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Abstract

Language is one of the higher brain functions and the primary method of communication, so it plays a key role in human social functioning. Primary
progressive aphasia, as a slowly progressive neurodegenerative disease with a clinical predominance of different speech and language disorders, is
a promising model for a more detailed study of topographic distribution of language disorders. This review presents data on different clinical vari-
ants of primary progressive aphasia and the corresponding clinical and neuroanatomical correlates that have significantly expanded the modern
understanding of the neural network language organization.
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Introduction

Primary progressive aphasia (PPA) is a group of neurodegen-
erative disorders characterized by predominantly progressive
language impairment. PPA usually manifests at the age of
50-60 years and affects both men and women equally. In ad-
dition to language disorders, other cognitive, behavioral, and
motor disorders may develop over time. However, aphasia
is the most disabling symptom, at least during the first two
years of the disease [1].

Neurodegenerative aphasia was first described by Arnold Pick
in 1892 [2], but the term PPA was introduced only in 1987,
when it was proposed to differentiate PPA from Alzheimer's
disease (AD) as a distinct disease entity [3]. Initially, PPA was
considered to be a single syndrome with a central symptom
of anomia, but over time, three clinical syndromes have been
identified such as non-fluent (nfPPA), semantic (svPPA), and
logopenic (IvPPA) variants. This classification has been used
since 2011, when the current diagnostic criteria for PPA were
established, describing specific clinical and neuroimaging
signs of each variant [1]. The Figure shows examples of PPA
from the authors' clinical practice.

Atrophy localization in primary progressive aphasia variants.

Primary progressive aphasia

In recent decades, there have been significant advances in our
understanding of the neurobiological mechanisms underlying
language behavior and diseases that manifest with language
impairment. At the same time, the study of PPA has played
an important role in developing new concepts of language,
initially and primarily based on studying stroke and other
focal lesions. The localization of neurodegeneration and atro-
phy in PPA is unique and significantly different from the ana-
tomical distribution of lesions in vascular disease. The speech
deficits in PPA are also very diverse. Together, these findings
identify novel correlations between brain regions and cogni-
tive impairment and provide new directions for studying the
neuroanatomical basis of language.

Non-fluent variant

NfPPA is characterized by apraxia of speech and agramma-
tism with relatively preserved understanding of single words
and functions of objects [1]. Patients' speech becomes lacon-
ic and interrupted, with frequent stumbling, fluctuating rate,
and decreased speaking activity. Patients with this variant
tend to use simple sentences with minimal words. Spoken
language understanding is less affected.

A — non-fluent variant (patient age 49 years, disease duration 5 years); B — semantic variant (patient age 72 years, disease duration 6 years);

C — logopenic variant (patient age 64 Kears, disease duration 4 years).
y for each of the variants are outlined in red.

The most characteristic areas of atrop
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Neuroimaging of nfPPA is primarily characterized by atro-
phy of the left posterior frontal/insular regions (Figure, A),
although the process starts affecting other brain regions over
time [1, 4]. NfPPA usually develops in patients with fronto-
temporal degeneration, more commonly with 4R tau inclu-
sions, less commonly with 3R tau or TDP-43, while up to
10% of cases may have an atypical presentation of AD [5, 6].
A positive family history is reported in one third of cases. There
are nfPPA cases with mutations across all three major fronto-
temporal dementia genes such as C9orf72, MAPT, GRN [6].

Agrammatism is characterized by misused prepositions, in-
consistent endings or verb forms. This affects not only the
grammatical structure of single words, but also that of sen-
tences that are misconstrued by using nouns instead of adjec-
tives, participles, or verbal adverbs. As the disease progres-
ses, patients start using more laconic sentences and even-
tually develop so-called telegraphic speech. Agrammatism
is found in both spoken and written language and include
transposed letters and syllables, incorrect use of endings,
and joined-up spellings of prepositions. Despite preserved
comprehension of isolated words, patients have difficulty un-
derstanding syntactically complex structures such as passive
voice or complex sentences [6]. Overall speech rate is re-
duced by more than 3 times compared to healthy controls [7].

Apraxia of speech is associated with poor complex motor plan-
ning and manifests as a disruption in speech rhythm and into-
nation. The disorder is most evident when people are asked to
repeat a complex word or a phrase several times; people with
apraxia repeat the word or phrase differently each time. The
nfPPA is often associated with hypokinetic or mixed hypoki-
netic-spastic dysarthria [8]. It should be noted that in addi-
tion to nfPPA, there is a condition called primary progressive
apraxia of speech (PPAS), in which patients present with an
isolated apraxia of speech. In PPAS, apraxia of speech is the
only manifestation without signs of aphasia, which is the main
feature that distinguishes it from nfPPA. However, in some
cases PPAS may progress to nfPPA over time.

In addition to language disorders, the clinical picture may
include motor, behavioral, and other cognitive disorders. In
nfPPA, behavioral disturbances occur less frequently and la-
ter than in other types of PPA, but symptoms such as apa-
thy, agitation, depression, reduced empathy, eating disorders,
and disinhibition may develop over time [9, 10]. Among non-
speech cognitive impairments, impaired regulatory functions
are more typical for nfPPA, with memory and visuospatial
functions remaining intact for a long time [6].

Atrophy in nfPPA most commonly affects the opercular part
of the left inferior frontal gyrus and left premotor cortex,
with possible involvement of associated cortical and subcor-
tical regions such as the anterior insula, prefrontal cortex,
supplementary motor area (SMA), basal ganglia and supram-
arginal gyrus [1, 10].

In addition, nfPPA is characterized by the involvement of the
left inferior frontal gyrus, which plays an important role in reg-
ulating the motor-phonological network and ensuring the cor-
rect use and comprehension of grammatically or syntactically
complex structures in spoken and written language. Atrophy of
this region correlates with the overall severity of aphasia and
agrammatism in patients with nfPPA [11-13]. In addition to
the left inferior frontal gyrus, the severity of agrammatism and
aphasia in nfPPA is also associated with damage to thalamus
and putamen [11], while a decrease in fluency is associated
with the volume of the anterior insula [14].

In contrast to agrammatism, apraxia of speech most often
correlates with damage to the left premotor cortex and SMA.
The SMA plays a role in movement initiation and speech
motor control, and its atrophy is associated with reduced
articulation rate in PPA [15]. The left superior lateral pre-
motor cortex is involved in planning complex actions and is
thought to determine the sequence of syllables in speech. In
nfPPA patients, its atrophy is associated with the severity of
speech impairment based on the Apraxia of Speech Rating
Scale [13]. Focal atrophy of the left superior lateral premotor
cortex is associated with PPAS. PPAS conversion to nfPPA is
attributed to atrophy involving the left inferior frontal gyrus
and subcortical structures [11, 16]. Some studies show that
atrophy of the regions associated with agrammatism occurs
before its clinical manifestation and may predict which pro-
portion of PPAS patients will progress to nfPPA over time.

In addition to apraxia of speech, patients with PPAS and
nfPPA develop nonverbal oral apraxia. In this type of apraxia,
people are unable to consciously purse their lips, blow, or cough.
In nfPPA and PPAS, nonverbal oral apraxia is associated with
bilateral involvement of prefrontal and premotor cortex and
SMA [17]. Ideomotor apraxia, which is common in nfPPA,
is also associated with left premotor cortex atrophy [18].

Predominant damage to certain regions and the connections
between them appear to explain the clinical heterogeneity of
nfPPA; for example, predominant damage to the motor com-
ponent is reported in premotor cortex atrophy and agramma-
tism in prefrontal cortex degeneration, whereas simultaneous
damage to all regions results in early mutism [19-22].

Genetic variants of nfPPA may differ from sporadic variants
in the pattern of atrophy. A small study showed that nfPPA
patients with GRN mutations had a more posterior pattern of
atrophy with bilateral involvement of the lateral parietal lobe,
less involvement of the left frontal lobe, and more extensive at-
rophy of the frontoinsular regions of the right hemisphere [23].

In addition to grey matter, nfPPA also involves degenera-
tion of white fibers connecting the frontal lobes, subcortical
structures, and parietal regions. Atrophy is shown to progress
from the inferior frontal gyrus to the SMA via the frontal
oblique fasciculus. The severity of its damage is associated
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with the severity of apraxia of speech [24], as well as with
impaired speech fluency, while damage to the arcuate and
superior longitudinal fasciculi is associated with impaired
syntactic structure of speech [25, 26].

Semantic variant

Compared to other variants of PPA, svPPA is characterized
by the greatest clinical, pathomorphological, genetic, and
neuroimaging homogeneity. Anomia and impaired semantic
knowledge of objects are the main clinical features of svPPA.
In addition, patients may have dyslexia, dysgraphia, and im-
paired object knowledge. However, fluency and repetition are
spared [1]. The atrophy affects the temporal pole, usually the
left one (Figure, B). However, in about one-third of cases, at-
rophy of the right hemisphere predominates, with more se-
vere behavioral disturbances and prosopagnosia in the clinical
picture [6]. Pathological studies show that the vast majority of
svPPA patients have a frontotemporal degeneration with an
abnormal accumulation of TDP-43 type C [5, 6]. Cases with
TDP-43 type A or B, tauopathy, or Alzheimer's degenera-
tion are less common. Hereditary forms are less typical for
svPPA than for nfPPA. Genetic mutations are found in ap-
proximately 2—-4% of cases, a positive family history is report-
ed in 2-17% of patients, and most cases are sporadic [27, 28].

Although naming disorders are present in all variants of PPA,
they are most severe in svPPA patients. The diagnosis of
svPPA should consider that at early stages, knowledge of less
common concepts and objects may be impaired, while knowl-
edge of more familiar and general concepts may be spared.
As svPPA progresses, the comprehension of familiar and rou-
tine words is also impaired. Patients often tend to replace
rare words with familiar terms (e.g., they may say an animal
when presented with a picture of a giraffe) or use nonspecific
words (this, thing, something). In contrast to nfPPA, nouns
present the greatest difficulty. Since the anomia is based on
a loss of word knowledge, a choice of 4 prompt words usu-
ally does not help patients with naming tests, in contrast to
other PPA variants. In addition to verbal deficits, patients
also have impaired ability to perform nonverbal semantic
tasks such as identifying colors, sounds, smells, celebrity
faces, and object functions, suggesting a widespread loss
of semantic knowledge in this variant [29-31]. In addition
to anomia, patients may have mild dysgraphia and dys-
lexia, manifested by misspelled words or unpronounceable
consonants. In contrast, impaired repetition, syntax, or
grammar are not typical for svPPA, and sentence compre-
hension is usually better than that of single words (due
to additional context).

Despite severe semantic deficit, episodic and autobiographi-
cal memory are usually spared or relatively spared, although
they are often difficult to test because of language and speech
disorders. Behavioral disturbances are more typical for svPPA
than for other variants, occur earlier, and are more severe [6].

Primary progressive aphasia

Disinhibition, egocentrism, loss of empathy for close ones,
compulsive behavior, and personality changes are frequently
observed. Reduced insight is often reported.

In most cases, svPPA begins with atrophy of the left tem-
poral pole [1], which is a semantic hub for storing, process-
ing, and retrieving verbal semantic information. Interes-
tingly, the study of svPPA has greatly aided in the identifi-
cation of this function of the left temporal pole. Structural
and functional neuroimaging data showed that disruption
of multiple connections of the left temporal pole with re-
gions of the semantic evaluation network and other corti-
cal regions is associated with anomia and impaired single
word comprehension due to semantic deficit, and that left
temporal pole atrophy correlates with the severity of na-
ming disorders [32-34].

As noted above, approximately 30% of svPPA patients have at-
rophy that develops from the right rather than the left tempo-
ral pole [32]. In this case, the first symptoms include non-ver-
bal semantic impairment, such as the inability to recognize
familiar faces, images, and objects [35], since the right tempo-
ral pole is responsible for encoding predominantly non-verbal
semantic stimuli and contributes to recognizing familiar visu-
al images [36]. In addition, verbal semantic functions may be
spared in such patients at the early stages of the disease, or
such disorders may be less severe than in those with left-sided
onset of the disease. Right-sided svPPA is characterized by
more severe and earlier behavioral disturbances, which may
complicate differential diagnosis with the behavioral variant of
frontotemporal dementia. This is because the right temporal
pole and right fusiform gyrus play an important role in the
perception of emotions, empathy, and recognition of familiar
faces [29, 37, 38], and atrophy of the right fusiform gyrus, the
right inferior temporal gyrus, and bilateral atrophy of the tem-
poral poles and amygdalae correlate with the impaired model
of perception of other mind [39].

As the disease progresses, the atrophy of the temporal poles
becomes more symmetrical, leading to a decrease in differ-
ences in clinical manifestations between different forms of
svPPA. Left-sided svPPA gradually presents with behavioral
and non-verbal semantic deficits, and right-sided svPPA de-
velops language and speech disorders [32, 40]. In addition
to contralateral progression, atrophy also affects regions as-
sociated with the anterior temporal pole, extending to more
posterior parts of the temporal lobe and orbitofrontal areas
[41]. Damage to the middle parts of the left superior and
middle temporal gyri in svPPA, which are thought to be re-
sponsible for connecting semantic regions with parietal and
posterior temporal regions, correlates with the severity of
anomia, impaired single word comprehension, and dyslex-
ia [32, 33]. Moreover, svPPA is characterized by atrophy of
the hippocampus and parahippocampal gyri [4], which may
complicate the differential diagnosis with AD. However, in
contrast to the latter, hippocampal atrophy is asymmetric
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and predominantly affects anterior rather than posterior
regions [42]. In addition to the right temporal lobe, other
brain regions are involved in the development of emotional
disturbances in svPPA. Impaired emotion recognition cor-
relates with atrophy of the orbitofrontal cortex, which is
normally involved in processing emotional information from
the temporal poles and regulating complex social behavior
[38]. In addition to the right temporal lobe and orbitofrontal
cortex, the decline in emotional memory also correlates with
decreased volume of the right frontal pole [43]. Structural
abnormalities are not restricted to the grey matter of the
brain, as in nfPPA. In svPPA, lesions are found in the ventral
white matter tracts of the frontotemporal regions, usually
the anterior part of the inferior longitudinal fasciculi and
uncinate fasciculi [25, 44].

Logopenic variant

Key features of IvPPA include impaired word selection in
spontaneous speech and naming, and impaired repetition of
long phrases and sentences, while the motor component of
speech and semantic knowledge are spared and no agram-
matism is observed [45]. In addition, phonological speech
errors are typical for IvPPA. Histologically, in contrast to the
other two variants, the vast majority of [vPPA patients have
Alzheimer's degeneration; less frequently (in 5-40% of cases),
variants of frontotemporal degeneration with accumulation of
tau protein or TDP-43 can be observed [5, 46-48]. In [vPPA as-
sociated with frontotemporal degeneration, hereditary forms
can also occur, most commonly with mutations in the GRN
gene [49, 50].

Although naming disorders are important clinical manifesta-
tions of both svPPA and IvPPA, their underlying mechanisms
are very different. Anomia and impaired repetition of long
phrases in IvPPA develop as a result of atrophy of other
brain regions such as posterior parts of the temporal lobes,
middle temporal gyrus, angular gyrus and the precuneus of
the left hemisphere [51, 52]. This is because semantic in-
formation is transmitted from the anterior temporal pole to
the left temporoparietal junction, where it is re-coded into
phonological form and sent to the motor speech areas of
the frontal lobes. This region is also responsible for short-
term phonological storage (i.e., the “phonological loop”) [53].
Therefore, despite the presence of anomia due to the dis-
rupted connection between motor and semantic language
areas, in [vPPA, unlike svPPA, single word comprehension is
spared and no atrophy is observed in the left temporal pole
responsible for the storage of verbal semantic information
[52]. Impaired phonological memory leads to the main clin-
ical manifestations of IvPPA, such as speech pauses when
searching for words, phonological paraphasias when naming
words (especially long ones), difficulty repeating long unfa-
miliar sentences or a series of numbers or words. However,
repetition of single words or short phrases is usually unaf-
fected or less affected.

Differential diagnosis between IvPPA and nfPPA tends to be
the most difficult because of the similarity in clinical presen-
tation (impaired fluency, pronunciation errors). Speech pauses
in IvPPA are caused by difficulty finding words and alter-
nate with fluent speech. Speech production rate is moderate-
ly reduced, not markedly as in nfPPA; patients can replace
a forgotten word with its description; and they are well
helped by prompts to the first syllable of the word, both
in oral speech and in naming tasks [45, 54]. Sound er-
rors in [vPPA consist mainly of substitution, deletion, or
insertion of single existing phonemes, whereas in nfPPA
they are phonetic, with initial mispronunciation of sounds
[55]. As with nfPPA, there may be a slight decrease in the
understanding of complex syntactic structures, but this is
due to impaired phonological storage rather than a lack of
understanding of grammatical structures [56]. Some stu-
dies suggest that difficulties in the diagnosis of IvPPA and
in the differential diagnosis between IvPPA and nfPPA are
due to drawbacks of existing diagnostic criteria [57, 58].
For example, nfPPA patients without apraxia of speech
may meet the core criteria for both nfPPA and IvPPA. In
this regard, it is proposed to slightly modify the existing
criteria so that one of the mandatory signs of IvPPA would
be the lack of agrammatism and language comprehension
disorders [59]. Other researchers point to the lack of sen-
sitivity of the criteria at the early stages and suggest to
make them less stringent, allowing for some difficulty with
single word comprehension and emphasizing the absence
of any decline in fluency, except for isolated pauses for
searching for words [60].

In addition to aphasia, IvPPA is characterized by mild to mod-
erate non-verbal cognitive impairment, such as visuospatial
impairment, dyscalculia, executive function and memory im-
pairment, which may be primarily due to Alzheimer's dege-
neration [61-63]. Over time, global aphasia with significant
impairment of other cognitive functions is common and, in
the absence of a medical history, differential diagnosis with
the amnestic variant of AD may be challenging [56, 62, 64].
Slow progression is less common, with minimal increase in
symptoms and grey matter atrophy [65].

In IvPPA, various behavioral disturbances may also devel-
op, although they are less severe than in svPPA and nfPPA.
Anxiety, irritability, depression, and apathy are more typical,
while disinhibition or decreased empathy are less common
[10, 66]. Some studies show that behavioral disturbances in
IvPPA occur only at the late stages, when the severity of
aphasia reaches a high level [67].

LvPPA is characterized by atrophy of the left posterior per-
isylvian and parietal regions such as the inferior parietal
lobule, the temporoparietal junction, and the posterior parts
of the temporal lobe (Figure, C), which play an important
role in phonological storage [1]. Over time, atrophy may
progress to the frontal areas of the brain and the hippocam-
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pus, which is associated with additional symptoms of other
variants of PPA [68]. The pattern of atrophy also seems to
depend on the pathomorphological variant of the disease.
In one of the studies, atrophy was more severe in IvPPA
with positive AD markers compared with IvPPA without AD
markers in the left superior parietal region, inferior tem-
poral gyrus, and more ventral parts of the superior and
middle temporal gyri [46]. In general, less studies have been
performed to evaluate neuroimaging markers of [vPPA com-
pared with other variants because IvPPA is often consid-
ered together with other variants of AD without focusing
on language disorders. Available studies of clinical and neu-
roimaging correlations have shown that naming disorders
are associated with atrophy of the middle parts of the left
temporal gyrus [33, 52], repetition disorders correlate with
damage to the left angular, supramarginal gyri, and poste-
rior parts of the superior temporal gyrus [51], and the rate
of phonological speech errors increases with the severity
of atrophy of the supramarginal gyrus and inferior parietal
lobule [69]. In IvPPA, white matter damage is less severe
than in nfPPA and svPPA, affecting only the temporopari-
etal regions [25].

Primary progressive aphasia

Conclusion

Different variants of PPA represent a unique model to study
speech function because their clinical diversity affects almost
all speech domains. The selectivity of focal network damage al-
lows a more precise determination of the structures and func-
tionally related regions involved in different aspects of speech.
Current insights on the function of the language network not
only contribute to fundamental ideas about how information
is processed in the central nervous system, but also have im-
mediate practical implications. A deep understanding of the
neuroanatomy of language and speech is necessary to perform
neurosurgical procedures in functionally significant regions,
such as tumor removal. The network model of language can
also be used to rehabilitate aphasic patients by selecting the
optimal target for navigated transcranial magnetic stimulation
or transcranial direct current stimulation. Despite significant
advances in the understanding of the neuroanatomy of lan-
guage in recent years, further comprehensive studies of the
language network using the latest neuroimaging and neuro-
physiological techniques are needed to identify alternative
compensatory options for patients with language disorders.
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