a specific pattern of atrophy, there was some overlap. Therefore, a minimum 

sample size to predict therapeutic effects of 50%, 20%, and 10% in all groups over the 1-

year follow-up period was n=30, 183, 727, respectively, when the left temporal lobe GM 

was assessed; and n=30, 179, 714 when the left superior temporal gyrus GM was assessed. 

A minimum sample size to predict therapeutic effects of 50%, 20%, and 10% in all groups 

at two years follow-up were n=27, 159, 630 when the left fusiform gyrus GM was assessed; 

and n=26, 157, 626 when the hippocampus/amygdala complex was considered.  
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Table 7. Atrophy rates and sample size calculation for selected brain regions per PPA variant 

Region Mean decline % 

(±SD) 

Treatment effect  

 Baseline (V1) to 50% 20% 10% 

 1-year 

fup 

2-year fup N N N 

   Sample size 

   V1-2  V1-3 V1-2  
(95% CI) 

V1-3 
(95% CI) 

V1-2 
(95% CI) 

V1-3 
(95% CI) 

V1-2 
(95% CI) 

V1-3  
(95% CI) 

nfvPPA          

Cerebrum (WBV) -3 (±2) -6 (±4) 65  
(40-133) 

45 
 (25-115) 

396  
(243-824) 

275  
(153-727) 

1580  
(968-3297) 

1097  
(609-2887) 

Frontal lobe R -4 (±4) -8 (±6) 158  
(77-539) 

76  
(40-323) 

978  
(470-3365) 

467  
(244-2109) 

3906  
(1875-10,000+) 

1863  
(973-8451) 

Caudate L -7 (±8) -12 (±10) 49  
(30-88) 

36  
(20-78) 

301  
(187-574) 

216  
(116-479) 

1199  
(741-2294) 

858 
(459-1912) 

MMSE (points)  -3 (±4) -8 (±6) 65  
(28-275) 

25  
(11-62) 

400 
(167-1730) 

149  
(64-389) 

1596  
(665-6912) 

593  
(253-1558) 

FTLD-CDR (points) 2 (±2) 4 (±3) 32  
(17-53) 

22  
(10-51) 

192 
(98-321) 

131  
(63-337) 

762  
(387-1278) 

518  
(250-1344) 

svPPA         

Cerebrum (WBV) -3 (±2) -5 (±3) 49  
(30-86) 

45  
(24-196) 

299  
(182-536) 

271  
(143-838) 

1191  
(721-2138) 

1080  
(524-3366) 

Frontal lobe R -3 (±3) -6 (±4) 347  
(116-6244) 

501  
(115-10,000+) 

2162  
(716-10,000+) 

3126  
(706-10,000+) 

8642  
(2862-10,000+) 

12501 
(2822-10,000+) 

Frontal lobe L -3 (±3) -4 (±4) 138  
(60-563) 

92  
(39-427) 

853  
(368-3520) 

565  
(236-2660) 

3408  
(1467-10,000+) 

2255  
(937-10,000+) 

Temporal lobe R -7 (±3) -11 (±4) 12  
(9-15) 

11  
(6-21) 

67  
(52-90) 

61  
(32-133) 

262  
(204-357) 

240  
(124-537) 

Temporal lobe L -5 (±2) -9 (42) 8  
(6-9) 

7  
(4-14) 

45  
(34-65) 

39  
(19-126) 

177  
(134-269) 

150  
(70-468) 

Temporal lobe L GM -7 (±3) -13 (±5) 8  
(6-10) 

7  
(3-15) 

43  
(31-63) 

38  
(17-144) 

167  
(124-251) 

148  
(65-827) 

Insula L -6 (±2) -10 (±4) 11  
(8-16) 

11  
(4-32) 

59  
(41-95) 

16  
(19-205) 

232  
(164-389) 

236  
(73-814) 

Superior temporal L GM -7 (±3) -12 (±5) 11  
(8-19) 

11  
(5-32) 

59  
(41-110) 

61  
(23-230) 

233  
(162-456) 

240  
(90-915) 

Middle temporal gyrus L GM -8 (±4) -15 (±6) 11  
(7-17) 

9  
(5-24) 

59  
(36-97) 

46  
(21-139) 

232  
(142-384) 

178  
(80-547) 

Inferior temporal L GM -8 (±4) -15 (±6) 10  
(7-14) 

8  
(4-16) 

56  
(40-90) 

45  
(23-135) 

219  
(156-360) 

175  
(86-538) 

Fusiform gyrus L GM -7 (±3) -13 (±4) 14  
(10-18) 

6 
(3-11) 

80  
(61-113) 

29  
(14-71) 

315  
(238-446) 

130  
(57-296) 

Hippocampus & Amygdala  -8 (±2) -13 (±6) 9  
(7-9) 

10  
(5-18) 

 51  
(42-63) 

57  
(30-131) 

200  
(165-253) 

225  
(116-520) 

MMSE (points) -3 (±5) -3 (±3) 89  
(35-457) 

43  
(16-260) 

550  
(209-2847) 

262  
(94-1614) 

2196  
(829-10,000+) 

1045  
(371-6724) 

FTLD-CDR (points) 2 (±2) 3 (±3) 41  
(19-76) 

31  
(13-99) 

249  
(109-467) 

184  
(76-664) 

992  
(433-1863) 

732  
(306-2653) 

lvPPA         

Cerebrum (WBV) -3 (±2) -5 (±3) 51  
(28-110) 

35  
(16-112) 

309  
(167-677) 

213  
(95-737) 

1231  
(665-2704) 

847  
(376-2949) 

Frontal lobe R -3 (±2) -7 (±3) 818  
(158-10,000+) 

126  
(31-10,000+) 

5105  
(978-10,000+) 

779  
(188-10,000+) 

20414  
(3909-10,000+) 

3110  
(746-10,000+) 

Frontal lobe L -2 (±3) -6 (±4) 231  
(81-1299) 

40  
(18-124) 

1433  
(495-8108) 

242  
(105-841) 

5729  
(1976-10,000+) 

964  
(418-3360) 

Temporal lobe R -5 (±2) -8 (±4)  30  
(17-144) 

25  
(10-2391) 

182  
(101-1045) 

148  
(58-10,000+) 

723  
(399-4198) 

589  
(229-10,000+) 

Temporal lobe L -4 (±3) -5 (±3) 15  
(10-34) 

11  
(5-98) 

85  
(55-205) 

59  
(23-603) 

336  
(216-820) 

232  
(87-2408) 

Superior temporal gyrus L GM -6 (±3) -9 (±4) 13  
(8-22) 

10  
(5-24) 

73  
(44-139) 

56  
(28-174) 

289  
(178-567) 

218  
(108-688) 

Middle temporal gyrus L GM -5 (±4) -10 (±5) 24  
(14-63) 

15  
(5-63) 

145  
(81-413) 

88  
(28-442) 

575  
(319-1645) 

349  
(108-1805) 

Inferior temporal gyrus L GM -6 (±4) -8 (±6) 17  
(10-41) 

21  
(10-296) 

98  
(59-275) 

125  
(53-2087) 

389 
(232-1165) 

497  
(241-9647) 

Fusiform gyrus L GM -5 (±4) -7 (±5) 27  
(17-46) 

16  
(8-49) 

163  
(106-307) 

93  
(42-332) 

647  
(423-1223) 

367  
(164-1328) 

Hippocampus & Amygdala  -6 (±5) -9 (±4) 26  
(16-48) 

11  
(6-32) 

155  
(77-266) 

60  
(30-213) 

616  
(306-1069) 

236  
(120-871) 

MMSE (points) -3 (±4) -6 (±5) 77  
(26-3238) 

26  
(8-3047) 

472  
(162-10,000+) 

153  
(43-10,000+) 

1882  
(642-10,000+) 

609  
(167-10,000+) 

FTLD-CDR (points) 3 (±2) +3 (±2) 9  
(4-13) 

18  
(5-88) 

48  
(21-84) 

104  
(28-568) 

186  
(81-332) 

411  
(109-2264) 

 
Note: Sample size calculation for a 50 to 10% treatment effect based on the mean atrophy rate per group per 

brain region at the 1- / 2-year follow-up visit [baseline to V2 (V1-2) or baseline to V3 (V1-3)]. Data derived 

from the German FTLD consortium from 2011 to 2018. Abbreviations: FTLD-CDR, Frontotemporal specific 

Clinical Dementia Rating Scale; GM, gray matter; L, left; MMSE, Mini Mental State Exam; R, right; WBV, 

whole brain volume. Lombardi et al. (2021), CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/ 
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4. DISCUSSION 

The present project examined brain volume and atrophy progression over a maximum of two 

years follow-up in well-characterized groups of healthy controls and the three variants of 

primary progressive aphasia. The primary purpose was to examine variant-specific 

pathological patterns early in the disease and to identify the brain regions most vulnerable 

to disease progression, in order to better characterize each variant and to provide practical 

implications for assessment of therapeutic approaches. 

 

4.1 Demographic and clinical characteristics 

Demographic data of the study sample indicate an overall younger age of patients with 

svPPA. This observation is in line with previous reports (see, e. g., [30]) [132]. The time 

since symptom onset was especially short in nfvPPA, which might be explained by the 

characteristic symptoms of this phenotype, causing impressive impairments of speech 

production and thus a comparably early recognition of pathological changes by patients and 

their families. Concerning neurochemical markers, neurofilament light chains differed in 

nfvPPA and svPPA from healthy controls at baseline and at the second visit (1-year follow-

up analysis). This discriminatory potential and the increase in NF-L levels with disease 

progression in nfvPPA and svPPA are concordant with previous studies [65,135]. A 

meaningful differentiation of lvPPA from nfvPPA and svPPA was not apparent. 

Neurofilament heavy chain levels were, however, able to discriminate nfvPPA from both 

other variants, as has been demonstrated previously [135]. With regard to CSF markers for 

Alzheimer’s pathology, only Aβ1-42 levels were significantly lower in lvPPA than in nfvPPA. 

On a single subject level, 9 out of 15 patients (60 percent) with lvPPA who completed a 

lumbar puncture at baseline displayed a profile coinciding with Alzheimer’s disease. As 

summarized above (see chapter 1.2.3), this result is in line with previous studies that reported 

a considerably mixed underlying pathology of this PPA variant. 

 

4.2 Cognitive performance 

The neuropsychological profile was able to differentiate PPA variants from healthy controls 

as most of the memory, language and executive function related tasks differed significantly 

already at baseline. In general, there is only limited data relating to non-language 

neuropsychological profiles in PPA [88]. Concerning the differentiation between PPA 

variants, however, the neuropsychological assessment did not reliably distinguish between 

the types.  

 

According to their characteristic impairments, tasks such as writing (AAT), repeating 

(Repeat and Point Test) and spontaneous speech (Cookie Theft Test) should be restricted in 

nfvPPA, whereas in svPPA performance in conceptual knowledge (verbal fluency), pointing 

(Repeat and Point Test), object naming (Boston Naming Test), and in lvPPA object naming 

(Boston Naming Test), repeating of long words and sentences, and short-term memory 

(digit/block span forward) would be expected to be reduced. In fact, repeating was worst in 

nfvPPA and differed significantly from svPPA but not lvPPA at all visits. Also, linguistic 
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features, especially articulation, was worse in nfvPPA than in svPPA (and lvPPA at visit 1). 

In svPPA, object naming and particularly pointing was worse than in nfvPPA and also in 

lvPPA with disease progression. The difference in impairment in object naming was, 

however, not demonstrable any more at the 2-year follow-up visit. Deficits in lvPPA in 

comparison to svPPA were noticeable most consistently in the nonverbal short-term memory 

task. In addition, impairment occurred in the verbal short-term and verbal working memory 

in early stages, and in the nonverbal working memory in later stages. Against expectation, 

however, this was not a unique feature, as patients with nfvPPA also performed worse than 

those with svPPA, especially in the verbal short-term memory and the nonverbal working-

memory. The verbal recognition task highlighted a significant underperformance when 

comparing the semantic to the non-fluent variant at the second and third visit. Recognition 

is a hippocampal-directed capacity and might point to stronger subcortical involvement with 

disease progression in svPPA. In contrast, cognitive flexibility was more persevered in 

svPPA than in lvPPA and especially in nfvPPA. From their neuropsychological profile, 

nfvPPA and lvPPA were only distinguishable in the linguistic evaluation of spontaneous 

speech (articulation) and the verbal episodic recall task, however, only at single visits. The 

dementia screening (MMSE) as well as the PPA sum score and both clinical dementia rating 

scales (CDR, FTLD-CDR) were not able to differentiate between phenotypes, but did 

differentiate PPA from healthy controls consistently.  

 

There are several possibilities that need to be recognized when making the 

neuropsychological results a subject of discussion: First, although language-related deficits 

that comprise the diagnostic criteria appear in early stages of PPA, patients may have a 

gradual onset with only mild symptoms and thus it may be difficult to differentiate between 

variants early on. This reasoning is supported by the observation that deficits at the second 

visit were more marked than at the first examination. Also, in all PPA variants, impairments 

seemed to increase evenly to a certain extent in nearly all assessed cognitive functions in 

comparison with healthy controls. Second, the results indicate that patients with a less severe 

disease course (as assessed by the CDR score) participated longer in this study, thus possibly 

biasing the results at visit 3 toward milder disease and potentially influencing the 

neuropsychological results obtained at this visit. A third possible explanation for the limited 

utility of neuropsychological testing could be that different underlying pathological deficits 

could still lead to the same result on testing. For instance, when looking at semantic fluency, 

patients with the semantic variant would be expected to underperform both other variants 

due to a lack of conceptual knowledge, and this would be manifested in a decreased rate of 

word production in svPPA. However, a decreased rate of word production could also be 

observed in nfvPPA due to a frontal deficit resulting in insufficient retrieval strategies or due 

to hampered articulation. A decreased rate of word production might also be seen in lvPPA 

as consequence of word finding difficulties.  

 

In practice, the problem that each neuropsychological test usually requires multiple cognitive 

domains is difficult to circumvent as is the fact that the overlap between PPA subtypes is 

often substantial. A suitable approach is the Aachen Aphasia Test (AAT) battery, which 

includes several subtests to assess all language functions, and which usually allows an 
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interpretation of deficit combinations. The AAT is, however, a time-intensive test and the 

FTLDc study protocol includes most but not all parts of the AAT because it is designed to 

assess all and not only the language-based FTLD spectrum disorders. An important 

additional issue in the diagnostic use of neuropsychological assessments is thus the 

qualitative interpretation of a specialized examiner. 

 

4.3 Atrophy pattern at baseline 

The first question that shall be addressed with the current study was asking for distinct 

volumetric features per patient group at baseline. Results suggest that each PPA variant 

presents with a particular atrophy pattern that differs in a noticeable way from healthy 

controls [132]. Overall, the present results overlap widely with previous reports. 

Additionally detected regions displaying significant volume decrease shall be discussed in 

the frame of their clinico-anatomical function in the following. 

 

In nfvPPA, the present results show considerable volume reduction in the left precentral, 

middle and inferior frontal, and superior and middle temporal gyrus, in the left putamen and 

striatum as observed in previous studies [29,98,99]. Additionally, the present findings point 

to noticeable atrophy that was seen in the superior frontal gyrus, in the left angular gyrus, 

the hippocampus and amygdala region as well as in single right lateral regions (superior, 

middle, and inferior frontal gyrus). With reference to the language network, the present 

atrophy pattern fits well with the characteristic speech impairments: As expected, the 

superior temporal gyrus is affected, which includes the primary and secondary auditory 

cortex that is also responsible for the higher order integration of perceptual information from 

multiple sites. Together with the angular gyrus, the precentral gyrus, and the inferior frontal 

gyrus (including Broca’s area, the relevant system for speech planning, speech production 

and articulation), atrophy along the dorsal pathway is in congruence with possible 

articulatory motor deficits related to nfvPPA. The middle frontal gyrus that displays 

significant atrophy, is part of the dorsolateral frontal region and is reported to be involved in 

the planning of speech movements [157]. In fact, lesion studies demonstrated that apraxia of 

speech is connected to a malfunction of the left motor face cortex or the premotor and 

supplemental motor cortices, respectively, and the inferior dorsolateral region [93,140]. The 

striatum, that displays conspicuously reduced volume here, participates together with motor 

areas in the performance of automated motor sequences. The involvement of the middle 

temporal gyrus as part of a temporo-frontal network that enables semantic and syntactic 

processing points to a pathoanatomical basis for the speech comprehension deficits observed 

in nfvPPA [87]. Of note is the finding that patients with nfvPPA display particular 

difficulties with grammatically complex or inconclusive sentences, thus redirecting 

characteristic language comprehension deficits to damage of Broca’s area (that is also 

responsible for grammatical properties) [158].  

 

The present findings also show a substantial volume reduction in the amygdala (which is 

assessed together with the hippocampus by the LONI Probabilistic brain atlas) that has not 

been described to this extent in previous studies. Substantial impairment of the amygdala 

would be expected to cause deficits in the control of behavior, action, physiological state, 
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emotional life and in cognitive functions such as attention, perception and memory [159]. 

For the amygdala’s role in PPA, specifically, particular afferences from the auditory 

thalamus, from the auditory cortex, and from its association areas are of interest. Also, 

intensive connections to regions in the frontal, temporal, and the insular cortex have been 

described, as e. g., to the medial prefrontal area (relevant in goal-directed behavior) and 

further to frontal association and motor areas leading to motor outputs [160], which are 

particularly impaired in nfvPPA. Interestingly, more recent studies point to severe 

impairment of the amygdala in all pathological forms of the FTD spectrum, with higher 

degree of atrophy in tau and TDP type C pathology (the primary cause in nfvPPA) then in 

TDP type A pathology (most often the cause of svPPA) [161].  

 

Right hemispheric atrophy in nfvPPA has been described previously [162], however, to a 

much lesser degree than in the left hemisphere. In the present study, more left than right 

hemispheric regions were atrophied to a highly significant degree at baseline. In comparison 

with both other variants, however, data imply that bilateral or right hemispheric pathological 

changes in nfvPPA are relatively prominent in the early stages. Also, nfvPPA is the only one 

of the three variants that does not show relevant differences between overall gray and white 

matter degradation at baseline, thus supporting previous statements of a coupled destruction 

of gray and white matter. 

 

Of all variants, patients with svPPA displayed the highest rates of atrophy at baseline, with 

more atrophy in left than right hemispheric areas and more atrophy in gray than white matter 

portions compared with healthy controls. To note, our subsample consisted of 78% left 

variant svPPA, thus exceeding rates that have been reported earlier (with the approximate 

ratio of 3:1 for left versus right variant svPPA (see, e. g., [95]). A differentiation of lateral 

dominance has thus not been considered in more detail here.  

 

The present analysis registered left ventromedial and orbitofrontal regions (left middle 

frontal gyrus, middle orbitofrontal gyrus, gyrus rectus), bilateral lateral temporal areas 

(superior, middle, inferior temporal gyri), and left medial temporal structures (insula, 

fusiform gyrus, parahippocampal gyrus, bilateral hippocampus and amygdala, caudate, 

bilateral putamen and striatum) as significantly atrophied. Whereas all these structures were 

identified in previous studies (see, e. g., [98,107,108,122]), the left cingulate gyrus appeared 

as additional or at least unconventional finding in svPPA: In the frame of the FTLD 

spectrum, the anterior cingulate region together with frontopolar, fronto-insular and striatal 

areas is usually identified as major player of degenerative loci in bvFTD [97]. Functionally, 

it is involved in cognitive processes such as motivation, decision making, reward sensation, 

attention and conflict-error-monitoring [163]. Moreover, the anterior cingulate, specifically, 

is part of the salience network that connects the frontal lobes with the limbic system, 

including the insula, striatum, and amygdala, and that is involved in interoception, as well 

as in social, emotional, and behavioral processing [164]. Presumably, the degeneration of 

the paralimbic circuit (medial frontal, medial temporal, and insular cortex) is responsible for 

the profound behavioral alterations in bvFTD [165], and may account for the observation 
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that svPPA patients tend to show similar changes in the course of the disease, with almost 

comparable rates of antisocial or even criminal behavior to bvFTD [166].  

 

Remarkably in the present study, atrophy was observed in specific medial frontal and medial 

temporal regions in svPPA patients. Medial fronto-temporal regions are commonly 

associated with behaviors: Atrophy in the orbitofrontal cortex together with the insula 

(especially right hemispheric) is associated with apathy, anxiety, irritability, and altered food 

intake [167]. Disinhibition was especially associated with atrophy in the left orbitofrontal 

cortex and with medial temporal and limbic structures (amygdala and hippocampus), with 

the striatum and with the right superior temporal sulcus [167,168]. Furthermore, impaired 

processing of emotional cues  as well as reduced social empathy is related to a combination 

of atrophy in the ventromedial prefrontal and orbitofrontal cortex, the insula, parts of the 

right anterior temporal lobe, the right inferior temporal gyrus and the amygdala [169].  

 

Related to the organization of the language network, deficits in svPPA can be understood to 

be related to degeneration in lateral temporal loci: Again, the superior temporal gyrus that is 

crucial in all auditory processing and integration is affected. Combination of acoustic and 

semantic information and sentence processing are related to the left middle and inferior 

temporal gyrus, and prominent atrophy in those regions may account not only for a 

deficiency in semantic comprehension but also for semantic errors in expressive language 

[80]. The atrophy in the fusiform gyrus makes sense because the fusiform gyrus was not 

only recognized as being involved in facial processing (see, e. g., [78]) but also, together 

with the parahippocampal gyrus, as the “basal temporal language area” (p. 2776) [170]: Data 

point to a possible function of the fusiform gyrus in retrieving knowledge about visual 

attributes of objects, and a possible role of the parahippocampal gyrus in connecting 

semantic memory and episodic memory encoding networks.  

 

The affected frontal regions in svPPA that were observed in the present study are not only 

involved in social and emotional processing, but were identified as relevant parts of the 

“semantic system”: The dorsomedial region was identified as a candidate for goal-directed 

semantic retrieval, the ventromedial prefrontal cortex (including the cingulate gyrus and 

gyrus rectus) might be involved in processing affective value of objects and emotional 

attributes of words, and the inferior frontal gyrus serves working memory load and semantic 

and syntactic processing efficiency. While the anterior cingulate gyrus is involved in both, 

attentional and behavioral processes, as mentioned above, the posterior cingulate with its 

proximity to the hippocampal formation is believed to enhance memory encoding connected 

with conceptual information and semantic retrieval. Together, these results confirm that 

disease pathology in svPPA affects primarily the ventral processing stream of the dual stream 

model [110].  

 

The atrophy pattern in lvPPA at baseline comprised left lateral frontal (superior and middle 

frontal gyrus), left lateral and medial temporal (superior, middle, and inferior temporal 

gyrus, fusiform and parahippocampal gyrus, insula), left lateral parietal (supramarginal and 

angular gyrus and precuneus), a single occipital (middle occipital gyrus) and left subcortical 
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(striatum, putamen, hippocampus/amygdala) areas. Obviously, only left hemispheric regions 

reached highest atrophy measures. Overall gray matter atrophy was higher than white matter 

atrophy, and volume decrease was significantly higher in the left then in the right 

hemisphere.  

 

As a variant of primary progressive aphasia, again, lateral temporal involvement along the 

primary and secondary auditory cortex and language processing hubs was expected in 

lvPPA. Also, with regard to the symptomatology including word finding difficulties and a 

decrease in working memory, involvement of structures engaging in memory consolidation 

and retrieval (the fusiform and parahippocampal gyrus and the hippocampus and amygdala 

complex) makes sense.  

 

Although parts of the present findings have been reported previously [20,98,99,116], the 

widely distributed and prominent frontal involvement already present at baseline is 

surprising. Considering neuroscientific studies against the background of phenomenology in 

lvPPA, specifically the posterior cingulate cortex (or retrosplenial region) might provide the 

link to major frontal involvement: The posterior cingulate cortex connects limbic and 

subcortical structures with frontal regions and was reported to be critically involved in 

speech comprehension and production, and to being impacted early on in Alzheimer’s 

disease [171]. In fact, although not primarily reduced in volume in the present project, other 

studies detected the posterior cingulate cortex as being initially affected in lvPPA [116]. 

Also, together with inferior parietal, middle and medial temporal, inferior, dorsomedial and 

ventromedial prefrontal areas, the posterior cingulate gyrus is listed as part of the semantic 

system and semantic memory [170]. The involvement of frontal and subcortical regions that 

were identified here might thus be related to both goal-directed retrieval processes on the 

word level and the integration of short-term memory circuits that enable the storage and 

rehearsal of information. For example, word and sentence length effects as they typically 

appear in lvPPA, would not only hint at a decreased working memory capacity but also to a 

disconnection between the verbal working memory and semantic and linguistic information 

stored in long term memory [172,173].  

 

Interestingly, atrophy in lvPPA displays some overlap with both other PPA variants and also 

coincides strikingly with the disease pattern in early-onset Alzheimer’s disease but not with 

the late-onset variant [174], including involvement of the inferior frontal gyrus, middle 

temporal gyrus, insula, angular gyrus, precuneus, middle occipital gyrus, insula, and 

hippocampus. The present data therefore support the assertion that lvPPA affects the dorsal 

language stream primarily [175]. 

 

4.4 Atrophy progression 

To address the second question that aimed to understand the course of the disease in each 

PPA variant, volumetric measurements at one year and two years of follow-up were 

evaluated for quantity and location of variant-specific disease progression: Primarily 

affected loci were often also those that showed highest atrophy progression rates compared 

with healthy controls [132]. Overall, atrophy progression appeared more left-dominant, but 
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often bilateral decreases were also seen, especially in characteristic and primarily affected 

regions. In comparison with the volumetric quantification at baseline, each variant had 

particular regions that were additionally affected in the course of the disease (see Table 6): 

In nfvPPA, regions in the frontal (right precentral, left middle and left lateral orbitofrontal 

gyrus), temporal (right superior and right inferior temporal gyrus, bilateral insula, left 

fusiform gyrus, left cingulate gyrus), parietal (left precuneus, bilateral supramarginal gyri), 

and occipital (bilateral middle occipital gyri, left postcentral gyrus) lobes as well as in 

subcortical structures (right putamen, bilateral caudate) displayed especially high atrophy 

progression rates. Interestingly, significant volume loss in newly-affected regions was 

primarily left-sided, allowing disease progression tracking intrahemispherically in the 

frontal lobe, lateral and medial temporal regions, and parietal gyri. Significant right lateral 

volume loss occurred only in some of those regions already affected in the left hemisphere, 

suggesting chronologically subsequent interhemispheric disease spreading.  

 

In svPPA, almost all regions that were significantly decreased in volume at baseline showed 

significantly higher atrophy in comparison with healthy controls at the 1- and 2-year follow-

up visits. Only the right fusiform gyrus, the right insula, the left superior and left inferior 

frontal gyrus, and the left angular gyrus were affected in addition. These results are in 

striking accordance with previous descriptions (see chapter 1.2.5.2). Compared with the 

other PPA subtypes, this variant displayed highest atrophy (progression) rates. Again, this 

finding is in line with previous studies [92] and may indicate either a more intensive disease 

development in svPPA or simply a more focally restricted disease spread, leading to 

impressive changes in terms of more concentrated atrophy. The findings suggest 

intrahemispheric disease spreading to left frontal and parietal regions, as well as 

interhemispheric progression reaching right temporal structures.  

 

In lvPPA, especially, research in longitudinal disease tracking is sparse. Areas in the frontal 

(right superior and right middle frontal gyrus, left inferior frontal gyrus, left lateral 

orbitofrontal gyrus, left precentral gyrus), temporal (right superior and right middle temporal 

gyrus, left cingulate gyrus), parietal (left postcentral gyrus, left superior parietal gyrus), and 

occipital (right middle occipital gyrus, left inferior occipital gyrus) lobes as well as 

subcortical structures (right putamen) displayed especially high atrophy progression rates in 

this study. The present results suggest a disease progression that is more extensive than in 

other studies [113,116]. Compared with affected regions at baseline, follow-up 

measurements located disease spreading intrahemispherically in all lobes, while cross-lateral 

atrophy occurred to a much lower extent and was found in only some of those regions that 

showed noticeable atrophy at baseline (in the frontal, temporal, and occipital lobe). 

 

Together, the present results confirm previous descriptions relating to 1) a primarily 

intrahemispheric disease spreading, 2) an increasing left-right-hemisphere ratio or 

asymmetric progression, respectively, 3) disease-specific atrophy progression that is most 

prominent in primarily affected regions, and 4) contralateral involvement of initially uni-

/(left-) lateral affected structures. The results add new findings in the debate of disease 

progression in PPA with regard to the specific gyri and portions that are affected and the 



50 

 

intra- and interhemispherical spreading with time. In contrast, this study could not replicate 

atrophy in cerebellar structures that was reported earlier [162,176,177] (Appendix Table 8). 

At baseline, no relevant cerebellar alterations were detected, but discrete brainstem 

involvement in terms of reduced volume of the pons in lvPPA as well as decreased volume 

of the medulla in all three subtypes. In follow-up measurements, no significant difference in 

volume loss was evident when compared with healthy controls (Appendix Table 9). 

Affection of brainstem structures is not intuitive in PPA, and, if at all, has been reported in 

nfvPPA and atypical Parkinson syndromes with an underlying tauopathy [119,121,178]. 

Interestingly, neuroscientific research traces auditory spatial processing back to the close 

involvement of the brainstem with the planum temporale [179]. Thus, although not 

mentioned specifically in previous PPA research, the present data might hint at impairments 

in the brainstem as part of the degeneration of the language network. 

 

Besides spreading pathology along the frontal and temporal lobe, disease progression in all 

three variants also included parietal and occipital regions. While the angular gyrus is 

involved in syntactic processing and integration, the supramarginal gyrus, specifically, is 

critically involved in speech production and phonological processing, or conversely in 

speech disturbances and phonological errors [80,83,180]. Together with the postcentral 

gyrus, the supramarginal gyrus is expected to serve as a speech motor control system that 

matches somatosensory prediction and feedback. Together with inferior frontal regions the 

supramarginal gyrus is crucial for the articulatory loop that is not only responsible for 

articulation of speech but also for verbal working memory [83]. It is thus not surprising that 

atrophy in the supramarginal gyrus appears in lvPPA (as reported in previous studies) and 

also in nfvPPA during disease progression, but not in svPPA (all in comparison with healthy 

controls). Potentially, these functional attributes might explain the clinical observation that 

patients with lvPPA tend to correct phonological errors less often than nfvPPA patients 

correct phonemic errors, at least in early stages of the disease. Other parietal regions (as in 

e. g., the precuneus and adjacent regions) are relevant but are in a more general sense 

engaged in linguistic information processing and in integration processes [69,181]. Occipital 

areas comprise visual recognition networks and their involvement can account for increasing 

visuospatial deficits [28]. 

 

With respect to noticeable right hemisphere atrophy, previous hypotheses address the finding 

of cross-lateral disease spreading: Originally, studies with stroke or tumor patients pointed 

to homotopical right hemispheric recruitment as a mechanism to compensate for impaired 

left-located structures in terms of a functional reorganization of the language network (see, 

e. g., [182]). Against expectations, higher right lateral activity in language relevant areas was 

not related to better-preserved language abilities specifically in PPA, leading to the 

assumption of either a failing or detrimental compensation mechanism [183]. Also, it is 

possible that functions integrating multisensory information (as it is the case in language 

processing) might be more complex to compensate for than others that can be mapped to a 

specific region. Meaningful, however, was the finding that connection strength between 

language-relevant junctions both in the left and right hemisphere and also between 

hemispheres is associated with functional preservation [120,183,184]. Although white 
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matter connectivity analyses were not pursued in the present project, regional white matter 

changes might hint at changes in the underlying white matter tracts and allow regional 

modifications to be pinpointed. Also, previous studies found that functionally-connected 

brain regions show correlated gray matter volumes, and that this applied to both ipsilateral 

and contralateral regions [97]. In PPA, as reported, patients with nfvPPA display some 

dissociation between gray and white matter atrophy, while in svPPA white matter decrease 

mostly corresponded with gray matter volume loss, and in patients with lvPPA a diffuse and 

less stereotyped pattern of white matter degradation is expected [102,129]. The present data 

imply that white matter decrease appeared more restricted and in general appeared to a lesser 

degree than primarily affected gray matter structures in all variants. In nfvPPA, white matter 

decreases occurred mainly in the gyri of the frontal lobes (bilaterally) and in the left angular 

gyrus, specifically. With increasing disease duration, additional white matter portions 

atrophied ipsilaterally in left ventrolateral and medial temporal areas and parietal gyri and 

cross-lateral only in the right inferior frontal gyrus. Remarkably, and only in nfvPPA, few 

structures displayed white matter decreases without a congruent gray matter correlate. Also, 

nfvPPA patients were the only ones displaying bilateral white matter atrophy already at the 

baseline assessment. That svPPA and lvPPA but not nfvPPA were characterized by overall 

higher gray than white matter atrophy at baseline comparison and in longitudinal 

assessments points to a variant-specific disease spreading in nfvPPA, potentially, with a 

more relevant impact of specific white matter development. In svPPA, white matter decrease 

was specifically focused to left temporal regions that displayed a congruent but more 

extensive gray matter loss. Results for both the 1- and 2-year follow-up visit rendered the 

very same areas of unified white matter volume decrease with spreading to the left superior 

temporal gyrus intrahemispherically, and to the right inferior temporal gyrus 

interhemispherically. In comparison, gray matter structures displayed disease involvement 

that was much more widespread. From these data one might draw the conclusion that svPPA 

is in fact a disease primarily affecting gray matter structures with a minor involvement of 

white matter connections. In lvPPA, white matter atrophy was only apparent in the left 

hemisphere, along those regions in which gray matter was primarily affected, and spreading 

to medial temporal gyri and the angular gyrus with longer disease duration. Analyses of 

overall gray versus white matter volume produced inconsistent results in lvPPA, suggesting 

higher initial gray matter atrophy with subsequent white matter changes. 

 

While this study tried to work out significant differences between PPA subgroups in 

comparison with healthy controls, it should be mentioned that patterns of atrophy reflect a 

high degree of congruency underlining a common path of disease progression in all three 

PPA variants along the language network (see Table 6). With inclusion of less restrictive but 

meaningful significance levels, atrophy profiles resemble one another already at baseline (as 

can be seen in the Appendix Table 8) and in follow-up measurements. Thus, it is not 

surprising that symptoms between variants often overlap with progression of the disease. 

Trying to work out unique features for each variant, that is a specific pattern of atrophy 

appears that seems to vary from both other variants (see circles in Table 6): atrophy in the 

right inferior and (bilateral) precentral gyrus, the right supramarginal gyrus, and the right 

(bilateral) caudate appear specifically characteristic for nfvPPA; in svPPA, volume loss in 
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the left gyrus rectus, the right fusiform gyrus and the right (bilateral) parahippocampal gyrus 

stands out; and in lvPPA, changes in the superior parietal gyrus and the left inferior occipital 

gyrus are exposed as informative measures. Despite overlapping pathological spreading 

along the language network, these signatures suggest variant-specific differences of disease 

expansion. In clinical practice, these findings might, however, be restricted in their 

diagnostic utility as detailed analyses on a group-level have little meaning in the evaluation 

of individual disease development. 

 

In specific regions, we found atrophy progression amounts above that reported in other 

studies [113–115,123,124,132,185]. However, when observing larger entities such as the 

frontal or temporal lobe as a whole, rates were comparable. Obviously, brain atrophy was 

more pronounced at baseline and at follow-up measurements in svPPA. First, this may be 

due to the fact that patients with svPPA tend to contact medical professionals at later stages 

of the disease, as symptoms are insidious. Second, atrophy progression in svPPA appears 

particularly limited to certain and primarily affected loci with restricted spreading, as the 

present data imply. In contrast, atrophy patterns at baseline and after two years follow-up 

were more diffuse in lvPPA. Besides parietal and temporal atrophy, noticeable tissue loss 

appeared in frontal regions. Lateral and medial frontal lobe involvement has been reported 

previously and was observed during the course of disease progression throughout the entire 

language network [34,116,186,187]. The pronounced frontal atrophy in our cohort could be 

a consequence of the proportionately long disease duration (see Table 4). 

 

4.5 Sample size calculation 

Related to the third and fourth question, this study provides practical guidance for future 

therapeutic trials in terms of read-out measures for potential modifications and study 

parameters. This is important as observational studies have provided sufficient patient data 

to allow the implementation of promising clinical trials (see, e. g., INFRONT-2, 

https://clinicaltrials.gov/ct2/show/NCT03987295; INFRONT-3, 

https://clinicaltrials.gov/ct2/show/NCT04374136; FOCUS-C9, 

https://clinicaltrials.gov/ct2/show/NCT04931862; AIDA, 

https://clinicaltrials.gov/ct2/show/NCT03174886). 

 

In this study, based on the standardized effect size of longitudinal volume decline, the 

identification of most vulnerable regions per variant provides guidance on sample sizes and 

duration of treatments for therapeutic approaches [132]. Concerning sample sizes, 

indications from the present sample slightly differ compared with previous reports (see, e. 

g., [188–190]). Methodologically, the LME model was applied to determine atrophy 

progression in PPA groups compared with healthy controls corrected for timepoint of 

measurement and adjusted for age and sex. However, in contrast to most other studies, we 

based our sample size calculation on effective volume decline as we present a fairly solid 

sample and consecutively conducted examinations. Another reason for differing sample size 

calculations might be due to technical aspects, assuming that ABV allows examining the 

whole brain in a more comprehensive manner than other methods. Moreover, as it becomes 

obvious in our longitudinal volume surveillance, the underlying neurodegenerative process 
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is diffuse and may vary in stage of the disease, speed, and specific region per group, so that 

sample size indications may rely on varying structures, and therapeutic trials should consider 

running for an extended period of time. 

  

Although the FTLD-CDR score in general provided the lowest numbers for sample sizes, it 

is little meaningful in phrasing specific or discriminative statements. The risk of interrater 

variability and the fluctuation of the FTLD-CDR score in the individual course of the disease 

complicate to review disease progression and possible treatment effects. Therefore, MRI-

based biomarkers – due to their rater-independency, accuracy, reliability and particularly 

due to their specificity – are an indispensable component of future clinical trials and their 

outcome measures. 

 

4.6 Limitations and strengths 

Although most studies focus either on genetic or sporadic cases, both patients with and 

without known gene mutations were included in the study sample [132]. In recent years, the 

interest in assessing FTLD or PPA based on a certain type of mutation increased in the hope 

of improved classification, prediction, and development of therapeutic options (see, e. g., the 

GENETIC FTD INITIATIVE (GENFI) study, https://www.genfi.org/study/; or the 

Longitudinal Evaluation of Familial FrontoTemporal Dementia Subjects (LEFFTDS) study, 

https://www.allftd.org/artfl-lefftds/#lefftds). Examining subjects with positive mutation 

status allows monitoring prodromal stages in detail, following and learning about the 

conversion to clinically evident disease, and providing the possibility to characterize 

phenotypes according to their underlying pathology. However, as mentioned above, the 

majority of PPA cases appear sporadically, histopathological profiles blend within the same 

variants, and genetic testing might often not be available. In the present sample, the 

proportion of patients with positive mutation status (7.5%) lies around the reported 

autosomal dominantly occurring incidence of about 5 percent [42]. Because of the small 

numbers of patients with identified genetic mutations, both the descriptive and the sensitivity 

analysis excluded a significant influence of genetic versus sporadic cases on atrophy 

progression rates. 

 

Methodologically, atlas-based volumetry is a well-established approach to define and 

characterize spatial characteristics of the brain. The LONI Probabilistic Brain Atlas was 

chosen for this study as it offers an extensive range of 56 (mainly cortical) delineated brain 

structures. Especially with regard to the complexity of the language network that has been 

described above, the detailed analysis of single gyri is necessary to track volumetric changes. 

As the present results suggest substantial involvement of subcortical structures, an additional 

and more detailed analysis of those regions would be worthwhile in the future. Only recently, 

several detailed atlases of particular nuclei were developed that would provide further 

insights in PPA disease tracking (see, e. g., [161]). To understand white matter tract-based 

changes, other MRI sequences would be preferable. Against the background of divergent 

gray and white matter patterns in PPA (see, e. g., [102]) and the challenging quantification 

of structural white matter properties, however, the focus on mainly cortical structures was 

favored here. With neuroimaging-based approaches in general, it is necessary to keep in 
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mind that assessing brain regions volumetrically is, first, always based on probabilistic 

approximations of the underlying conditions, and, second, may generate key figures that are 

more prone to over- or underestimation when examining small regions than those of larger 

compartments. Further studies considering a detailed analysis of the brain without a priori 

defined regions would be desirable.  

 

A strength of the present study is the comparably large sample size with a comparably long 

follow-up tracking of all three PPA variants and a group of healthy control subjects. 

Especially the logopenic variant, with its formal affiliation to Alzheimer’s disease and its 

widely discussed role in the FTLD spectrum, is a rarely examined neurodegenerative disease 

that requires further research. Also, the study sample was composed of a solid data set, so 

that calculations were completed without imputation methods. Besides neurochemical 

results, the neuropsychological profile (apart from language-related tests in PPA) has only 

been dealt with sparsely in the literature. Volumetrically, the comprehensive analysis of the 

whole brain without a priori defined regions has not been conducted to the present extent 

elsewhere, and allows for a more detailed understanding of the disease.  

 

 4.7 Perspective 

In the existing literature, clinical phenotypes have been described in detail; however, MRI 

volumetry as an objective parameter to monitor disease progression is still limited [132]. 

This study provides detailed information of longitudinal pathologic brain volume decrease 

without a priori defined regions in all three defined primary progressive aphasia subtypes. 

The longitudinal subtype-specific analysis of disease progression allows identification of 

primary and secondary affected brain regions and thus pinpoints appropriate sites to evaluate 

therapeutic trials. Besides replication studies, further research needs to a) clarify individual 

disease progression in terms of predictive models, b) trace networks and understand 

remodeling processes in the brain, c) elaborate criteria that are capable of accommodating 

additional, mixed, or unclassifiable symptoms that may occur in early or late stages of the 

disease, taking into account clinico-anatomical correlates, d) identify the earliest possible 

pathologic alterations to implement therapeutic interventions best. 
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5. SUMMARY 

The present study examined disease progression in primary progressive aphasia (PPA), a 

rare neurodegenerative disease characterized by substantial and increasing language 

impairments. According to the current diagnostic criteria, three phenotypes are identified: 

the non-fluent variant, the semantic variant, and the logopenic variant. Specific clinical 

features are often correlated with neuroimaging-based biomarkers, suggesting particular 

neurodegenerative patterns for each subtype. The neuropsychological examination is a 

crucial part of the diagnosis and tracking of primary progressive aphasia, but increasing 

language impairments and the additional decline in general cognitive functioning with 

progressive dementia make it challenging to evaluate disease progression. A promising 

parameter is the volumetric examination of the brain. Several studies have examined the 

pathological changes in PPA; however, probably due to its low prevalence, a detailed 

analysis that quantifies and locates disease progression in each subset of primary progressive 

aphasia in early and later stages is missing so far. Reliable quantification measures and a 

comprehensive understanding of neuropathological disease progression is however essential 

to assess the effect of therapeutic approaches.  

 

This study aimed to characterize each of the primary progressive aphasia variants in 

comparison with healthy controls at first presentation at medical services and at the 1- and 

2-year follow-up measurement. Structural MRI data were examined with a comprehensive 

atlas-based volumetric approach allowing for cross-sectional and longitudinal disease 

tracking in 56 cortical and subcortical areas and for both, gray and white matter changes.  

 

The results identified the most vulnerable brain regions for each variant and allowed 

calculation of sample sizes for follow-ups at one and two years to detect potential therapeutic 

effects reliably. Findings indicate, that at baseline, all primary progressive aphasia subgroups 

already differed significantly from healthy controls, with most pronounced volume reduction 

in the left ventrolateral prefrontal area for the non-fluent variant, the left temporal lobe and 

hippocampus/amygdala complex for the semantic variant, and the left temporal and 

temporoparietal region for the logopenic variant. Follow-up measurements after one year 

and two years revealed further atrophy progression in primarily affected areas in the non-

fluent and semantic variants and a more widespread pattern in the logopenic phenotype. In 

the non-fluent variant, disease progression occurred most prominently in the bilateral frontal 

lobes with extensions to parts of the temporal, parietal, and occipital lobes. Particularly in 

this subtype, gray and white matter decreases diverged, pointing to a variant-specific 

spreading of pathology. In the semantic variant, brain atrophy was more pronounced at 

baseline and also at follow-up measurements compared with both other variants.  

 

Disease progression displayed a pronounced focal atrophy pattern mainly affecting lateral 

and medial temporal regions bilaterally with extensions to (medial) frontal and parietal 

regions. In lvPPA, atrophy occurred mainly left-lateral and to similar extents across all lobes 

and with diffuse but especially increasing frontal involvement with time. Atrophy patterns 

overlapped with relevant structures of the other two primary progressive aphasia variants 
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and also with the relevant structures affected in young-onset Alzheimer’s disease. In all 

variants, left lateralized atrophy was more pronounced at baseline and at follow-up 

measurements. Overall, higher gray than white matter atrophy appeared in the semantic and 

logopenic variant but not in the non-fluent subgroup. Based on longitudinal volume change, 

calculations identified the most vulnerable and thus most sensitive regions per variant as a 

read-out for therapeutic approaches: On a single-group level, inferior frontal, superior 

temporal and subcortical structures were most suitable for the non-fluent variant. For the 

semantic and logopenic variant, temporal gyri and the hippocampus/amygdala complex were 

best suited to measure modifications. Across all groups, cohort sizes of n=30 per variant 

would be sufficient to identify a therapeutic effect of 50% at the 1-year follow-up visit, which 

is expected to be feasible for most double-blind therapeutic trials that promise a high effect. 

 

In sum, this study is the first to examine disease progression in all three variants of primary 

progressive aphasia by using consistent longitudinal follow-up measurements and an 

evidence-based, comprehensive analysis of the whole brain without a priori defined regions. 
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APPENDIX 

Table 8. Volumetric results at baseline visit, cross-sectional comparison between healthy controls and each PPA variant 

 CON (n=27)     nfvPPA (n=32)         svPPA (n=27)         lvPPA (n=20)   

 MEAN* SEM     MEAN* SEM D(%) p       MEAN* SEM D(%) p       MEAN* SEM D(%) p 

Brain 1045.6 8.4     979.4 7.7 -6.3 <.001       981.6 8.7 -6.1 <.001       978.2 9.8 -6.4 <.001 

Brain_L 517.2 4.5     479.6 4.2 -7.3 <.001       476.1 4.7 -7.9 <.001       473.5 5.3 -8.4 <.001 

Brain_R 528.5 4.7     499.8 4.3 -5.4 <.001       505.4 4.9 -4.4 .001       504.6 5.5 -4.5 .001 

Gray_Matter 597.2 8.3     554.8 7.6 -7.1 <.001       541.4 8.6 -9.3 <.001       547.7 9.7 -8.3 <.001 

White_Matter 448.4 5.0     424.5 4.6 -5.3 .001       440.1 5.1 -1.9 >.05       430.5 5.8 -4.0 .021 

CSF 359.8 8.4     426.0 7.7 18.4 <.001       423.8 8.7 17.8 <.001       427.2 9.8 18.7 <.001 

CSF_R 184.1 4.4     215.7 4.0 17.2 <.001       212.5 4.5 15.4 <.001       212.8 5.1 15.6 <.001 

CSF_L 175.6 4.3     210.3 4.0 19.7 <.001       211.3 4.4 20.3 <.001       214.4 5.0 22.1 <.001 

Cerebrum 898.7 7.7     829.2 7.1 -7.7 <.001       832.4 8.0 -7.4 <.001       828.6 9.0 -7.8 <.001 

Cerebrum_GM 499.4 7.4     455.5 6.8 -8.8 <.001       443.9 7.7 -11.1 <.001       449.6 8.7 -10.0 <.001 

Cerebrum_WM 399.2 4.6     373.7 4.2 -6.4 <.001       388.5 4.7 -2.7 >.05       379.0 5.4 -5.1 .005 

Cerebrum_R 454.0 4.4     423.7 4.0 -6.7 <.001       429.9 4.5 -5.3 <.001       428.9 5.1 -5.5 <.001 

Cerebrum_L 444.7 4.3     405.4 3.9 -8.8 <.001       402.5 4.4 -9.5 <.001       399.7 5.0 -10.1 <.001 

Frontal_lobe 293.4 3.7     261.5 3.4 -10.8 <.001       278.5 3.8 -5.1 .006       269.4 4.3 -8.2 <.001 

Frontal_lobe_GM 161.4 2.7     143.0 2.5 -11.4 <.001       148.7 2.8 -7.9 .002       145.6 3.2 -9.8 <.001 

Frontal_lobe_WM 132.0 2.0     118.6 1.9 -10.1 <.001       129.8 2.1 -1.6 >.05       123.9 2.4 -6.1 .011 

Frontal_lobe_R 145.8 1.8     131.7 1.6 -9.7 <.001       140.9 1.8 -3.3 >.05       136.4 2.1 -6.4 0.01 

Frontal_lobe_L 147.6 2.1     129.9 2.0 -12.0 <.001       137.6 2.2 -6.8 .002       133.0 2.5 -9.9 <.001 

Temporal_lobe 179.3 2.6     165.0 2.4 -8.0 <.001       145.7 2.7 -18.7 <.001       157.3 3.1 -12.2 <.001 

Temporal_lobe_GM 121.5 2.2     111.0 2.1 -8.6 .001       94.8 2.3 -22.0 <.001       104.7 2.6 -13.8 <.001 

Temporal_lobe_WM 57.8 0.8     54.0 0.8 -6.6 .001       50.9 0.9 -11.9 <.001       52.6 1.0 -9.0 <.001 

Temporal_lobe_R 89.6 1.7     83.9 1.6 -6.4 .017       78.2 1.8 -12.7 <.001       83.0 2.0 -7.3 .015 

Temporal_lobe_L 89.7 1.4     81.1 1.3 -9.6 <.001       67.6 1.4 -24.7 <.001       74.3 1.6 -17.2 <.001 

Parietal_lobe 167.3 2.0     156.4 1.8 -6.5 <.001       161.7 2.0 -3.4 .050       155.2 2.3 -7.2 <.001 

Parietal_lobe_GM 92.5 1.8     85.6 1.6 -7.5 .005       87.1 1.8 -5.8 .039       83.5 2.1 -9.7 .001 
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 CON (n=27)     nfvPPA (n=32)         svPPA (n=27)         lvPPA (n=20)   

 MEAN* SEM     MEAN* SEM D(%) p       MEAN* SEM D(%) p       MEAN* SEM D(%) p 

Parietal_lobe_WM 74.8 1.1     70.8 1.0 -5.3 .007       74.5 1.1 -0.4 >.05       71.7 1.2 -4.2 >.05 

Parietal_lobe_R 82.8 1.0     78.4 0.9 -5.3 .002       80.6 1.1 -2.7 >.05       78.9 1.2 -4.7 .014 

Parietal_lobe_L 84.5 1.1     78.0 1.0 -7.8 <.001       81.1 1.1 -4.0 .030       76.3 1.3 -9.7 <.001 

Occipital_lobe 120.0 1.5     115.2 1.4 -4.0 .026       115.2 1.6 -4.0 .035       114.9 1.8 -4.2 .037 

Occipital_lobe_R 62.0 0.8     59.4 0.7 -4.2 .016       59.4 0.8 -4.2 .026       59.6 0.9 -3.9 .048 

Occipital_lobe_L 57.9 0.8     55.8 0.7 -3.6 >.05       55.7 0.8 -3.8 >.05       55.4 1.0 -4.5 .041 

Occipital_lobe_GM 70.6 1.3     67.2 1.2 -4.9 >.05       66.7 1.4 -5.5 .044       66.7 1.5 -5.5 >.05 

Occipital_lobe_WM 49.4 0.8     48.1 0.8 -2.6 >.05       48.4 0.9 -1.9 >.05       48.2 1.0 -2.3 >.05 

Insula 15.7 0.3     14.4 0.3 -8.0 .001       13.4 0.3 -14.7 <.001       14.4 0.3 -8.4 .003 

Insula_R 7.8 0.2     7.2 0.1 -7.3 .011       7.0 0.2 -10.0 .001       7.3 0.2 -5.8 >.05 

Insula_L 7.9 0.1     7.2 0.1 -8.7 .001       6.4 0.2 -19.3 <.001       7.1 0.2 -10.9 <.001 

Striatum 16.9 0.3     15.1 0.3 -11.0 <.001       14.4 0.3 -15.0 <.001       15.2 0.4 -10.2 .001 

Striatum_R 8.7 0.2     7.8 0.2 -9.9 .001       7.6 0.2 -12.5 <.001       8.0 0.2 -8.2 .012 

Striatum_L 8.3 0.2     7.3 0.2 -12.1 <.001       6.8 0.2 -17.6 <.001       7.3 0.2 -12.3 <.001 

Caudate 8.4 0.2     7.6 0.2 -9.9 .001       7.4 0.2 -11.6 <.001       7.8 0.2 -7.0 .041 

Caudate_R 4.2 0.1     3.8 0.1 -8.6 .007       3.8 0.1 -9.5 .005       4.0 0.1 -4.6 >.05 

Caudate_L 4.2 0.1     3.8 0.1 -11.1 .001       3.6 0.1 -13.7 <.001       3.8 0.1 -9.4 .012 

Putamen 8.5 0.2     7.5 0.2 -12.1 <.001       7.0 0.2 -18.3 <.001       7.4 0.2 -13.4 <.001 

Putamen_R 4.5 0.1     4.0 0.1 -11.1 .001       3.8 0.1 -15.3 <.001       4.0 0.1 -11.6 .002 

Putamen_L 4.1 0.1     3.5 0.1 -13.1 <.001       3.2 0.1 -21.6 <.001       3.4 0.1 -15.3 <.001 

Hippocampus_and_Amygdala 10.5 0.2     9.6 0.2 -8.2 .002       8.1 0.2 -22.7 <.001       9.4 0.2 -10.1 .001 

Hippocampus_and_Amygdala_R 5.2 0.1     4.9 0.1 -6.7 .040       4.4 0.1 -15.8 <.001       4.9 0.1 -5.5 >.05 

Hippocampus_and_Amygdala_L 5.3 0.1     4.8 0.1 -9.7 <.001       3.7 0.1 -29.6 <.001       4.5 0.1 -14.6 <.001 

Cerebellum  109.3 1.7     111.7 1.6 2.2 >.05       110.9 1.8 1.5 >.05       110.7 2.0 1.3 >.05 

Cerebellum_GM 86.2 1.5     88.1 1.4 2.1 >.05       86.7 1.6 0.5 >.05       87.2 1.8 1.1 >.05 

Cerebellum_WM 23.0 0.4     23.7 0.4 2.7 >.05       24.3 0.5 5.4 >.05       23.5 0.5 2.2 >.05 

Cerebellum_R 55.8 0.9     56.9 0.8 2.1 >.05       56.4 0.9 1.1 >.05       56.4 1.0 1.1 >.05 

Cerebellum_L 53.5 0.8     54.8 0.8 2.4 >.05       54.6 0.9 2.0 >.05       54.3 1.0 1.6 >.05 

Brainstem 29.3 0.5     30.4 0.5 3.5 >.05       30.4 0.5 3.6 >.05       30.9 0.5 5.4 .024 
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 CON (n=27)     nfvPPA (n=32)         svPPA (n=27)         lvPPA (n=20)   

 MEAN* SEM     MEAN* SEM D(%) p       MEAN* SEM D(%) p       MEAN* SEM D(%) p 

Brainstem_R 15.6 0.2     16.1 0.2 3.1 >.05       16.2 0.2 3.5 >.05       16.4 0.3 5.2 .026 

Brainstem_L 13.7 0.2     14.3 0.2 4.1 >.05       14.2 0.2 4.0 >.05       14.5 0.3 5.7 .024 

Midbrain 10.2 0.1     10.2 0.1 0.3 >.05       10.2 0.1 0.8 >.05       10.5 0.2 3.1 >.05 

Pons 14.8 0.3     15.6 0.3 5.1 >.05       15.6 0.3 5.1 >.05       15.8 0.3 6.5 .034 

Medulla 4.4 0.1     4.7 0.1 5.7 .009       4.6 0.1 4.9 .034       4.7 0.1 7.2 .003 

Superior_frontal_gyrus_R_GM 27.1 0.5     24.4 0.4 -9.8 <.001       25.5 0.5 -6.0 .020       24.9 0.6 -8.1 .004 

Superior_frontal_gyrus_L_GM 26.9 0.5     23.7 0.5 -12.1 <.001       24.5 0.5 -9.1 .001       23.8 0.6 -11.7 <.001 

Middle_frontal_gyrus_R_GM 21.2 0.4     18.5 0.4 -12.7 <.001       19.5 0.4 -8.0 .004       19.0 0.5 -10.2 .001 

Middle_frontal_gyrus_L_GM 21.5 0.5     18.3 0.4 -14.7 <.001       18.9 0.5 -11.8 <.001       18.3 0.5 -14.6 <.001 

Inferior_frontal_gyrus_R_GM 11.9 0.3     10.4 0.2 -12.1 <.001       11.1 0.3 -6.3 >.05       11.0 0.3 -7.1 .045 

Inferior_frontal_gyrus_L_GM 11.5 0.3     9.6 0.3 -16.5 <.001       10.2 0.3 -11.1 .002       10.1 0.3 -12.4 .001 

Precentral_gyrus_R_GM 10.6 0.2     9.8 0.2 -7.7 .014       10.6 0.3 -0.6 >.05       10.1 0.3 -5.0 >.05 

Precentral_gyrus_L_GM 11.5 0.3     10.3 0.2 -10.8 <.001       10.9 0.3 -5.1 >.05       10.3 0.3 -10.3 .003 

Middle_orbitofrontal_gyrus_R_GM 5.3 0.1     5.1 0.1 -5.0 >.05       5.0 0.1 -6.6 .045       5.1 0.1 -4.6 >.05 

Middle_orbitofrontal_gyrus_L_GM 5.1 0.1     4.7 0.1 -7.7 .015       4.5 0.1 -12.1 <.001       4.7 0.1 -8.0 .025 

Lateral_orbitofrontal_gyrus_R_GM 2.6 0.1     2.5 0.1 -5.0 >.05       2.5 0.1 -3.4 >.05       2.5 0.1 -3.1 >.05 

Lateral_orbitofrontal_gyrus_L_GM 3.0 0.1     2.7 0.1 -11.3 .002       2.6 0.1 -13.4 .001       2.7 0.1 -11.2 .006 

Gyrus_rectus_R_GM 1.7 0.0     1.6 0.0 -4.9 >.05       1.5 0.0 -6.9 >.05       1.6 0.1 -2.4 >.05 

Gyrus_rectus_L_GM 1.5 0.0     1.5 0.0 -5.4 >.05       1.4 0.0 -12.3 <.001       1.4 0.0 -8.4 .014 

Postcentral_gyrus_R_GM 8.0 0.2     7.4 0.2 -6.5 >.05       7.6 0.2 -4.3 >.05       7.5 0.3 -5.3 >.05 

Postcentral_gyrus_L_GM 9.0 0.2     8.1 0.2 -9.6 .009       8.5 0.2 -6.0 >.05       8.0 0.3 -11.4 .006 

Superior_parietal_gyrus_R_GM 12.3 0.3     11.8 0.2 -4.3 >.05       12.1 0.3 -1.6 >.05       11.8 0.3 -3.9 >.05 

Superior_parietal_gyrus_L_GM 12.3 0.3     11.6 0.2 -5.7 .048       11.6 0.3 -5.8 >.05       11.2 0.3 -9.0 .006 

Supramarginal_gyrus_R_GM 7.7 0.2     7.0 0.2 -8.4 .012       7.1 0.2 -8.0 .026       7.0 0.2 -8.6 .022 

Supramarginal_gyrus_L_GM 8.4 0.2     7.5 0.2 -11.1 .001       7.8 0.2 -6.4 >.05       7.1 0.2 -15.9 <.001 

Angular_gyrus_R_GM 10.9 0.3     10.3 0.2 -5.6 >.05       10.3 0.3 -5.9 >.05       10.2 0.3 -7.1 .050 

Angular_gyrus_L_GM 10.2 0.2     9.2 0.2 -10.0 .001       9.2 0.2 -9.7 .003       8.5 0.3 -16.3 <.001 

Precuneus_R_GM 6.9 0.2     6.4 0.1 -6.5 .041       6.5 0.2 -5.5 >.05       6.3 0.2 -7.7 .031 

Precuneus_L_GM 6.9 0.2     6.2 0.1 -9.9 .002       6.5 0.2 -5.9 >.05       5.9 0.2 -14.1 <.001 
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 CON (n=27)     nfvPPA (n=32)         svPPA (n=27)         lvPPA (n=20)   

 MEAN* SEM     MEAN* SEM D(%) p       MEAN* SEM D(%) p       MEAN* SEM D(%) p 

Superior_occitpital_gyrus_R_GM 4.2 0.1     4.0 0.1 -5.8 >.05       4.2 0.1 -2.0 >.05       4.1 0.1 -3.8 >.05 

Superior_occipital_gyrus_L_GM 3.9 0.1     3.7 0.1 -4.7 >.05       3.6 0.1 -5.6 >.05       3.7 0.1 -3.7 >.05 

Middle_occipital_gyrus_R_GM 12.1 0.2     11.3 0.2 -6.7 .011       11.0 0.2 -8.7 .002       11.0 0.3 -9.2 .002 

Middle_occipital_gyrus_L_GM 11.3 0.2     10.5 0.2 -7.5 .009       10.4 0.2 -8.1 .008       9.9 0.3 -12.7 <.001 

Inferior_occipital_gyrus_R_GM 6.1 0.2     6.0 0.1 -1.8 >.05       5.9 0.2 -3.5 >.05       5.9 0.2 -3.4 >.05 

Inferior_occipital_gyrus_L_GM 6.2 0.1     5.9 0.1 -5.0 >.05       5.8 0.1 -6.3 >.05       5.6 0.2 -10.2 .003 

Cuneus_R_GM 3.9 0.1     3.7 0.1 -3.5 >.05       3.9 0.1 2.3 >.05       4.0 0.1 3.9 >.05 

Cuneus_L_GM 3.1 0.1     3.0 0.1 -4.0 >.05       3.1 0.1 -2.6 >.05       3.3 0.1 3.5 >.05 

Superior_temporal_gyrus_R_GM 16.1 0.4     14.5 0.4 -10.1 .006       13.4 0.4 -16.7 <.001       14.3 0.5 -11.2 .007 

Superior_temporal_gyrus_L_GM 17.9 0.4     15.5 0.4 -13.4 <.001       12.9 0.4 -28.1 <.001       13.7 0.5 -23.6 <.001 

Middle_temporal_gyrus_R_GM 14.3 0.4     13.4 0.3 -6.4 >.05       12.0 0.4 -15.9 <.001       12.8 0.4 -10.3 .011 

Middle_temporal_gyrus_L_GM 13.9 0.3     12.2 0.3 -12.1 <.001       9.6 0.3 -30.7 <.001       10.7 0.4 -23.3 <.001 

Inferior_temporal_gyrus_R_GM 12.3 0.3     11.5 0.3 -5.9 >.05       10.2 0.3 -16.9 <.001       11.5 0.4 -6.4 >.05 

Inferior_temporal_gyrus_L_GM 11.5 0.3     10.5 0.2 -8.5 .008       7.6 0.3 -34.1 <.001       9.5 0.3 -17.5 <.001 

Parahippocampal_gyrus_R_GM 4.7 0.1     4.6 0.1 -2.5 >.05       4.2 0.1 -10.4 .001       4.6 0.1 -2.3 >.05 

Parahippocampal_gyrus_L_GM 4.2 0.1     4.1 0.1 -1.9 >.05       3.4 0.1 -18.4 <.001       3.9 0.1 -7.0 .013 

Lingual_gyrus_R_GM 10.1 0.2     9.8 0.2 -3.0 >.05       9.6 0.2 -4.7 >.05       10.0 0.2 -0.6 >.05 

Lingual_gyrus_L_GM 9.7 0.2     9.3 0.2 -3.8 >.05       9.2 0.2 -5.4 >.05       9.3 0.3 -4.2 >.05 

Fusiform_gyrus_R_GM 8.1 0.2     7.6 0.2 -6.1 >.05       7.1 0.2 -11.7 .001       7.5 0.2 -6.6 >.05 

Fusiform_gyrus_L_GM 8.0 0.1     7.4 0.1 -7.5 .004       6.2 0.2 -22.7 <.001       6.8 0.2 -14.9 <.001 

Cingulate_gyrus_R_GM 8.2 0.2     7.9 0.2 -4.0 >.05       7.6 0.2 -8.4 .006       7.8 0.2 -4.9 >.05 

Cingulate_gyrus_L_GM 8.7 0.2     7.9 0.2 -9.0 .001       7.7 0.2 -11.2 <.001       7.8 0.2 -9.5 .002 

Superior_frontal_gyrus_R_WM 17.0 0.3     15.2 0.3 -10.7 <.001       17.0 0.3 0.1 >.05       16.3 0.3 -4.2 >.05 

Superior_frontal_gyrus_L_WM 16.2 0.3     14.2 0.3 -12.3 <.001       15.9 0.3 -1.9 >.05       14.9 0.4 -7.9 .012 

Middle_frontal_gyrus_R_WM 23.5 0.4     20.7 0.4 -11.8 <.001       23.0 0.4 -2.1 >.05       21.5 0.5 -8.3 .002 

Middle_frontal_gyrus_L_WM 24.3 0.5     21.0 0.5 -13.6 <.001       22.8 0.5 -6.0 .047       21.5 0.6 -11.5 <.001 

Inferior_frontal_gyrus_R_WM 8.8 0.2     7.9 0.2 -9.6 .001       8.7 0.2 -0.6 >.05       8.3 0.2 -4.8 >.05 

Inferior_frontal_gyrus_L_WM 8.7 0.2     7.5 0.2 -13.8 <.001       8.5 0.2 -2.7 >.05       8.1 0.2 -6.7 >.05 

Precentral_gyrus_R_WM 12.9 0.2     12.4 0.2 -4.0 >.05       13.1 0.3 2.0 >.05       12.8 0.3 -0.9 >.05 
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 CON (n=27)     nfvPPA (n=32)        svPPA (n=27)         lvPPA (n=20)   

 MEAN* SEM     MEAN* SEM D(%) p       MEAN* SEM D(%) p       MEAN* SEM D(%) p 

Precentral_gyrus_L_WM 13.3 0.3     12.6 0.2 -5.6 .030       13.4 0.3 0.5 >.05       13.2 0.3 -0.8 >.05 

Middle_orbitofrontal_gyrus_R_WM 2.1 0.0     2.0 0.0 -4.6 >.05       2.1 0.0 -1.0 >.05       2.0 0.0 -3.1 >.05 

Middle_orbitofrontal_gyrus_L_WM 2.7 0.1     2.6 0.0 -5.4 .041       2.6 0.1 -3.5 >.05       2.6 0.1 -4.1 >.05 

Lateral_orbitofrontal_gyrus_R_WM 0.9 0.0     0.9 0.0 0.2 >.05       0.9 0.0 4.1 >.05       0.8 0.0 -5.4 >.05 

Lateral_orbitofrontal_gyrus_L_WM 1.0 0.0     1.0 0.0 -2.4 >.05       1.0 0.0 4.6 >.05       1.0 0.0 -1.8 >.05 

Gyrus_rectus_R_WM 0.3 0.0     0.3 0.0 12.6 >.05       0.4 0.0 18.1 >.05       0.4 0.0 21.0 .038 

Gyrus_rectus_L_WM 0.3 0.0     0.4 0.0 10.8 >.05       0.4 0.0 13.5 >.05       0.4 0.0 15.2 >.05 

Postcentral_gyrus_R_WM 11.7 0.2     11.3 0.2 -3.9 >.05       11.7 0.2 -0.4 >.05       11.9 0.3 1.0 >.05 

Postcentral_gyrus_L_WM 12.6 0.2     12.3 0.2 -2.6 >.05       12.7 0.2 0.4 >.05       12.5 0.2 -0.6 >.05 

Superior_parietal_gyrus_R_WM 12.1 0.2     11.7 0.2 -3.6 >.05       12.5 0.3 2.7 >.05       11.6 0.3 -4.3 >.05 

Superior_parietal_gyrus_L_WM 11.7 0.2     11.2 0.2 -5.0 >.05       11.8 0.2 0.4 >.05       11.0 0.3 -6.1 .041 

Supramarginal_gyrus_R_WM 5.2 0.1     4.9 0.1 -6.4 .049       5.1 0.1 -1.3 >.05       4.8 0.1 -6.6 >.05 

Supramarginal_gyrus_L_WM 5.0 0.1     4.6 0.1 -8.6 .005       5.0 0.1 -0.5 >.05       4.6 0.1 -8.5 .014 

Angular_gyrus_R_WM 6.0 0.1     5.7 0.1 -3.8 >.05       5.8 0.1 -3.0 >.05       5.7 0.2 -4.1 >.05 

Angular_gyrus_L_WM 6.3 0.1     5.4 0.1 -13.3 <.001       6.0 0.1 -3.9 >.05       5.6 0.2 -11.0 .001 

Precuneus_R_WM 2.1 0.1     1.9 0.1 -7.8 .033       2.0 0.1 -4.4 >.05       2.0 0.1 -3.0 >.05 

Precuneus_L_WM 2.1 0.1     1.9 0.0 -8.7 .010       2.0 0.1 -2.3 >.05       1.9 0.1 -8.6 .023 

Superior_occitpital_gyrus_R_WM 4.2 0.1     4.0 0.1 -4.3 >.05       4.1 0.1 -2.0 >.05       4.1 0.1 -1.8 >.05 

Superior_occipital_gyrus_L_WM 3.5 0.1     3.7 0.1 3.2 >.05       3.6 0.1 1.6 >.05       3.6 0.1 2.2 >.05 

Middle_occipital_gyrus_R_WM 10.7 0.2     10.1 0.2 -5.3 .033       10.3 0.2 -3.6 >.05       10.0 0.2 -5.9 .033 

Middle_occipital_gyrus_L_WM 10.5 0.2     10.0 0.2 -4.5 >.05       10.5 0.2 0.4 >.05       10.1 0.2 -3.8 >.05 

Inferior_occipital_gyrus_R_WM 2.9 0.1     2.9 0.1 -1.0 >.05       2.9 0.1 -1.8 >.05       2.7 0.1 -7.3 >.05 

Inferior_occipital_gyrus_L_WM 3.0 0.1     2.9 0.1 -4.3 >.05       2.9 0.1 -3.3 >.05       2.9 0.1 -4.8 >.05 

Cuneus_R_WM 2.0 0.1     2.0 0.1 -3.4 >.05       2.0 0.1 -1.7 >.05       2.1 0.1 3.7 >.05 

Cuneus_L_WM 1.6 0.1     1.7 0.1 3.7 >.05       1.6 0.1 2.0 >.05       1.9 0.1 17.1 .005 

Superior_temporal_gyrus_R_WM 6.3 0.2     5.9 0.1 -7.3 .029       6.0 0.2 -4.8 >.05       6.1 0.2 -3.1 >.05 

Superior_temporal_gyrus_L_WM 6.5 0.1     5.9 0.1 -9.0 .003       5.8 0.2 -11.4 .001       5.7 0.2 -12.5 <.001 

Middle_temporal_gyrus_R_WM 11.8 0.2     11.3 0.2 -3.6 >.05       11.2 0.2 -5.1 .045       11.2 0.2 -4.9 >.05 

Middle_temporal_gyrus_L_WM 13.1 0.2     12.1 0.2 -7.7 .001       11.2 0.2 -14.3 <.001       11.6 0.2 -11.3 <.001 
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 CON (n=27)     nfvPPA (n=32)         svPPA (n=27)         lvPPA (n=20)   

 MEAN* SEM     MEAN* SEM D(%) p       MEAN* SEM D(%) p       MEAN* SEM D(%) p 

Inferior_temporal_gyrus_R_WM 5.5 0.1     5.3 0.1 -4.3 >.05       4.8 0.2 -13.0 .001       5.2 0.2 -5.9 >.05 

Inferior_temporal_gyrus_L_WM 4.5 0.1     4.1 0.1 -9.0 .013       3.2 0.1 -28.4 <.001       3.8 0.1 -15.9 <.001 

Parahippocampal_gyrus_R_WM 2.4 0.1     2.2 0.1 -6.5 >.05       2.1 0.1 -10.5 .007       2.2 0.1 -6.9 >.05 

Parahippocampal_gyrus_L_WM 1.8 0.0     1.7 0.0 -6.7 >.05       1.4 0.0 -21.6 <.001       1.5 0.1 -14.7 <.001 

Lingual_gyrus_R_WM 5.8 0.1     5.6 0.1 -3.2 >.05       5.5 0.1 -5.3 >.05       5.6 0.2 -3.5 >.05 

Lingual_gyrus_L_WM 5.1 0.1     5.2 0.1 3.2 >.05       5.0 0.1 -2.0 >.05       5.2 0.2 2.5 >.05 

Fusiform_gyrus_R_WM 2.9 0.1     2.7 0.1 -6.9 >.05       2.7 0.1 -8.7 .027       2.7 0.1 -8.7 .035 

Fusiform_gyrus_L_WM 3.0 0.1     2.8 0.1 -7.2 .028       2.5 0.1 -14.9 <.001       2.6 0.1 -13.2 .001 

Cingulate_gyrus_R_WM 9.7 0.2     9.3 0.1 -4.0 >.05       9.7 0.2 -0.2 >.05       9.3 0.2 -4.6 >.05 

Cingulate_gyrus_L_WM 9.5 0.2     9.0 0.1 -5.0 .026       9.4 0.2 -0.8 >.05       9.1 0.2 -4.3 >.05 

Note: MEAN* values have been normalized for mean ICV (1405 ml). D(%) is volume difference in percent between PPA subgroup and CON calculated with simply contrasted 

ANCOVA with covariates age and sex. Information of overall cerebral volume was pared down due to mass of data. Data derived from the German FTLD consortium from 2011 

to 2018. Abbreviations: GM, gray matter; L, left; R, right; SEM, Standard error; WM, white matter. Lombardi et al. (2021), CC BY-NC 4.0, 

https://creativecommons.org/licenses/by-nc/4.0/ 
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Table 9. Volumetric results for longitudinal atrophy tracking within each PPA subgroup 

Group nfvPPA                 svPPA                lvPPA           

 V1 (n=32)    V2 (n=29)    V3 (n=18)       V1 (n=27)    V2 (n=22)    V3 (n=15)      V1 (n=20)    V2 (n=19)    V3 (n=9) 

Region MEAN SD    D(%) ES    D(%) ES       MEAN SD    D(%) ES    D(%) ES      MEAN SD    D(%) ES    D(%) ES 

Brain 975.8 52.7    -2 *** -1.2    -6 *** -1.5       997.1 60.1    -3 *** -1.6    -5 *** -1.9      969.7 45.2    -3 *** -1.4    -5 *** -2.0 

Brain_L 477.9 28.6    -3 *** -1.2    -6 *** -1.4       483.4 30.5    -3 *** -1.5    -6 *** -2.0      469.6 23.2    -3 *** -1.5    -6 *** -2.4 

Brain_R 497.9 29.6    -2 *** -1.2    -5 *** -1.6       513.7 34.6    -2 ** -1.6    -4 ** -1.8      500.1 24.1    -2 ** -1.3    -4 ** -1.5 

Gray_Matter 552.5 50.5    -3 *** -1.3    -6 *** -1.5       553.0 57.9    -3 *** -1.6    -7 *** -1.6      541.7 39.5    -4 *** -1.1    -6 *** -1.6 

White_Matter 423.3 24.5    -2 *** -0.5    -5 *** -0.9       444.1 28.9    -2 -0.7    -3 -0.9      428.0 26.4    -1 * -0.5    -4 * -0.8 

CSF 429.6 52.7    4 ***  1.3    9 ***  1.9       408.3 60.1    6 ***  2.5    12 ***  1.2      435.7 45.2    6 ***  1.5    11 ***  2.5 

CSF_R 217.6 27.4    4 ***  1.3    8 ***  1.8       204.4 32.1    5 ***  2.3    12 ***  1.1      217.3 22.4    6 ***  1.4    10 ***  2.4 

CSF_L 212.0 26.9    4 ***  1.3    9 ***  1.8       203.9 29.5    6 ***  2.7    12 ***  1.3      218.4 23.5    6 ***  1.6    11 ***  2.4 

Cerebrum 826.0 46.4    -3 *** -1.3    -6 *** -1.6       845.5 54.5    -3 *** -1.6    -5 *** -1.9      821.3 42.9    -3 *** -1.5    -5 *** -2.1 

Cerebrum_GM 453.5 44.1    -3 *** -1.3    -6 *** -1.6       453.6 51.7    -3 *** -1.6    -7 *** -1.7      444.5 37.0    -4 *** -1.1    -6 *** -1.7 

Cerebrum_WM 372.6 22.7    -3 *** -0.5    -5 *** -0.9       391.9 26.4    -2 -0.8    -3  -0.9      376.8 24.1    -1 * -0.5    -4 ** -0.9 

Cerebrum_R 422.0 26.8    -3 *** -1.2    -5 *** -1.7       436.9 32.1    -2 ** -1.5    -4 ** -1.8      424.9 22.7    -3 ** -1.3    -4 *** -1.6 

Cerebrum_L 404.0 26.0    -3 *** -1.2    -7 *** -1.4       408.5 28.1    -3 *** -1.5    -6 *** -1.9      396.4 22.5    -3 *** -1.6    -6 *** -2.5 

Frontal_lobe 260.7 20.9    -4 *** -1.1    -8 *** -1.4       282.3 22.2    -3 * -1.1    -5 ** -1.3      267.4 22.8    -3 *** -1.0    -6 *** -1.7 

Frontal_lobe_GM 142.5 14.8    -5 *** -1.2    -8 *** -1.5       151.3 18.1    -4 *** -1.4    -6 *** -1.2      144.2 15.6    -4 *** -0.9    -7 *** -1.7 

Frontal_lobe_WM 118.3 11.2    -3 *** -0.7    -7 *** -0.9       131.0 10.5    -2 -0.7    -3 -0.7      123.2 12.1    -1 * -0.3    -5 * -0.8 

Frontal_lobe_R 131.3 10.3    -4 *** -1.0    -7 *** -1.3       142.7 9.7    -3 -1.1    -4 -1.1      135.5 11.8    -2 ** -0.8    -6 ** -1.4 

Frontal_lobe_L 129.4 12.7    -4 *** -1.2    -8 *** -1.4       139.6 13.6    -3 ** -1.2    -6 ** -1.4      131.9 11.5    -3 *** -1.2    -7 *** -2.2 

Temporal_lobe 163.9 17.1    -2 *** -1.1    -5 *** -1.4       149.5 17.9    -6 *** -3.0    -10 *** -2.7      155.0 12.3    -4 *** -1.5    -6 *** -2.1 

Temporal_lobe_GM 110.2 15.2    -3 *** -1.2    -5 *** -1.0       97.6 14.0    -6 *** -3.2    -12 *** -2.7      103.0 10.0    -5 *** -1.4    -7 *** -2.0 

Temporal_lobe_WM 53.7 4.3    -3 *** -0.4    -5 *** -1.1       51.8 5.9    -4 *** -1.4    -7 *** -1.7      52.0 4.0    -2 *** -0.3    -4 *** -0.6 

Temporal_lobe_R 83.2 10.3    -2 *** -1.0    -4 *** -0.7       80.3 13.5    -5 *** -2.9    -9 *** -2.3      81.7 6.0    -4 ** -1.3    -5 *** -1.7 

Temporal_lobe_L 80.6 9.5    -3 *** -1.0    -7 *** -1.6       69.2 6.9    -7 *** -2.5    -11 *** -2.8      73.3 7.4    -5 *** -1.8    -8 *** -2.1 

Parietal_lobe 155.9 10.5    -2 *** -1.0    -6 *** -1.0       163.8 12.3    -1 -0.6    -3 -0.9      154.1 10.4    -3 *** -1.1    -5 *** -1.4 

Parietal_lobe_GM 85.3 9.4    -3 *** -1.2    -7 *** -1.0       88.9 12.0    -1 * -0.4    -5 * -0.8      82.7 8.4    -3 *** -0.9    -5 *** -1.3 

Parietal_lobe_WM 70.7 5.4    -1 ** -0.3    -5 ** -0.7       75.0 6.2    -1 -0.4    -1 -0.3      71.4 5.7    -2 * -0.6    -5 * -0.7 
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Group nfvPPA                 svPPA                lvPPA           

 V1 (n=32)    V2 (n=29)    V3 (n=18)       V1 (n=27)    V2 (n=22)    V3 (n=15)      V1 (n=20)    V2 (n=19)    V3 (n=9) 

Region MEAN SD    D(%) ES    D(%) ES       MEAN SD    D(%) ES    D(%) ES      MEAN SD    D(%) ES    D(%) ES 

Parietal_lobe_R 78.2 5.5    -2 *** -0.8    -5 *** -1.0       81.7 6.7    -1 -0.6    -2 -0.8      78.3 5.7    -3 ** -0.9    -4 ** -1.1 

Parietal_lobe_L 77.7 5.7    -3 *** -1.0    -7 *** -1.0       82.1 6.5    -2 * -0.6    -3 * -1.0      75.8 5.2    -3 *** -1.1    -7 *** -1.7 

Occipital_lobe 114.8 7.0    -1 ** -0.3    -3 ** -1.0       116.9 10.7    -1 * -0.5    -3 * -0.9      114.0 8.7    -3 ** -0.8    -3 ** -0.9 

Occipital_lobe_R 59.2 3.8    -1 ** -0.2    -3 ** -1.1       60.3 5.4    -1 * -0.4    -2 * -0.7      59.1 4.2    -2 * -0.8    -2 * -0.7 

Occipital_lobe_L 55.6 3.4    -1 ** -0.4    -4 ** -0.9       56.6 5.6    -1 * -0.6    -4 * -1.1      54.9 4.8    -3 ** -0.9    -4 ** -1.2 

Occipital_lobe_GM 66.8 6.9    -1 ** -0.5    -4 ** -0.8       68.5 9.5    -1 * -0.4    -5 ** -1.2      65.8 7.3    -4 ** -0.7    -4 ** -0.7 

Occipital_lobe_WM 48.0 3.7    0  0.1    -2 -0.5       48.4 4.9    -1 -0.2    0  0.0      48.2 3.9    -1 -0.2    -1 -0.3 

Insula 14.4 1.7    -3 *** -1.0    -5 *** -1.6       13.7 1.7    -5 *** -2.8    -8 *** -2.3      14.2 1.4    -3 *** -1.2    -5 *** -1.6 

Insula_R 7.2 0.9    -2 *** -0.9    -5 *** -1.1       7.1 1.1    -5 *** -2.3    -7 *** -2.0      7.2 0.8    -3 ** -1.4    -4 ** -1.5 

Insula_L 7.2 0.9    -3 *** -0.9    -5 *** -1.4       6.5 0.9    -6 *** -2.7    -10 *** -2.3      7.0 0.7    -4 *** -1.0    -6 *** -1.6 

Striatum 15.1 1.8    -6 *** -0.9    -9 *** -1.3       14.6 2.1    -4 *** -1.0    -9 *** -1.2      15.1 1.5    -5 *** -0.8    -6 *** -0.8 

Striatum_R 7.8 1.0    -5 *** -0.6    -6 *** -0.9       7.7 1.1    -3 *** -0.9    -8 *** -1.3      7.9 0.8    -4 ** -0.7    -5 ** -0.6 

Striatum_L 7.3 1.0    -7 *** -0.9    -11*** -1.4       6.9 1.2    -5 *** -1.0    -12 *** -1.1      7.2 0.8    -5 *** -0.8    -7 *** -1.0 

Caudate 7.6 1.1    -6 *** -0.8    -9 *** -1.2       7.5 1.1    -4 *** -0.8    -10 *** -1.0      7.8 0.9    -5 ** -0.8    -6 ** -0.7 

Caudate_R 3.8 0.6    -6 *** -0.6    -7 *** -0.8       3.8 0.5    -4 ** -0.7    -7 ** -0.8      4.0 0.5    -5 * -0.7    -5 * -0.5 

Caudate_L 3.7 0.6    -7 *** -0.9    -12 *** -1.2       3.7 0.6    -5 *** -0.8    -12 *** -1.0      3.8 0.4    -6 ** -0.9    -8 ** -1.0 

Putamen 7.5 0.9    -5 *** -0.8    -8 *** -1.3       7.0 1.1    -4 *** -1.0    -9 *** -1.4      7.3 0.9    -4 *** -0.7    -5 *** -0.6 

Putamen_R 4.0 0.5    -4 *** -0.5    -6 *** -0.7       3.8 0.6    -3 *** -0.7    -8 *** -1.7      3.9 0.5    -3 *** -0.5    -4 *** -0.4 

Putamen_L 3.5 0.5    -7 *** -0.9    -11 *** -1.4       3.2 0.6    -5 *** -1.0    -11 *** -1.1      3.4 0.5    -5 *** -0.7    -7 *** -0.7 

Hippocampus_and_Amygdala 9.6 1.3    -3 *** -1.1    -8 *** -1.5       8.4 1.4    -8 *** -3.2    -13 *** -2.2      9.3 0.8    -6 *** -1.3    -9 *** -2.2 

Hippocampus_and_Amygdala_R 4.8 0.8    -3 *** -0.9    -6 *** -0.7       4.5 0.9    -7 *** -2.2    -12 *** -2.0      4.9 0.4    -6 ** -1.1    -8 ** -1.8 

Hippocampus_and_Amygdala_L 4.7 0.6    -4 *** -1.1    -10 *** -1.6       3.8 0.7    -9 *** -2.6    -15 *** -2.2      4.5 0.4    -6 *** -1.3    -11 *** -2.0 

Cerebellum 111.4 10.3    -1 -0.3    -4 -0.8       112.8 10.4    -2 -1.0    -4 -0.5      109.8 5.8    -2 -0.7    -4 -1.1 

Cerebellum_GM 87.8 9.0    -1 -0.4    -4 -0.8       88.3 9.4    -2 -1.1    -4 -0.5      86.5 5.1    -3 -0.6    -4 -0.8 

Cerebellum_WM 23.6 2.5    1 0.3    -3 -0.4       24.6 2.4    0 0.0    -2 -0.9      23.4 1.9    0 0.1    -3 -0.5 

Cerebellum_R 56.8 5.4    -1 -0.3    -4 -0.8       57.4 5.5    -2 -1.1    -4 -0.5      55.9 3.0    -3 -0.7    -4 -1.0 

Cerebellum_L 54.6 5.1    0 -0.2    -4 -0.8       55.4 4.9    -2 -0.8    -4 -0.6      53.9 3.0    -2 -0.6    -4 -1.1 

Brainstem 30.3 2.5    -1 -0.5    -3 -1.0       30.7 2.5    -1 -0.7    -2 -0.7      30.8 1.9    -1 -0.4    -1 -0.4 
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Group nfvPPA                 svPPA                lvPPA           

 V1 (n=32)    V2 (n=29)    V3 (n=18)       V1 (n=27)    V2 (n=22)    V3 (n=15)      V1 (n=20)    V2 (n=19)    V3 (n=9) 

Region MEAN SD    D(%) ES    D(%) ES       MEAN SD    D(%) ES    D(%) ES      MEAN SD    D(%) ES    D(%) ES 

Brainstem_R 16.1 1.3    -1 -0.4    -3 -0.9       16.3 1.3    -1 -0.7    -2 -0.6      16.3 1.0    -1 -0.4    -1 -0.5 

Brainstem_L 14.3 1.3    -1 -0.6    -4 -0.9       14.4 1.2    -1 -0.5    -3 -0.7      14.4 1.0    -1 -0.4    -1 -0.3 

Midbrain 10.2 0.8    -1 -0.8    -3 -0.9       10.4 0.8    0 -0.2    -2 -1.6      10.4 0.6    -1 -0.5    -2 -0.9 

Pons 15.6 1.6    -1 -0.3    -3 -1.0       15.7 1.5    -1 -0.7    -2 -0.5      15.7 1.3    -1 -0.3    0 -0.2 

Medulla 4.7 0.4    -1 -0.2    -3 -0.7       4.7 0.4    -1 -0.5    -4 -0.4      4.7 0.2    -1 -0.4    -1 -0.3 

Superior_frontal_gyrus_R_GM 24.4 2.7    -5 *** -1.2    -8 *** -1.4       25.8 2.9    -3 ** -0.9    -6 ** -1.1      24.7 2.6    -4 *** -0.9    -8 *** -1.6 

Superior_frontal_gyrus_L_GM 23.6 2.8    -5 *** -1.3    -8 *** -1.5       24.8 3.1    -4 *** -1.5    -7 *** -1.3      23.6 3.0    -4 *** -1.0    -9 *** -1.9 

Middle_frontal_gyrus_R_GM 18.5 2.2    -4 *** -0.8    -8 *** -1.2       19.7 2.4    -4 ** -1.0    -5 ** -0.9      18.9 2.6    -3 *** -0.5    -8 *** -1.3 

Middle_frontal_gyrus_L_GM 18.2 2.4    -5 *** -1.0    -9 *** -1.4       19.3 3.4    -4 *** -1.3    -7 *** -1.0      18.1 2.2    -4 *** -1.0    -9 *** -2.1 

Inferior_frontal_gyrus_R_GM 10.4 1.5    -4 *** -1.0    -7 *** -1.2       11.3 1.5    -3 * -1.0    -5 * -0.8      10.9 1.4    -3 ** -0.7    -5 ** -1.0 

Inferior_frontal_gyrus_L_GM 9.5 1.5    -5 *** -1.1    -8 *** -1.3       10.4 1.7    -4 *** -1.5    -8 *** -1.3      10.0 1.5    -4 *** -0.8    -7 *** -1.2 

Precentral_gyrus_R_GM 9.8 1.5    -5 *** -0.8    -8 *** -0.8       10.8 1.5    -2 -0.3    -3 -0.4      10.0 1.3    -4 * -0.6    -3 * -0.3 

Precentral_gyrus_L_GM 10.2 1.6    -6 *** -1.0    -10 *** -1.0       11.3 1.7    -2 * -0.3    -5 * -0.6      10.2 1.4    -4 *** -0.5    -4 *** -0.3 

Middle_orbitofrontal_gyrus_R_GM 5.0 0.7    -3 ** -0.6    -5 ** -0.7       5.1 0.7    -5 ** -1.4    -8 ** -1.6      5.0 0.7    -2 * -0.3    -4 * -0.8 

Middle_orbitofrontal_gyrus_L_GM 4.7 0.6    -5 *** -0.9    -8 *** -1.2       4.6 0.8    -5 *** -1.5    -10 *** -1.7      4.7 0.6    -4 ** -0.9    -7 ** -1.4 

Lateral_orbitofrontal_gyrus_R_GM 2.5 0.4    -3 ** -0.6    -5 ** -0.8       2.6 0.3    -5 -1.1    -7 -1.2      2.5 0.3    -3 -0.6    -6 -1.1 

Lateral_orbitofrontal_gyrus_L_GM 2.6 0.4    -3 *** -0.7    -8 *** -1.3       2.6 0.5    -4 *** -1.8    -10 *** -1.6      2.6 0.4    -5 *** -0.9    -6 *** -1.0 

Gyrus_rectus_R_GM 1.6 0.2    -3 * -0.5    -5 * -0.7       1.6 0.3    -5 * -1.2    -8 * -1.3      1.6 0.2    -2 -0.4    -3 -0.6 

Gyrus_rectus_L_GM 1.5 0.2    -3 ** -0.5    -5 ** -0.8       1.4 0.2    -5 *** -1.4    -8 *** -1.8      1.4 0.2    -3 ** -0.6    -5 ** -0.7 

Postcentral_gyrus_R_GM 7.4 1.2    -3 ** -0.5    -8 ** -0.8       7.9 1.5    1 0.1    -4 -0.5      7.4 0.9    -3 * -0.6    -3 ** -0.4 

Postcentral_gyrus_L_GM 8.1 1.4    -4 *** -0.8    -9 *** -1.0       8.7 1.6    -1 * -0.2    -4 * -0.4      7.9 1.0    -3 *** -0.5    -5 *** -0.5 

Superior_parietal_gyrus_R_GM 11.7 1.3    -3 * -0.7    -6 ** -0.8       12.3 1.9    -1  -0.4    -4 -0.6      11.7 1.2    -3 * -0.7    -5 * -1.3 

Superior_parietal_gyrus_L_GM 11.6 1.3    -4 ** -0.9    -6 ** -0.8       11.7 1.6    -1 * -0.2    -4 * -0.6      11.1 1.3    -4 *** -0.7    -7 *** -1.3 

Supramarginal_gyrus_R_GM 7.0 1.0    -2 *** -0.5    -5 *** -1.1       7.2 1.1    -1 * -0.4    -4 ** -0.6      6.9 0.9    -3 ** -0.7    -2 ** -0.4 

Supramarginal_gyrus_L_GM 7.4 1.1    -4 *** -1.1    -9 *** -0.9       8.0 1.4    -4 * -0.8    -6 * -1.0      7.0 0.9    -4 *** -0.7    -6 *** -1.0 

Angular_gyrus_R_GM 10.3 1.3    -2 * -0.6    -4 ** -0.9       10.5 1.8    -1 -0.4    -4 -0.8      10.0 1.3    -3 * -1.2    -3 * -1.0 

Angular_gyrus_L_GM 9.2 1.3    -4 *** -0.9    -7 *** -1.0       9.3 1.3    -3 *** -0.7    -6 *** -1.1      8.5 0.9    -3 *** -0.7    -6 *** -1.3 

Precuneus_R_GM 6.4 0.8    -3 ** -0.8    -6 ** -1.1       6.6 0.9    -1 * -0.6    -4 * -0.9      6.3 0.9    -4 ** -0.6    -6 ** -0.9 
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Group nfvPPA                 svPPA                lvPPA           

 V1 (n=32)    V2 (n=29)    V3 (n=18)       V1 (n=27)    V2 (n=22)    V3 (n=15)      V1 (n=20)    V2 (n=19)    V3 (n=9) 

Region MEAN SD    D(%) ES    D(%) ES       MEAN SD    D(%) ES    D(%) ES      MEAN SD    D(%) ES    D(%) ES 

Precuneus_L_GM 6.2 0.7    -4 *** -1.0    -8 *** -1.0       6.6 1.0    -2 * -0.6    -5 * -1.0      5.9 0.8    -4 *** -0.8    -6 *** -1.2 

Superior_occitpital_gyrus_R_GM 4.0 0.5    -2 ** -0.4    -3 ** -0.5       4.3 0.6    0 -0.1    -3 -0.6      4.0 0.4    -3 * -0.6    -3 * -0.5 

Superior_occipital_gyrus_L_GM 3.7 0.6    -2 * -0.4    -6 ** -0.5       3.8 0.7    0 0.0    -2 -0.3      3.7 0.5    -3 * -0.5    -5 * -0.8 

Middle_occipital_gyrus_R_GM 11.2 1.3    -1 *** -0.3    -3 *** -0.5       11.3 1.4    -1 ** -0.2    -2 ** -0.5      10.9 1.2    -3 *** -0.7    -5 *** -0.8 

Middle_occipital_gyrus_L_GM 10.5 1.2    -2 *** -0.5    -4 *** -0.7       10.6 1.4    -1 ** -0.3    -4 ** -0.7      9.8 1.5    -3 *** -0.5    -7 *** -0.8 

Inferior_occipital_gyrus_R_GM 6.0 0.8    0 -0.1    -1 -0.3       6.0 1.0    -1 -0.3    -5 -1.2      5.8 0.8    -5 * -0.6    -1 * -0.1 

Inferior_occipital_gyrus_L_GM 5.9 0.7    -1** -0.3    -5 ** -1.0       6.0 0.9    -2 ** -0.6    -6 ** -1.1      5.5 0.8    -4 *** -0.7    -4 *** -0.5 

Cuneus_R_GM 3.7 0.5    -2 * -0.3    -4 * -0.6       4.1 0.8    -1 -0.2    -5 -0.6      3.9 0.6    -3 -0.5    -2 -0.3 

Cuneus_L_GM 3.0 0.6    -2 -0.3    -6 * -0.7       3.2 0.6    -1 -0.2    -8 -0.9      3.2 0.6    -3 -0.4    -3 -0.3 

Superior_temporal_gyrus_R_GM 14.4 2.6    -3 *** -1.0    -6 *** -0.8       13.9 2.9    -5 *** -2.5    -10 *** -1.9      14.1 1.8    -5 *** -1.3    -6 *** -1.9 

Superior_temporal_gyrus_L_GM 15.4 2.7    -4 *** -1.2    -8 *** -1.7       13.3 1.8    -7 *** -2.2    -12 *** -2.5      13.5 2.1    -6 *** -1.9    -9 *** -2.6 

Middle_temporal_gyrus_R_GM 13.2 2.3    -3 ** -0.7    -4 ** -0.3       12.4 2.7    -5 *** -2.4    -10 *** -2.0      12.5 1.3    -5 *** -1.3    -7 *** -1.5 

Middle_temporal_gyrus_L_GM 12.1 2.2    -4 *** -1.0    -7 *** -1.2       9.9 1.6    -8 *** -2.1    -15 *** -2.6      10.5 1.6    -5 *** -1.2    -10 *** -1.8 

Inferior_temporal_gyrus_R_GM 11.4 2.0    -2 ** -0.7    -2 ** -0.1       10.5 2.2    -6 *** -2.2    -13 *** -2.9      11.3 1.2    -5 ** -1.0    -5 ** -1.2 

Inferior_temporal_gyrus_L_GM 10.5 1.8    -3 *** -1.0    -6 *** -1.0       7.8 1.3    -8 *** -2.1    -15 *** -2.4      9.4 1.5    -6 *** -1.5    -8 *** -1.3 

Parahippocampal_gyrus_R_GM 4.6 0.5    -1 * -0.3    -2 * -0.4       4.3 0.7    -5 *** -2.2    -9 *** -1.6      4.6 0.4    -4 -0.8    -3 * -0.8 

Parahippocampal_gyrus_L_GM 4.1 0.5    -2 * -0.6    -5 ** -1.1       3.5 0.4    -5 *** -2.3    -9 *** -1.8      3.8 0.3    -5 *** -1.0    -5 *** -1.2 

Lingual_gyrus_R_GM 9.7 1.2    -1 * -0.4    -4 * -1.1       9.9 1.7    -1 * -0.3    -4 * -0.7      9.8 1.1    -4  -0.6    -2 -0.2 

Lingual_gyrus_L_GM 9.3 1.1    -1 * -0.4    -4 * -0.8       9.4 1.6    -1 * -0.3    -8 ** -1.6      9.1 1.2    -4 * -0.7    -3 * -0.4 

Fusiform_gyrus_R_GM 7.5 1.2    -2 ** -0.5    -3 ** -0.5       7.3 1.2    -5 *** -2.0    -11 *** -2.8      7.4 0.9    -5 ** -1.0    -5 ** -1.1 

Fusiform_gyrus_L_GM 7.4 1.0    -2 *** -0.7    -6 -1.3       6.4 0.7    -7 *** -2.3    -13 *** -3.0      6.7 0.9    -5 *** -1.3    -7 *** -1.5 

Cingulate_gyrus_R_GM 7.9 1.0    -3 * -0.8    -6 *** -1.0       7.7 0.9    -3 ** -1.3    -5 ** -1.3      7.8 0.9    -4 * -0.9    -7 * -1.0 

Cingulate_gyrus_L_GM 7.9 1.0    -3 *** -0.8    -8 ** -1.2       7.9 1.1    -5 *** -1.6    -8 *** -1.5      7.8 0.7    -5 *** -1.0    -8 *** -1.4 

Superior_frontal_gyrus_R_WM 15.1 1.7    -3 *** -0.6    -7 *** -0.8       17.2 1.4    -2 -0.6    -3 -0.5      16.2 1.6    -1 -0.2    -4  -0.8 

Superior_frontal_gyrus_L_WM 14.2 2.0    -4 *** -0.6    -7 *** -0.7       16.0 1.5    -2 -0.7    -3 -0.6      14.9 1.9    -1 * -0.2    -4 * -0.9 

Middle_frontal_gyrus_R_WM 20.6 2.2    -3 *** -0.8    -7 *** -0.9       23.3 1.9    -3 * -0.7    -4 -0.7      21.3 2.6    -1 ** -0.4    -5 ** -0.8 

Middle_frontal_gyrus_L_WM 20.9 2.9    -5 *** -0.9    -10 *** -1.0       23.2 2.9    -4 -0.7    -6 * -0.8      21.3 2.6    -2 ** -0.6    -6 *** -1.2 

Inferior_frontal_gyrus_R_WM 7.9 1.0    -3 *** -0.7    -6 *** -0.9       8.8 0.9    -3 -0.6    -4 -0.9      8.3 1.0    -1 -0.3    -4 -0.6 
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Group nfvPPA                 svPPA                lvPPA           

 V1 (n=32)    V2 (n=29)    V3 (n=18)       V1 (n=27)    V2 (n=22)    V3 (n=15)      V1 (n=20)    V2 (n=19)    V3 (n=9) 

Region MEAN SD    D(%) ES    D(%) ES       MEAN SD    D(%) ES    D(%) ES      MEAN SD    D(%) ES    D(%) ES 

Inferior_frontal_gyrus_L_WM 7.5 1.0    -5 *** -0.8    -10 *** -1.2       8.5 1.2    -5 -0.8    -5 -1.0      8.0 1.1    -1 * -0.3    -7 ** -1.1 

Precentral_gyrus_R_WM 12.4 1.0    -2 -0.3    -5 * -0.6       13.1 1.3    0  0.1    0  0.0      12.8 1.6    -1 -0.1    -4 -0.4 

Precentral_gyrus_L_WM 12.6 1.3    -3 * -0.4    -5 ** -0.5       13.4 1.4    -1 -0.2    -1 -0.2      13.2 1.3    -1 -0.2    -6 -0.5 

Middle_orbitofrontal_gyrus_R_WM 2.0 0.2    -1 ** -0.1    -5 * -0.7       2.1 0.2    -1 -0.2    -2 -0.3      2.0 0.2    -1 -0.1    -3 -0.8 

Middle_orbitofrontal_gyrus_L_WM 2.6 0.3    -3 * -0.5    -6 ** -0.8       2.6 0.3    -3 -0.7    -6 -0.9      2.6 0.2    -1 -0.4    -2 -0.7 

Lateral_orbitofrontal_gyrus_R_WM 0.9 0.1    -3 ** -0.5    -5 -0.6       0.9 0.1    0  0.0    -4 -0.5      0.8 0.1    -1 -0.1    2  0.3 

Lateral_orbitofrontal_gyrus_L_WM 0.9 0.2    -5 -0.6    -9 * -1.0       1.0 0.2    -1 -0.3    -2 -0.4      1.0 0.1    1  0.2    -5 -0.7 

Gyrus_rectus_R_WM 0.3 0.1    -6 -0.4    0 0.0       0.4 0.1    -6 -0.7    -3 -0.3      0.4 0.1    18 *  0.4    5 *  0.1 

Gyrus_rectus_L_WM 0.4 0.1    -4 -0.3    -3 -0.2       0.4 0.1    -7 -0.6    -8 -0.7      0.4 0.1    19  0.2    25  0.3 

Postcentral_gyrus_R_WM 11.3 1.1    -1 -0.2    -4 * -0.5       11.7 1.2    1  0.1    0  0.1      11.8 1.2    -1 -0.1    -4 -0.4 

Postcentral_gyrus_L_WM 12.3 1.0    -1 * -0.2    -4 * -0.4       12.7 1.1    -1 -0.1    -1 -0.1      12.5 1.0    -2 -0.4    -6 -0.6 

Superior_parietal_gyrus_R_WM 11.7 1.2    -1 * -0.2    -4 * -0.5       12.6 1.4    -1 -0.4    0 -0.1      11.6 1.3    -2 -0.5    -4 * -0.5 

Superior_parietal_gyrus_L_WM 11.1 1.0    -1 * -0.2    -5 * -0.9       11.9 1.4    -1 -0.4    -2 -0.4      10.9 1.2    -4 * -0.8    -7 * -0.7 

Supramarginal_gyrus_R_WM 4.9 0.6    -1 * -0.2    -5 **  -0.6       5.1 0.6    -1 -0.4    -1 -0.3      4.8 0.7    -1 * -0.4    -6 * -1.1 

Supramarginal_gyrus_L_WM 4.6 0.6    -2 ** -0.4    -8 *** -0.7       5.1 0.6    -3 -0.9    -3 -0.5      4.6 0.6    -3 * -0.6    -8 ** -1.2 

Angular_gyrus_R_WM 5.7 0.8    -2 -0.3    -6 * -1.1       5.8 0.8    -1 -0.5    0 -0.1      5.7 0.7    -2 -0.5    -2  -0.4 

Angular_gyrus_L_WM 5.4 0.7    -2 *** -0.5    -7 *** -0.9       6.0 0.8    -3 -0.5    -2 -0.6      5.6 0.6    -2 *** -0.5    -6 *** -0.8 

Precuneus_R_WM 1.9 0.3    -1 * -0.1    -4 ** -0.4       2.0 0.3    -1 -0.2    1  0.2      2.0 0.3    -3 -0.5    -4  -0.5 

Precuneus_L_WM 1.9 0.3    -2 ** -0.3    -6 *** -0.5       2.1 0.2    -1 -0.3    -2 -0.2      1.9 0.3    -3 ** -0.5    -8 ** -1.1 

Superior_occitpital_gyrus_R_WM 4.0 0.4    0  0.1    -1 -0.2       4.1 0.6    0  0.1    1  0.1      4.1 0.5    0 -0.1    -2 -0.5 

Superior_occipital_gyrus_L_WM 3.7 0.5    0  0.0    -1 -0.2       3.6 0.5    0 -0.1    0  0.0      3.6 0.4    0  0.0    2  0.4 

Middle_occipital_gyrus_R_WM 10.1 0.9    0 **  0.0    -3 ** -0.8       10.3 1.1    -1 -0.2    0 -0.1      10.0 1.0    -1 * -0.2    2 *  0.2 

Middle_occipital_gyrus_L_WM 10.0 0.8    0 *  0.0    -3 * -1.0       10.5 1.3    -2 -0.4    -1 -0.2      10.1 0.9    -2 -0.4    -2 -0.3 

Inferior_occipital_gyrus_R_WM 2.9 0.4    -1  0.1    -4 -0.7       2.8 0.4    0 -0.1    0  0.0      2.7 0.3    1 *  0.1    2 *  0.1 

Inferior_occipital_gyrus_L_WM 2.9 0.4    -1  0.2    -1 -0.3       2.9 0.4    -2 -0.4    -2 -0.3      2.9 0.3    -1 -0.1    -2 -0.3 

Cuneus_R_WM 2.0 0.3    -1  0.1    -2 0.2       2.0 0.4    2  0.2    3  0.2      2.1 0.4    1  0.2    0 -0.1 

Cuneus_L_WM 1.7 0.3    -1  0.1    -3 0.3       1.6 0.3    1  0.2    4  0.3      1.9 0.4    1 *  0.2    1 *  0.2 

Superior_temporal_gyrus_R_WM 5.8 0.9    0 **  0.0    -4 ** -0.4       6.1 0.9    -1 -0.3    -3 -0.5      6.1 0.7    0  0.0    -1 -0.2 
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Group nfvPPA                 svPPA                lvPPA           

 V1 (n=32)    V2 (n=29)    V3 (n=18)       V1 (n=27)    V2 (n=22)    V3 (n=15)      V1 (n=20)    V2 (n=19)    V3 (n=9) 

Region MEAN SD    D(%) ES    D(%) ES       MEAN SD    D(%) ES    D(%) ES      MEAN SD    D(%) ES    D(%) ES 

Superior_temporal_gyrus_L_WM 5.9 0.8    -2 *** -0.4    -7 *** -0.8       5.8 0.8    -4 *** -1.1    -6 *** -1.3      5.7 0.9    -2 *** -0.3    -4 *** -0.5 

Middle_temporal_gyrus_R_WM 11.3 1.0    -1 * -0.2    -3 ** -0.9       11.4 1.6    -3 * -0.8    -4 * -1.0      11.0 0.8    -2 * -0.5    -3 * -0.6 

Middle_temporal_gyrus_L_WM 12.0 1.2    -2 *** -0.5    -6 *** -1.0       11.3 1.1    -6 *** -1.3    -9 *** -2.1      11.5 1.0    -3 *** -0.7    -6 *** -1.0 

Inferior_temporal_gyrus_R_WM 5.2 0.8    -2 * -0.3    -3 * -0.5       4.9 1.1    -4 *** -0.9    -8 *** -1.4      5.1 0.6    -1 * -0.1    -1 * -0.1 

Inferior_temporal_gyrus_L_WM 4.1 0.7    -3 *** -0.3    -6 *** -0.9       3.3 0.5    -8 *** -1.3    -12 *** -1.4      3.8 0.7    0 ***  0.0    -4 *** -0.3 

Parahippocampal_gyrus_R_WM 2.2 0.3    -1 * -0.2    -5 * -1.4       2.2 0.4    -3 ** -0.8    -6 ** -1.2      2.2 0.3    -2 * -0.4    -3 * -0.4 

Parahippocampal_gyrus_L_WM 1.7 0.3    -4 ** -0.4    -8 ** -1.2       1.4 0.3    -5 *** -0.9    -11 *** -1.3      1.5 0.2    -1 *** -0.1    -6 *** -0.5 

Lingual_gyrus_R_WM 5.6 0.8    2 0.2    -1 -0.1       5.5 0.8    0  0.0    1  0.1      5.6 0.7    0  0.0    -4 -0.4 

Lingual_gyrus_L_WM 5.2 0.7    1 0.1     0 0.0       5.0 0.7    0 -0.1    2  0.2      5.2 0.8    -1 -0.1    -3 -0.3 

Fusiform_gyrus_R_WM 2.7 0.4    -1 * -0.4    -3 * -0.5       2.8 0.5    -4 * -1.1    -5 * -1.0      2.6 0.3    -1 * -0.2    -4 * -0.6 

Fusiform_gyrus_L_WM 2.8 0.4    -2 ** -0.6    -8 *** -0.8       2.6 0.4    -5 *** -1.4    -9 *** -1.9      2.6 0.4    -2 *** -0.4    -9 *** -1.2 

Cingulate_gyrus_R_WM 9.3 0.7    -2 * -0.8    -6 ** -1.0       9.8 0.9    -2 -0.8    -3 -1.0      9.2 0.7    -1 * -0.3    -3 * -1.1 

Cingulate_gyrus_L_WM 9.0 0.8    -3 ** -0.8    -7 ** -1.0       9.5 0.9    -3 -0.8    -4 -0.7      9.0 0.8    -1 -0.3    -3 -1.0 

Note: MEAN values have not been corrected for ICV. D(%) is the volume difference in percent between visit (V2, V3) in comparison to V1, adjusted for timepoint of visit, age 

and sex. Bold numbers highlight a strong standardized effect size (≥ 0.8). Stars indicate a significantly different atrophy rate in the distinct region between the PPA subgroup and 

healthy controls assessed with an ANOVA. * p< .05, ** p<.01, *** p<.001. Information of overall cerebral volume was pared down due to mass of data. Data derived from the 

German FTLD consortium from 2011 to 2018. Abbreviations: ES, standardized effect size; GM, gray matter; L, left; R, right; SD, Standard deviation; WM, white matter. Modified 

from Lombardi et al. (2021), CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/ 
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Table 10. Sample size calculations for a 50 to 5 percent treatment effect for each region per variant 
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Note: Data derived from the German FTLD consortium from 2011 to 2018. Abbreviations: GM, gray matter; L, left; lvPPA, logopenic variant of primary progressive aphasia; 

nfvPPA, non-fluent variant of primary progressive aphasia; R, right; svPPA, semantic variant of primary progressive aphasia; WM, white matter. 
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