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Abstract

Two-thirds of the world’s languages, including Mandarin and Cantonese, employ pitch variation to convey meaning
(lexical tone). Existing diagnostic frameworks for primary progressive aphasia (PPA) have been developed for English
speakers, and have not considered the impact of salient language-specific variations, such as tone. This study
investigates lexical tone processing in Mandarin- and Cantonese-speaking individuals with PPA and examines their
neural signatures using structural neuroimaging.

Methods:

Seventy-eight native Chinese speakers (54 with PPA; 24 healthy controls) were assessed using the CLAP (Chinese
Language Assessment for PPA) battery, a series of neuropsychological and linguistic tasks developed to characterize
the linguistic features of Mandarin and Cantonese speakers with PPA. Lexical tone production was examined through
repetition and reading of “tone-twister” phrases, as well as repetition of multicharacter phrases varying in articulatory
features (place, manner, and tone). Tone perception and comprehension was assessed via identification, discrimination,
and tone-word/picture matching tasks. Group differences were analyzed using nonparametric tests and generalized
estimating equations, with ROC analyses determining diagnostic accuracy. Structural MRI data were acquired for 55
participants, and voxel-based morphometry (VBM) was used to examine the neural correlates of tone performance.

Results:

Participants with nonfluent/agrammatic variant PPA (nfvPPA) showed marked impairments in lexical tone production
(all p<0.001), with a disproportionately high rate of tonal relative to syllabic errors (p<0.001). In contrast, semantic
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variant PPA (svPPA) exhibited prominent deficits in three tone perception tasks (all p<0.001). Patients with logopenic
variant PPA (IvPPA) showed relatively preserved tone production but a predominance of syllabic errors (p<0.001),
suggesting underlying phonological deficits. Lexical tone production tasks demonstrated strong discrimination of
nfvPPA (AUC= 0.702-0.907). In contrast, three tone perception tasks exhibited high sensitivity for detecting svPPA
(90.9-100%), though specificity was modest (37-63%). Neural correlate analyses revealed that tone production deficits
were associated with reduced grey matter volume in the left inferior frontal gyrus, insula, and temporal cortex, whereas
tone perception performance correlated with atrophy in the left superior and middle temporal gyri, temporal pole, and
orbitofrontal regions.

Discussion:

Lexical tone processing is differentially impaired across PPA subtypes, with tone production and perception deficits
mapping onto distinct neural substrates. These findings underscore the necessity of developing language-specific
diagnostic approaches for tonal language speakers and call into question the cross-cultural applicability of current PPA
diagnostic strategies, which have been largely shaped by Indo-European language frameworks.
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Introduction

Nearly all human languages, in their spoken forms, construct words based
on fundamental units of sound (phonemes) which typically consist of
consonants and/or vowels sounds. These phonemic building blocks are
frequently organized into syllables, which are then merged to form words.[1]
However, around 60-70% of the world’s living spoken languages also utilize
pitch variation at the word level, also known as lexical tone, to encode
semantic, morphological, and grammatical meanings.[2,3] These languages
are commonly described as tonal languages and they are largely prevalent
and concentrated in Asia, such as Mandarin, Cantonese, Thai and
Vietnamese; in Africa, including Yoruba and Zulu; and in Central America,
with languages like K'iche' and other Mayan languages.[3] ( tonal language
population worldwide) Despite the global prevalence of tone languages,
neurolinguistic research has traditionally centered on segmental phonology
(i.e., consonants and vowels), while the clinical significance of lexical tones
to diagnose and monitor aphasia have received limited attention.[4] Tonal
languages such as Mandarin, Cantonese and Thai, rely heavily on tones to
convey semantic meaning, therefore words composed of identical phonemes
can differ entirely in meaning depending solely on their tonal contour. For
example, the syllable /shi/, when articulated with a high-level pitch (Tone 1;
Supplementary Figure 1), can represent a word such as shi (5, “poem”),
whereas the same syllable produced with a high-falling pitch (Tone 4)
changes meaning entirely, as in shi (=&, “to be”). Another paradigmatic
illustration of the intricacy and linguistic significance of tonal processing in
Chinese is the one-syllable Mandarin poem "Lion-Eating Poet in the Stone
Den" by Chinese linguist Yuen Ren Chao. The poem's initial verse, " = &%
THEE, BEHA, E R +¥," is pronounced as /shi2 shi4 shil shi4 shil shi4,
shi4 shil, shi4 shi2 shi2 shil/, which literally translates to "a poet named Shi
lives in a stone room, ate a lion, and vowed to eat ten lions." Although the
verse consists entirely of the syllable /shi/, tonal variation serve as the
primary means of differentiates the possible meaning of each word,
reflecting the semantic depth encoded by lexical tone in Chinese languages.
Furthermore, nearly all languages, whether tonal or non-tonal, employ
contrastive pitch at the suprasegmental level (i.e., phrase or sentence) to
express paralinguistic information (e.g., emotion, attitudes), predominantly
through intonation, which is a principal component of prosody.[5] This
complexity showcases the pivotal and versatile role that pitch variation plays
in the language comprehension and expression across different languages.
Other pitch variation features, such as lexical stress or accent (at the single
word level) and prosody (at the phrase and sentences), have demonstrated
significant diagnostic value in aphasia across languages.[6-11] In non-tonal
languages, lexical stress can differentiate meaning by emphasizing a
particular syllable in multisyllabic words, typically through increased

intensity, lengthened vowel duration, and changes in pitch.[12] For instance,
in English, the noun- verb distinction in "present" (/' prez°nt/ as a noun versus
/pre'z°’nt/ as a verb) hinges on syllabic/lexical stress placement. In languages
where lexical stress conveys specific meaning, degradation of the semantic
memory system may result in stress assignment errors, as observed in
semantic variant (sv) primary progressive aphasia (PPA) in Italian and
German speakers and among acquired aphasia of Russian speakers.[6-8
]Similarly, the literature on prosody has documented deterioration in both
perception and production of prosody among English- speaking PPA
patients.[9-11] While there have been studies delineating the impairment in
lexical stress and prosody intonation in PPA patients who are speakers of
Indo-European languages, to the best of our knowledge, there have been no
studies investigating lexical tone performance in PPA patients who speak
tonal languages. Laryngeal muscles, specifically the cricothyroid and
thyroarytenoid muscles, regulate the length and tension of the vocal cords,
which in turn control the amount of air passing through the vocal cords,
thereby modulate the passive vibration of vocal cords and the pitch level of
voice. For tonal languages, precise control of these muscles within the
timescale of a single syllable is essential for generating a wide range of pitch
variations.[13-15] Therefore, it is unsurprising that neuroimaging and
neurophysiological studies indicated the involvement of bilateral laryngeal
motor cortex in the production of lexical tone.16 The bilateral superior
temporal gyri has consistently been reported to play a key role in tone
perception.[17-22] Additionally, the involvement of bilateral anterior
temporal, left inferior frontal gyri and precuneus has been noted, albeit less
consistently reported.[17-22] Many of these regions overlap with those
affected in the three PPA variants. However, despite this anatomical
convergence, our understanding of how such syndromes disrupt lexical tone
processing remains limited. Specifically, the neural mechanisms underlying
tone-related impairments and their potential diagnostic utility in clinical
assessment warrant further investigation. In this study, we aim to elucidate
the patterns and neural underpinnings of lexical tone processing deficits in
Mandarin- and Cantonese-speaking PPA patients. Given that tonal languages
require precise temporal and articulatory control of the vocal folds and
laryngeal muscles for accurate tone production, we hypothesize that
Chinese-speaking individuals with the nonfluent/agrammatic variant PPA
(nfvPPA) will exhibit impairments in lexical tone production in relation to
motor planning deficits, apraxia of speech and fronto-insular atrophy typical
of this syndrome in English speakers. Conversely, we speculate that Chinese-
speaking logopenic variant (Iv) PPA patients will produce more syllabic than
tonal errors and may exhibit tone perception difficulties associated with
phonological processing deficits and atrophy in the superior and posterior
temporal regions. In contrast, individuals with semantic svPPA are expected
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to show impairments in the comprehension of lexical tones, corresponding

to the characteristic anterior temporal lobe atrophy that disrupts semantic
processing.

Materials and methods
Participants

This study included 78 native Chinese speakers from the international
Chinese Language Assessment in PPA (CLAP) project, all of whom
completed both motor speech and lexical tone assessments. Participants were
recruited from seven sites in Hong Kong, Taiwan, and the United States. Of
these, 24 were cognitively normal, the remaining 54 met current diagnostic
criteria for PPA with 13 svPPA, 15 nfvPPA, 17 IvPPA and 9 PPA
unclassifiable.23 Supplementary Figure 2 illustrates the atrophy patterns
associated with each PPA variant. Participants either completed six years or
more formal education in the Chinese languages or all their formal education
were in Chinese if they had less than six years of formal education.
Participants were excluded if they had other neurodegenerative diseases, a
history of brain surgery, major brain trauma requiring hospitalization,
oropharyngeal disorders affecting articulation, severe visual or hearing
impairments, or a Mini-Mental State Exam score (MMSE)24 lower than 10.
The study protocol was approved by the respective institutional review
boards.

Neuropsycholinguistic assessment

We collected MMSE24, CLAP battery and brain MRI imaging data from
enrolled participants from all recruitment sites. As detailed in previous
studies25,26, the CLAP battery consists of various speech and language
tests, including confrontation naming, single-word comprehension, semantic
association, syntax comprehension, repetition, and motor speech tests. In the
CLAP confrontational naming test, participants were tasked with naming 48
pictures in which the items have high concreteness but varying word
frequency. For the single- word comprehension test, participants were
auditorily provided the names of 15 objects or animals and then asked to
identify the target stimuli from a selection of six images, all belonging to the
same semantic category. For the CLAP semantic association tests,
participants were shown 30 sets of three words or pictures, with the target
stimulus positioned above the other two stimuli. Participants were then asked
to identify the words or pictures that best matched the target stimulus. In the
syntax comprehension test, participants were presented with 30 Chinese
sentences accompanied by corresponding pictures that varied in syntactic
constructional meanings. Participants were then asked to select the picture
that aligns with the semantic and syntactical meaning of each sentence. In
the repetition task, participants were tasked with repeating both sensical and
nonsensical phrases and sentences, ranging from three to eleven Chinese
words in length. Assessments were conducted in each participant’s dominant
language (Cantonese or Mandarin), as determined by language proficiency
and usage.
neurologists,

All assessments were administered by board-certified
neuropsychologists, speech- language pathologists, or
supervised research staff, all of whom are native Mandarin or Cantonese
speakers with over 12 years of formal education in the Chinese languages.

Motor speech assessment

Studies of English-speaking individuals with nfvPPA have shown that
apraxia of speech is particularly pronounced during the repetition of
multisyllabic words that contain syllables with diverse places and manners
of articulation and are rich in consonant clusters.27 The monosyllabic
structure of Chinese characters and the relative absence of consonant clusters
necessitate a tailored approach for eliciting motor speech impairments in
Chinese speakers. To this end, we developed a motor speech battery in which
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participants are asked to repeat five distinct sets of phrases—each

comprising four- or six-characters—five times consecutively. These phrases
were systematically designed to assess specific articulatory features: [1]
Place of articulation: phrases that varied in articulatory placement while
holding tone and manner constant (e.g., Mandarin: BR&EIRE /fand shous
xian4 hua4/; Cantonese: ZZ2/\% /daap3 gaa3 baat3 gaa3/); [2] Manner of
articulation: phrases that differed in how sounds are produced, with
consistent articulatory placement and tone across syllables (e.g., Mandarin:

#JtBATE /guanl guangl kail hual/; Cantonese: {EEEHE Y| /faal baal maal

paal/); [3] Tone of articulation: phrases that presented tonal contrasts across
otherwise syllabically similar words (e.g., Mandarin: FFiSE & /ma2 mal
ma4 ma3/; Cantonese: 5|Z 7] /jan5 jan6 jan2 jan3/), and [4] sensical
phrases: idiomatic phrases that contrast in place, manner and tone of
articulations (e.g., Mandarin: BF3& & (» /fang2 dan4 beid xinl/, Cantonese:
BRI /mok6é ming4 keid miu6/), and [5] nonsensical phrases: phrases
without lexical meaning constructed to contrast in place, manner, and tone
for Cantonese speakers solely (e.g. Cantonese: ZERE & #£ /taai3 ngan2 kap6
hon4). Notably, the tone of articulation phrases were specifically designed
to evaluate tone production ability alongside motor speech performance,
providing contrast to other articulatory dimensions. In addition to assessing
repetition accuracy, we quantified the number of tonal and syllabic errors, as
well as their proportion relative to each participant’s total errors during the
motor speech assessment. To ensure accuracy and consistency in error
coding, all speech recordings were independently reviewed by two native
speakers of Mandarin and Cantonese.

Lexical tone production assessment

Mandarin language encompasses four distinct tones: a high-level tone (Tone
1) and three contour tones—rising (Tone 2), dipping (Tone 3), and falling
(Tone 4). In contrast, Cantonese features six contrasting tones: high-level
(Tone 1), high-rising (Tone 2), mid-level (Tone 3), falling (Tone 4), low-
rising (Tone 5), and low-level (Tone 6). Additionally, in Cantonese, when
level tones (Tones 1, 3, and 6) end with a stop consonant, they are sometimes
referred as checked tones (Tones 7, 8, 9).28 (Supplement Figure 1) In
addition to the repetition of tone-of-articulation phrases, lexical tone
production was further assessed using two categories of tone twisters (i.e.,
phrases solely consist of words with identical or near-identical syllabic
structures but varying lexical tones): sensical and nonsensical tone twisters
(see Supplementary Table 1 for the full list). In the sensical stimuli,
participants were asked to repeat two meaningful tone twister phrases in
Mandarin or Cantonese, presented with both auditory and visual input. These
stimuli, ranging from 8 to 12 words in length, consist of semantically
coherent phrases with words that have similar syllables but differ in tones.
Examples include the Mandarin one-syllable poem "& & ¥ * ff K, K&
¥i,Z & + #f" /shi2 shi4 shil shi4 shil shi4, shi4 shil, shi4 shi2 shi2 shil/
and the Cantonese phrase "[E] [ i& i= W [E A" /yun4 yun4 yun5 yun5 giu3
yun4 yut6/. For the nonsensical stimuli, participants were presented with a
sequence of words in both auditory and visual formats, each sharing similar
syllables but differing in tone, such as “3&/da2/ K/da4/ ¥T/da3/ $&/dal/” for
Mandarin and "§E /sil/ K /si6/ ™ /si5/ B /sid/ B /si2 B /si6/" for
Cantonese. We also included syllabically varied monotone phrases, wherein
participants repeated phrases composed of words that shared similar tones

but varied in their syllabic pronunciations. For example “/&, & %841 which

is pronounced as /fengl yanl xianglcunl/ in Mandarin and /fungl yiml
heunglchyunl/ in Cantonese.
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Lexical tone perception and comprehension

To examine lexical tone perception and comprehension abilities, we
designed four tests: Tone Discrimination, Tone Identification, Tone Picture
Matching, and Tone Word Matching tests. In the Tone Discrimination Test,
participants were presented with pairs of single syllable sounds in audio
format. These sounds either carried the same tones (e.g., ma2-ma2) or
different tones (e.g., ma2-ma4), and participants were asked to judge whether
the tones were the same or different. This task primarily engages tone
perceptual processing, involving same—different judgment of isolated tonal
contrasts in the absence of semantic context. The Tone Identification Test
constituted a unimodal semantic recognition task by presenting participants
with audio stimuli consisting of single syllable sounds carrying tones from
Mandarin, Cantonese, Thai, and Vietnamese languages. Mandarin speakers
were asked to determine if the twelve sounds presented were Mandarin tones,
while Cantonese-speaking participants were asked to identify twenty sounds
in Cantonese tones. Cantonese speakers were given more stimuli due to the
greater number of tones in the language. Finally, the Tone Picture Matching
and Tone Word Matching Tests were designed as transmodal semantic
comprehension measures. Participants were presented with single syllable
sounds and four pictures or words that shared the same syllable sounds but
varied in tones (e.g., & /tu4/x /tu2/ 55 /tul/ @ /tu3/) and then asked to
match the sounds with the corresponding pictures or words. These tasks rely
heavily on lexical- semantic processing, requiring integration of tonal and
semantic information for accurate comprehension.

Statistical Analysis

Demographic features were compared across diagnostic groups using
analysis of variance (ANOVA) for continuous variables, with Bonferroni
correction for multiple comparisons, and Pearson’s Chi-squared tests for
categorical variables. Group differences in MMSE and CLAP battery
performance, including error patterns, were assessed using nonparametric
Kruskal-Wallis H tests, given that neuropsychological data did not meet the
assumptions of normality and homogeneity of variance, as indicated by
Shapiro—Wilk tests. For tests that yielded statistically significant diagnostic
group effects (p < 0.05), pairwise post- hoc comparisons were performed
with Bonferroni adjustment to control for family-wise error. To further
account for confounding effects of age, education, and testing language
(Cantonese vs. Mandarin), we applied Generalized Estimating Equations
(GEE) with a binomial distribution and logit link function to analyze lexical
tone and motor speech scores. The dependent variable was defined as the
proportion of correct responses per task, allowing for variation in trial counts
across language groups. Diagnosis and testing language were entered as
fixed effects, while age and years of education were included as covariates.
Robust standard errors were employed, and subject IDs were specified to
ensure accurate variance estimation. Type III Wald chi-square tests were
used to evaluate the significance of model predictors. Estimated marginal
means (EMMs) were computed for diagnostic groups and testing language,
adjusted for age and education. Pairwise comparisons between EMMs were
performed with Bonferroni correction for multiple comparisons. Model fit
was evaluated using the Quasi- likelihood under the Independence Model
Criterion and its corrected variant. To explore the diagnostic value of lexical
tone performance in PPA, we additionally examined lexical tone measures
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using nonparametric ROC analyses. Specifically, tone production and tonal

errors were evaluated for identifying nfvPPA, tone comprehension for
distinguishing svPPA, and syllabic errors for detecting IVPPA, as
hypothesized. For each task, we computed the area under the curve (AUC),
sensitivity, specificity, and optimal cutoff points using Youden’s Index.
Furthermore, a nonparametric Spearman’s rank-order correlation was used
to examine the correlation between the three lexical tone and syllable
production tasks. All statistical analyses were conducted using IBM SPSS
Statistics, version 27.0 (IBM Corp.), with a two-tailed significance threshold
set at o= 0.05.

Brain behavioral correlation

To explore the neural mechanism underlying lexical tone performances, we
examined the neural correlates in participants who completed the CLAP
battery and MRI within a three- month interval. This comprised 10
participants with svPPA, 11 participants with nfvPPA, 12 patients with
IVPPA, 7 patients with unclassifiable PPA, and 15 cognitively normal
controls. MRI sequences were acquired with 3T scanners following the
Alzheimer’s Disease Neuroimaging Initiative 3 protocol (ADNI 3;
http://adni.loni.usc.edu/adni-3/). The ADNI 3 imaging protocol included a
high-resolution T1-weighted 3D magnetization prepared rapid acquisition
gradient echo structural scan with the following parameters: 200-211 sagittal
slices, repetition time =2300 ms, echo time =2.98 ms, inversion time = 900
ms, flip angle 9°-11°, field of view = 256 mm3, matrix size = 256x256, in-
plane voxel size 1.0 x 1.0 mm2; slice thickness = 1 mm. T1-weighted images
were preprocessed using Computational Anatomy Toolbox (CAT12) in the
Statistical Parametric Mapping software (SPM), operating under Matlab
2022b. Preprocessing steps included bias-field correction, skull stripping,
and tissue segmentation into gray matter (GM), white matter, and
cerebrospinal fluid, using an adaptive maximum a posteriori algorithm. GM
probability maps were nonlinearly normalized to the Montreal Neurologic
Institute space using DARTEL, modulated via the Jacobian determinant
from the spatial normalization, and smoothed by an isotropic Gaussian kernel
of 8 mm full- width at half-maximum. To examine the neural correlates of
lexical tone performance, we conducted voxel- based morphometry (VBM)
analysis using the Statistical NonParametric Mapping (SnPM13) toolbox
implemented in SPM12 and MATLAB29,30. A regression model was
employed to assess the association between gray matter volume and the
performance of lexical tone tests, with individual performance scores as the
primary covariate and age at examination, sex, total gray matter volume,
years of education, and testing language (Mandarin or Cantonese) included
as covariates. Nonparametric statistical inference was performed with 5,000
permutations. A cluster-wise inference approach was adopted, applying a
cluster-forming threshold of t = 3.09 (uncorrected p < 0.001). Family-wise
error (FWE) correction was performed at the cluster level with a corrected
alpha of 0.0531.

Data availability

Anonymized data are available from the corresponding author upon request
and subject to approval and completion of a Material Transfer Agreement.
Data are not publicly accessible in accordance with institutional ethical
protocols governing participant confidentiality.
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Contral yEES DRERS WEEA Unclassifiable PPA p-value
in= 24} (n=13) [n= 15} [n= 17} {n= 8}
Demagraphic characteristics.
Age =t examination [years) 65,88 (Z.10) 66.08 (5.26) 67.33(6.73) 6347 (7.41) 74.00 (3.9Y 0.035
Sexx (Female/ Male) 153 5/ 114 512 36 0.053
Years of education 16.67 (2627 14,12 (5.00) 13.73 (3.23) 10.94 (L89F 12.00(4.74F 0,001
Handedness (Right/Left/Ambid 2202 13/0/0 14/1/0 17/0/0 3/0/o 0.357
Glabal Cognition
Mini-Mental Stzte Exam (MMSE)* 30 (100 z1(8y 27 (5 20 (7F 25 (7 <0001
Speech and Language
Picture Naming (D-48) 48 (1) 4.50 (8] 45,50 (16)° 32,50 (27 4213y «0.001
Single Word Comprehension (0-15) 15 {1 £.50 (5] 14 (2= 13(3F 14(2)¢ =0.001
Semantic Assaciation: Picturs (0-15}° 15 {0} 9,50 (3151 14,50 (2)F 13(3F 1450 (1) 0,001
Semantic Associztion: Word (0-15F 15 {0} 9,50 (5151 14,50 (2)F 13(3F 15 (1 0,001
Synzax Comprehension (0-207° 30O 275 (4 2603 22.5(5F 29 {5y 0.001
Sentence (0-100)' 94.0 (6.8 79.7 (13.3F 84.4 (83 66.2 (27.5) 80.5 (21.2)" <0.001

* Significant between Control and svPPA; " Significant bebween Control and nfPPA; © Significant between Control 2nd IWPPA;  Significant between control and unclzssifiable PPA; * Significant between svPPA and nfyPRA; ' Significant
betwesn svPPA znd [vPPA; * Significant between svPPA and unclassifiable PPA; " Significant between nfvPPA and hPP4; ' Significant between nfvPPA and unclassifizble PPA; ' Significant betwesn undassifisble PPA and WPRA;
Contral (n=23), svPPA (n=13), nfvPPA (n=15), unclassifizble PPA (n=5), WPPA (n=17) ; ' Control (n=23), svPPA (n=13), nfPPA (n=14), unclassifiable PPA (n=3), WPPA (n=17); " Contral (n=24), svPPA {n=11), nfvPPA
[n=14), undassifizble PPA {n=9), WPPA (n=17); * Control (n=23), svPPA (n=11), nFvPPA (n=14), unclassifiable PPA (n=3), hPPA (n=17); * Contral (n=22), svPPA {n=11), nfvPPA (n=13), unclzssifiable PPA (n=3), WPPA

[n=17)

Table 1: Demographic characteristics and neuropsychological performances of the study participants (n=78).

Results
Demographic and neurolinguistic profiles

Table 1 summarized the demographic and linguistic profiles across the study
groups. Demographically, no significant differences were observed in
handedness [¢*(8,78)= 8.82, p = 0.357] or sex distribution [¥*(4,78)= 9.34, p
= 0.053], although age at examination differed between control and PPA
unclassifiable groups [F(4,73)= 2.74, p = 0.035]. Years of education also
varied significantly among groups [F(4,73)= 5.71, p < 0.001], with the
control group attaining significantly more years of formal education
compared to individuals with IvPPA and PPA unclassifiable. In terms of
global cognition, as measured by the Mini-Mental State Examination

Contral swPPA

(MMSE), all PPA subtypes showed significantly lower scores relative to
controls [H(4)= 54.24, p < 0.001]. Among the speech and language tests,
patients with svPPA exhibited marked impairment in tasks dependent on
semantic knowledge, specifically picture naming [H(4)= 55.42, p < 0.001],
single-word comprehension [H(4)= 48.13, p < 0.001], and both semantic
association tasks [Picture: H(4)=43.91, p < 0.001; Word: H(4)=39.88, p <
0.001]. Patients with IvPPA also performed significantly worse than controls
on semantic tests, though their scores remained significantly higher than
those of the svPPA group. Syntax comprehension and sentence repetition
was notably reduced in the PPA groups compared to controls [Syntax:
H(4)=34.65, p < 0.001; Repetition: H(4)=40.81, p < 0.001], with the IvVPPA
group exhibited lowest performance.

nfvPPA Unclassifiable PPA

(n= 24 (n=_14) (n=_15) (% in=8) pvaue
Tone Production tasks
Sensical tone twisters - 38 (35-391 82 (s3-81F 58 (84-221 74 (50-851 91 (83-85), <0001
Nonsensical tone twistars ' 37 (95-9910 65 (58-78%" 62 [44-777. 71 (53-81) E5 (78-35), «0.001
Syllzbically varied monotone phrases 5 (34-981 BO (71881 67 (53-79)% 88 (81-931 94 (B3-57), =0,001
Maotor Spesch tasks
Place of articulation " 96 (93-8E1 76 (B5-B41 54 (41671 62 (53-211 75 (651 <0.001
Manner of articulztion * 31 (85-3515) 76 (64-841 51 (36-631 70 (62-Z61 76 (61-BEY <0.001
Tone of articulation * 95 (91577 82 (85-92) 53 (3B-681 75 (67-R3L 83 (P4-E5) <0.001
Sensical phrages 96 [94-aE}0 82 (76871 51 (4524 73 (86-R0L 80 (P07 =0.001
Nonsensical phrasss ¢ 96 (91-55F 70 (5%-251 75 (55-88) 83 (72-90) £S5 (71-93) <0.001
Tone Perception tasks
Tone Identification * 86 (B4-31Y" 65 (55-Z4F 84 (77-891 75 (67-B21 75 (55-82) <0.001
Tone Discrimination * 32 (88-95) 80 (55-99) 87 (83-91) 87 (79-91) 82 (52-93) 0.043
Tone-Picture Matching ' B4 (778915 39 (32-g61 59 (S0-E7) 56 (45-661 &8 (54-a0) <0001
Tone-Word Matching * 90 (84-94)4< 4D (27-55)2 73 (2820 &1 [44-751 65 (54-60° <0001

The values sbove reflect estimated marginal mezns adjusted for covariztes inchuding age, education, and testing langusge, pressnted in the format of mean value (95% confidence interval).

* Significant between Control and syPRA; " Significant between Control and pfyBRA; * Significant between Control and [yBRA; * Significant between control and undlassifiable PRA; * Significant between 5BPA and gfyBBA: ' Significant
betwesn 5yRPA and [yBRA; * Significant between syPPA and unclassifiable PPA; * Significant between pfyBBA. and LEBA; | Significant between gfyBB4 and unclassifisble PPA; | Significant betwesn undassifiable PPA and [ypRs; ©
Contral (n=23), syPBA (n=13), pfyBRA (n=14), unclassifizble PPA(n=3), hEPA (n=17): ' Control (n=23), syBBA. (n=13), ofyPRA (n=13), undzssifiable PRA(n=8), yBBA (n=15); " Control (n=24], syRPA. (n=13), ofuBRA4. (n=13),
undlzssifisble PBAN=5), |ypRA (n=15); * Control (n=22), syBBA4. (n=13), nfyPBA (n=15), unclzssifiable PPA(N=9), PB4 (n=15): * Control (n=22), syBE4. (n=12], pfBEA. (n=15), unclssifizble PPA[N=9), LEBA, (n=17); ©

Control (n=22), syBRA (n=13), pfxBBA. (n=14), kR4, (n=18), unclzssifiable PPA(N=3); * Contral (n=9), syBEA.

(n=4), pfBRA. (n=E), unclassifiable PPA(n=3], hEEA (n=4): ' Contral (n=19), uBRS. (n=11), pfyBRA. (n=13),

undlzssifiable PPA(n=3], [xPRA (n=14);  Contrel (n=20), syPRA.(n=12), nfyPRA (n=13), undzssifiable PPA(n=3), LEPA (n=15): ' Control {n=20), syBR4. (n=12), pfeRPA (n=13), undassifizble PPA[n=3], lEES4 (n=13)

Table 2: The performance of the CLAP lexical tones tests among the study participants adjusted for age, education and testing languages (n=78).

Motor Speech performance

Figure 1 and Table 2 illustrated the performance of each diagnostic group on
tasks assessing lexical tone production, lexical tone perception, and motor
speech functions. In the motor speech assessment, significant diagnostic
group differences were observed in the repetition of phrases varying in place,
manner, and tone of articulation, as well as in sensical and nonsensical
idiomatic expressions [Place: H (4) = 45.04, p < 0.001; Manner: H (4) =
36.52, p <0.001; Tone: H (4) =34.41, p <0.001; Sensical: H (4) =37.20, p
< 0.001; Nonsensical: H (4) = 13.76, p = 0.008]. Specifically, all PPA
variants exhibited significantly reduced accuracy relative to controls in
repeating phrases that differed in place of articulation before and after
adjusting for demographic and language-related covariates [Wald ¥*(4) =
61.35, p<.001]. When producing phrases that contrasted in manner and tone
of articulation, both nfvPPA and IvPPA participants demonstrated
significantly lower accuracy compared to controls, with nfvPPA individuals

additionally performing worse than those with svPPA. After adjusting for
age, education, and testing language, diagnostic group differences remained
significant for manner articulation tasks [Wald y*(4) = 35.25, p < .001].
Participants with nfvPPA showed the most pronounced impairments, with a
41% reduction in accuracy compared to controls (p < .001). Significant
differences were also observed between controls and IVPPA (—21%, p <
.001), controls and svPPA (—16%, p = .047), and between nfvPPA and
svPPA (—25%, p = .037). For phrases differing in tone, diagnostic group
differences also remained significant following covariate adjustment [Wald
x*(4) = 40.35, p < .001]. Pairwise comparisons revealed that nfvPPA
participants performed significantly worse than controls (—41%, p < 0.001)
and unclassifiable PPA (—30%, p = 0.004), with marginal differences relative
to svPPA (—29%, p = 0.060) and IvPPA (—30%, p =0 .081). When asked to
produce sensical idiomatic expressions, controls significantly outperformed
all PPA groups. After adjusting for covariates, the effect of diagnosis



Clinical Research and Reviews
remained significant [Wald ¥*(4) = 51.48]. Relative to controls, significant

accuracy reductions were observed in IvPPA (—23%, p < 0.001), nfvPPA
(—=35%, p < 0.001), svPPA (—=14%, p < 0.001), and unclassifiable PPA
(—=16%, p = 0.003). For the repetition of nonsensical phrases, although
diagnostic group differences were observed, none of the post-hoc pairwise
comparisons reached statistical significance. After adjusting for covariates,
controls significantly outperformed the unclassifiable PPA group (-26%, p <
0.001) while other between-group differences did not reach significance after
Bonferroni correction. Interestingly, while clinical diagnosis remained a
robust predictor of performance across all these phrase types, testing
language emerged as a significant predictor only for tone of articulation
phrases [Wald y*(1) = 493, p = 0.026], with Mandarin speakers
outperforming Cantonese speakers (Mandarin: 86%, 95% CI: 81-89%;
Cantonese: 75%, 95% CI: 65-83%; p = .041). ROC analyses revealed that
that production of phrases varying in manner of articulation achieved strong
classification for nfvPPA (AUC = 0.882; sensitivity=100%, specificity =
67.8%, cutoff = 78.5%). Tone of articulation phrases also showed robust
discrimination (AUC = 0.860; sensitivity = 93.3%, specificity = 72.9%,
cutoff = 68.6%), while place of articulation phrase yielded a moderate AUC
of 0.793 (sensitivity = 86.7%, specificity = 57.6%, cutoft = 81.5%). In
contrast, repetition of sensical phrases demonstrated weaker classification
accuracy (AUC = 0.702; sensitivity = 93.3%, specificity =49.2%). Analyses
of error types in the motor speech assessement further revealed pronounced
group differences across PPA variants and controls [H(4) =38.58, p<0.001].
Tonal error counts were significantly lower in controls relative to all PPA
subtypes, with the exception of svPPA. Additionally, patients with nfvPPA
produced the highest number of tonal errors, significantly exceeding those
with control (p < 0.001), svPPA (p = 0.007) and IvPPA (p = 0.04). With
respect to syllabic errors, svPPA, nfvPPA and 1vPPA patients exhibited
significantly more errors than control participants [H(4) =41.06, P < 0.001].

Regions Voel-level interference
towzhus pvalues (upe)
Sensical Tone Twisters «
Left pars trizngularis 4,50 00004
Left pars opsrdsss 342 0.0004
Monsensical Tone Twisters
Left superior temparal gyrus 495 0.0002
Leftinsulz 4,79 0.00:02
Left fusiform gyrus 462 0.0002
Syllzbically Varied Monotons Phrasss *
Left pars gpanulass 4,17 0.0002
Laft superior temporal gyrus 3.70 0.0004
Leftinsulz 343 0.0006
Tane Identification
Laft orbitofrantzl gyrus 523 0.0002
Left hippocampus 5.6 00004
Left amygdalz .40 0.0004
Tone Discrimination
Left middle temporal gyrus 4,00 D000
Left primary auditory cortex 389 00004
Left middle temporal gyrus 3,78 0.0008
Tone-Picture Matching
Laft middle temporal gyrus 672 0.0002
Left middle temporal gyrus 557 00002
Left temporal pole 6.50 0.0002
Taene-Werd Mauching
Laft middle temporal gyrus 650 0.0002
Left inferior temporal gyrus 632 00002
Laft middle temporal gyrus 632 0.0002
L=ft dorsal anserior dngulate cortex 5.20 0.0002
Left frontzl eve fiekds 4,17 00002
Left ventral anterior dngulate cortex 4.08 0.0002
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When examining the proportional distribution of error types, nfvPPA also

demonstrated a significantly higher proportion of tonal error relative to
svPPA and IvPPA groups [H(4) = 20.64, P < 0.001]. In contrast, IvPPA was
characterized by disproportionately elevated syllabic error percentages
relative to control and nfvPPA groups [H(4) = 22.13, P < 0.001]. These
findings suggest that while individuals with nfvPPA and IvPPA produced
substantial numbers of tonal and syllabic errors, tonal errors were
disproportionately more frequent in nfvPPA, whereas syllabic errors
predominated in IvVPPA. ROC analyses revealed that tone error count was a
strong discriminator of nfvPPA from other diagnostic groups, yielding an
AUC of 0.907 (sensitivity = 91.8%, specificity = 80% at a cutoff of >68.5
errors). Tone error percentage also showed good discriminative ability (AUC
= 0.810; sensitivity = 82%, specificity = 80% at >49.5%). For IvPPA,
syllable error count distinguished it from other groups with an AUC of 0.771
(sensitivity = 82.4%, specificity = 72.9% at >58.5 errors), with syllable error
percentage yielding similar discriminative profile (AUC = 0.834; sensitivity
= 82.4%, specificity = 84.7% at >60.75%).

Lexical tone production performance

In reciting sensical tone twisters, significant differences were observed
across the diagnostic groups [H(4)= 29.38, p < 0.001], with individuals in
the nfvPPA and IvPPA groups demonstrating significantly lower accuracy
compared to controls (both p <0.001). This diagnostic group effect remained
robust after adjusting for age, education, and testing language, with diagnosis
remained a significant predictor of sensical tone twister scores [Wald y2(4) =
54.35, p <.001]; in contrast, testing language, age, and education were not
significant covariates. Estimated marginal means (EMM), adjusted for the
covariates, revealed that the nfvPPA group exhibited the lowest adjusted
accuracy (Table 3).

Cluster-level interference Peak MNI coordinztes:

Extent p-value (FWE-gorr) x ¥ z
00125 -36 28 El
ez -3B 0 El
5639 00033 45 -30 2
-46 -3 ]
24 -35 -1&
613 0.040% 32 14 15
51 2 .4
38 4 2
12466 0.0040 -16 22 -14
-26 -3z -3
-1z 8 -24
31 0.0358 -66 -42 4
-56 -21 ]
-4E -42 -6
26735 0.0006 52 14 14
= 3 7
-5B 0 =21
31545 00002 -66 -20 -6
-50 -14 -12
-51 -20
1814 00454 2 S 2
-10 34 32
-2 4 2

Table 3: Neuroanatomical correlates of tone production and perception tests.

Pairwise comparisons further indicated that individuals with nfvPPA
performed significantly worse than controls (mean difference = —39%, p <
.001) and those with unclassifiable PPA (—32%, p = .001). The difference
between nfvPPA and svPPA was marginal (-24%, p = .065), while the
contrast with IvPPA was non-significant. A similar pattern was observed in
the producing nonsensical tone twisters, where controls significantly
outperformed the svPPA, nfvPPA, and IvPPA groups [H(4) = 35.30, p <

0.0010]. After accounting for demographic and language effects, diagnosis
remained a significant predictor (Wald ¢3(4) = 55.03, p < .001), whereas
testing language, age, and education were not statistically significant.
Adjusted EMMs revealed the highest accuracy among controls, followed by
unclassifiable PPA, svPPA, IvPPA, and the lowest in nfvPPA. Pairwise
comparisons showed that controls also significantly outperformed svPPA
(mean difference = —28%, p <.001), IvPPA (-26%, p < .001), and nfvPPA
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(—36%, p <.001). A comparable trend was also evident in the production of

syllabically varied monotone phrases [H(4)=33.07, p <0.001], with controls
achieving higher accuracy than both svPPA and nfvPPA participants (both p
< 0.001), and the nfvPPA group also demonstrating significantly lower
scores than the unclassifiable group (p = 0.005). After adjusting for
demographic and language variables, diagnosis remained a significant
predictor. EMMs were highest in the control group, followed by
unclassifiable PPA, IvPPA, svPPA, and nfvPPA. Post hoc pairwise
comparisons indicated that nfvPPA participants performed significantly
worse than all other groups other than svPPA (all p < 0.045). ROC analysis
revealed that lexical tone production tasks demonstrated significant
discriminatory ability in identifying individuals with nfvPPA. The sensical
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tone twister task yielded an AUC of 0.790 (95% CI: 0.638-0.942), with

84.6% sensitivity and 76.3% specificity at a cutoff of 80.91%. The
nonsensical tone twister showed lower discriminative performance (AUC =
0.724, 95% CI: 0.570-0.878), with 76.9% sensitivity and 62.7% specificity
at a cutoff of 83.03%. In contrast, the monotone syllabically varied phrase
task achieved the highest classification accuracy (AUC = 0.851, 95% CI:
0.744-0.959), with 92.3% sensitivity and 72.1% specificity at an optimal
cutoff of 88.75%. All three tone production tasks were significantly
positively correlated: sensical and nonsensical tone twisters (p = 0.664, p <

.001), nonsensical tone twisters and monotone syllabically varied phrases (p
= 0.756, p < .001), and sensical tone twisters and monotone phrases (p =
0.628, p <.001).

Tom Tndin At mbaa by v
MBS ) Mo W Al 18 Tew i o

e L Ll

Taw Dohmaces (0 o Raoe My ) &
od opledie o

A e . S | g i, e

b b Bl il pu raped

et e AN LB Yt el

N L R
T L UL UL T
W Ten Malawy 1D

1) Frguing aud Popoman ) o

Lol G bt gty rund (nh

ol wv i B v bt algetind e s

Figure 1: Lexical tone and motor speech performance across diagnostic groups.

Presented are the results of lexical tone and motor speech performance tasks. Tone and syllable production tasks include: (A) Sensical tone twisters; (B)
Nonsensical tone twisters; (C) Syllabically varied monotone phrases. Motor speech assessment comprises: (D) Place of articulation; (E) Manner of
articulation; (F) Tone of articulation; (G) Sensical phrases. Tone perception is evaluated using: (H) Tone identification; (I) Tone discrimination; (J)

Tone— picture matching; (K) Tone—word matching. (L) shows the frequency and proportional distribution of tone and syllable errors. Bars represent group
medians and interquartile ranges; individual participant data are overlaid as scatter plots. Statistical comparisons were performed using the Kruskal-Wallis
test with Bonferroni-adjusted post hoc comparisons (p <0.05; p <0.01; p <0.001).
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Figure 2: Neuroanatomical correlates of lexical tone and syllable production tests.

The figure shows the voxel-based morphometry analyses of (A) Sensical homophonous tonal phrases; (B) Nonsensical homophonous tonal phrases; (C)
Isotonous syllabically varied phrases; with (D) indicating overlapping regions across the three production tasks. For (A)~(C), statistical parametric maps
show brain regions where greater gray matter volume was significantly associated with higher task performance. Analyses were conducted using SnPM13,
with age, sex, total gray matter volume, education, and testing language as covariates. Nonparametric inference (5,000 permutations) used a cluster-forming
threshold of t = 3.09 (uncorrected p < 0.001), with family-wise error correction at the cluster level (o = 0.05) and an extent threshold of k > 100. Slices are
labeled with MNI coordinates (L = left, R = right); the color bar represents t-values. For (D), red, green, and blue indicate task-specific associations, and
yellow highlights overlapping regions.

A. Tone Identification

B. Tone Discrimination

Figure 3: Neuroanatomical correlates of lexical tone perception tests.
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This brain maps display regions where gray matter volume was significantly
associated with performance on: (A) Tone identification, (B) Tone
discrimination, (C) Tone picture matching, and (D) Tone word matching.
Voxel-based morphometry analyses were conducted using SnPM13 with
age, sex, total gray matter volume, years of education, and testing language

In the tone identification task, svPPA and unclassifiable PPA participants
demonstrated significantly lower accuracy than controls [H(4)= 20.21, p <
0.001]. After covariates adjustment, the performance deficit in the svPPA
group remained significant compared to control and nfvPPA [Wald y*(4) =
32.76,p <.001]. Post-hoc comparisons revealed that individuals with svPPA
performed significantly worse than controls (—22%, p < .001) and nfvPPA
(—19%, p = .018). Additionally, IvPPA participants showed reduced
accuracy compared to controls (—13%, p = 0.031). In contrast, no significant
group differences were observed in the tone discrimination task (p = 0.206).
Although diagnostic group remained a significant predictor after adjusting
for covariates (p = 0.049), none of the pairwise comparisons reached
statistical significance following correction. In the tone—picture matching
test, controls outperformed most PPA groups, with svPPA participants also
scoring significantly lower than unclassifiable PPA groups [H(4) = 34.14, p
< 0.001]. After adjusting for age, education, and testing language, diagnosis
remained a significant predictor of tone—picture matching performance
(Wald ¢*(4) = 62.77, p <0.001). Specifically, svPPA participants performed
significantly worse than controls (—46%, p < 0.001), nfvPPA (—20%, p =
0.006), and IVPPA (-30%, p = 0.001). Controls also significantly
outperformed IvPPA (—28%, p <0.001) and unclassifiable PPA participants
(—25%, p < 0.001). Similarly, in the tone-word matching test, individuals
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as covariates. Nonparametric inference employed 5,000 permutations with a

cluster-forming threshold of t = 3.09 (uncorrected p < 0.001) and family-
wise error correction at the cluster level (a = 0.05). The color bar represents
t-values for each task.

Lexical tone perception and comprehension performanc

with svPPA showed significantly lower accuracy than controls [H(4) =
19.41, p <0.001]. GEE revealed significant effects of diagnosis (Wald ¥*(4)
=39.11, p <0.001) and testing language (Wald x*(1) = 12.48, p <0.001) on
tone-word matching accuracy. Notably, controls significantly outperformed
all PPA variants, including svPPA (-49%, p < 0.001), nfvPPA (-16%, p =
0.042), IVPPA (-29%, p = 0.005), and unclassifiable PPA (-21%, p = 0.035).
Additionally, svPPA participants performed significantly worse than both
nfvPPA (-33%, p = 0.005) and unclassifiable PPA (-28%, p = 0.023).
Regarding testing language, Mandarin-speaking participants outperformed
Cantonese speakers (78% vs. 58%, p <.001). ROC analysis showed that tone
picture matching achieved the highest classification accuracy for svPPA
(AUC = 0.884; sensitivity = 100%, specificity = 63.0% at a 59.2% cutoff).
Tone word matching also performed well (AUC = 0.809; sensitivity = 100%,
specificity = 37.0%). Tone identification yielded an AUC of 0.769
(sensitivity = 90.9%, specificity = 48.1%), while tone discrimination showed
lower accuracy (AUC = 0.624; sensitivity = 54.5%, specificity = 83.3% at
an 81.7% cutoff).

Neuroanatomical correlation of lexical tone scores

The VBM results for lexical tone production and perception tests are
summarized in Figure 2 and Table 4.

AUC Sensitivity (%) Specificity (%) Youden Index Cutoff (%)
Lexical Tonal and Sylisble Production (gfyEEA. vs other diagnostic groups)
Sensical tone twisters 0.730 845 763 0.60% £0.91
MNonsensical tone twisters 0.724 763 62.7 0.3%6 £83.03
Syllzbiczlly varied monotone phrases 0851 923 721 0.644 B8.75
Motor Speech Asseszment (gfyER#, ve other disgnostic groups)
Place of articulation 0.733 6.7 576 0.443 815
Manner of articulation 0.882 100 67.8 0.678 78.5
Tone of articulation 0.860 933 723 0.632 6858
Sensical phrases 0.702 93.3 49.2 0.324 53.3
Lexical tone errors (gfyREA vs other disgnostic groups)
Tonal ermor count 0.307 BD 918 0.718 68.5%
Tonzl error percentage 0.810 BD 82 0.620 43.51
Syllable errors (EEA v other diagnostic groups)
Syllable error count 0771 824 723 0.552 CES*®
Syllable error percentage 0.834 82.4 84.7 0.671 &0.75
Tone Perception (3yFE& vs other disgnostic groups)
Tone Identification 0.7e5 50.3 48.1 0.466 775
Tane Discrimination 0.624 54.5 83 0.378 ELE7
Tone-Picture Matching 0.884 100 630 0.631 e
Tone-Word Matching 0.805 100 37.0 0.4B5 ELE7

ROC anzlyses were performed to distinguish individuzls with pfgBRA. (n = 13-15) from other participants based on tone production scores, performance on multi-character multi-repetition tasks, 2nd both tone error count and
percentzge, Additional analysss targeting syllzbic error count and percentage were used to differentiate hifRa, (n = 17) from the remaining cohort. Separate ROC analyses wers zlso conductad to distinguish syPB4.(n = 11) from
the remaining dizgnostic groups based on tone perception performance. * Cutoff is reported as the number of errors rather than a percentage.

Table 4: Receiver Operating Characteristic (ROC) Analysis of Lexical Tone Production and Perception Tasks.

In summary, nonsensical tone twister production was significantly
associated with gray matter volume in the left superior and middle temporal,
inferior frontal, medial temporal, fusiform gyri and insula. While neural
correlate analyses of sensical tone twisters and syllabically varied monotone
phrases did not survive FWE correction at the cluster level (p < 0.05),
exploratory analyses at an uncorrected threshold (p < 0.05) revealed positive
associations for sensical tone twisters in the left pars triangularis and insula,
and for syllabically varied monotone phrases in the left pars opercularis,
insula, and superior temporal gyrus. Upon consolidating the findings across
the three tone and syllable production tasks, overlapping regions were
consistently localized to the left insula (Figure 2D). Conversely, no
significant gray matter associations were identified in the VBM analyses of
the motor speech assessment tasks. In tone perception and comprehension
tasks, the tone discrimination performance was associated with greater gray

matter volume in the left superior, middle, and inferior temporal gyri,
specifically in the middle and posterior temporal regions. Performance of
tone identification test was positively associated with gray matter volume in
the left orbitofrontal, anterior superior, middle, and inferior temporal gyri,
insula and temporal pole. For tone-picture matching, the neural correlation
analyses were observed in the left temporal pole, anterior temporal and
fusiform gyri. Similarly, the score of tone-word matching test was positively
associated the left temporal pole, anterior temporal, anterior cingulate, and
medial superior frontal cortices.

Discussion

This study illustrated one of the first in-depth investigation of lexical tone
production and perception presentations in speakers of tonal languages with
PPA, offering novel insight into the clinical phenotypes of PPA syndromes
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in this linguistically understudied population. In summary, Chinese-speaking

nfvPPA participants exhibited significant impairments in lexical tone
production, with a disproportionately high rate of tonal errors relative to
syllabic errors. These findings suggest that impairments in lexical tone
production may offer a clinically informative indicator into motor speech
impairment in PPA. In contrast, Chinese-speaking svPPA patients showed
pronounced deficits across several lexical tone perception tasks,
underscoring the essential role of semantic representations in decoding pitch-
based contrasts at the lexical level. These findings illuminate the importance
of incorporating lexical tone assessments in the evaluation of tonal language
speakers with PPA and provide a counterpoint to the universality of current
PPA diagnostic frameworks, which has been largely informed by Indo-
European linguistic paradigms.

Lexical Tone Production in PPA and its neural signatures

Consistent with our hypothesis, Chinese-speaking individuals with nfvPPA
demonstrated significant impairments in lexical tone production tasks, even
after adjusting for age, education, and testing language. Notably, this deficit
was apparent with the production of only two tone-twister phrases,
underscoring the scalability and time efficiency of such assessment for
clinical settings. Prior studies involving individuals with unilateral vocal fold
paralysis, as well as brain tumor patients undergoing awake neurosurgery
with electrocortical recordings, have highlighted that the production of
lexical tone depends on precise and temporally synchronized control of the
laryngeal and vocal fold musculature.16,32 We therefore posit that the tone
production impairments observed in Chinese-speaking nfvPPA patients
reflect disrupted coordination between the laryngeal articulatory motor
systems. This interpretation is supported by converging neural correlations
across both tone twister tasks in the left anterior insula and pars opercularis,
regions critically involved in speech planning, and frequently implicated in
A0S.27,33-35 The absence of primary motor cortex involvement further
suggests such deficits are more primarily attributable to disruptions in motor
programming than to impairments in muscular activation. While both
sensical and nonsensical tone twister tasks assess lexical tone production
ability, our findings indicated that the nonsensical tone twisters demonstrated
stronger associations with left ventral temporal regions. Given that stimuli
were presented in both auditory and visual modalities, participants could
engage either repetition or reading pathways, while converging on a shared
cognitive mechanism for verbal production. We deduced sensical phrases
places greater demands on the auditory stimuli and rely on the processes
involving auditory-motor mapping and verbal working memory, both
previously linked to lexical tone production.36-38 Conversely, in the
absence of phrasal semantic coherence, participants appear to rely more
heavily on orthographic decoding during the production of nonsensical tone
twisters39,40, potentially accounting for the stronger associations observed
with ventral temporal regions. These distinct processing demands account
for the partially divergent neural correlates.41 Naturally, individuals with
svPPA performed worse on nonsensical tone twister tasks, consistent with
their ventral temporal degeneration affecting orthographic long-term
memory. Individuals with nfvPPA also demonstrated difficulties when
producing monotone phrases composed of varied syllables, despite the
consistency of lexical tone. We speculate this reflects motoric challenges in
syllable articulation. Interestingly, performance on the monotone syllabic
phrases strongly correlated with that on the tone twister tasks, suggesting that
difficulties in both tone and syllable articulation may arise from shared
underlying neural mechanisms.

Motor Speech impairments and Apraxia of Speech in Chinese
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AOS, a characteristics motor speech impairment in English-speaking

nfvPPA patients, has been described differently in children across languages,
including Arabic, Cantonese, and French.42-45 Specifically, Cantonese-
speaking children with AOS were reported to lack features typically reported
in English, such as voicing errors, lexical stress errors, and intrusive schwa
insertions. Instead, they display difficulties with tone production and a
tendency toward deaspiration.46 These cross-linguistic differences are
further compounded by the inapplicability of standard English-language
elicitation methods—relying on multisyllabic words and complex consonant
clusters—to Chinese, which is predominantly monosyllabic and lacks
consonant clusters.27,47 Consequently, linguistically tailored elicitation
strategies are required when assessing Chinese-speaking individuals. One of
the earliest reports of lexical tone production deficits in a Cantonese-
speaking adult with nfvPPA and AOS was by Tee et al.,48 with subsequent
studies by Wong and colleagues demonstrating tone production impairments
in Cantonese-speaking adults with post-stroke aphasia and AOS. 49,50
Collectively, these findings motivated the present study to examine the
diagnostic utility of lexical tone as a strategy for eliciting motor speech
impairment in Chinese-speaking individuals with PPA. Our results indicated
that individuals with nfvPPA exhibited significantly reduced accuracy when
repeating phrases that varied not only in place and manner of articulation,
but also in lexical tone. These findings underscore the potential of lexical
tone as a linguistically tailored strategy for eliciting AOS in Chinese
speakers. Notably, nfvPPA patients produced both the greatest number and
highest proportion of tonal errors relative to syllabic errors, a pattern not
observed in other PPA variants, further reinforces the clinical relevance of
lexical tone production in assessing motor speech function and highlights its
potential as a diagnostic marker in tonal language populations. While motor
speech dysfunction is not a defining feature of IvPPA, IvPPA patients also
demonstrated reduced accuracy on tone twister tasks relative to controls,
though their performance surpassed that of the nfvPPA group. Nevertheless,
error analyses revealed a predominance of syllabic rather than tonal errors in
IvPPA, in contrast to the tonal error profile observed in nfvPPA. We
speculate that while individuals with IvPPA may retain relatively intact
motor speech planning abilities compared to nfvPPA, their increased syllabic
errors likely reflect additional deficits in phonological processing.51,52
Lexical tones are generally classified into two main types: level tones, which
maintain a consistent pitch, and contour tones, which exhibit a change in
pitch over the course of the tone. Mandarin includes four tones: one level and
three contour tones. In contrast, Cantonese distinguishes six tones: three
level and three contour, with three additional checked level tones.28
(Supplement Figure 1) Intriguingly, only tone of articulation phrases showed
a significant effect of testing language: Mandarin speakers outperformed
Cantonese speakers. We attributed this to linguistic differences in both tonal
system: Cantonese features a greater number of tones and more intricate
tonal contours than Mandarin.

Lexical Tone Perception in PPA and its neural basis

In the tone identification test, participants judged whether the presented tones
existed in their testing language. Performance was associated with grey
matter volume in a left- lateralized network encompassing the orbitofrontal
cortex, temporal pole, anterior superior, middle, and inferior temporal gyri,
and fusiform gyrus. We propose that these regions support tone identification
through the integration of auditory, tonology, and decision-making
processes. Specifically, the superior and middle temporal gyri likely
subserve early auditory and tonal perception17,53,54, while the anterior
temporal and fusiform regions may support the representation and access of
tone-related semantic knowledge.55-57 Left orbitofrontal cortex may be
engaged in the decision-making processes required to assess the linguistic
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relevance of tone stimuli.58,59 The impaired performance observed in

svPPA and IvPPA aligns with their characteristic neurodegenerative patterns
involving the left anterior and posterior temporal regions, respectively.60 In
the tone discrimination task, previous studies have highlighted associations
with the bilateral superior temporal gyri, a finding corroborated by our
results.17,18,54 Although superior temporal gyrus is not among the earliest
or most prominently affected regions in PPA and thus offers limited
diagnostic utility, these findings nonetheless reinforce its fundamental role
in the auditory processing of lexical tone. Conversely, the tone-word and
tone-picture matching tasks required participants to match auditory stimuli
with homophones differentiated solely by tone, presented in word and picture
formats, respectively. Although all three noncanonical PPA variants
performed worse than controls, impairment was most severe in svPPA
patients. Performance on these tasks depends on the integrity of
lexicosemantic knowledge of tone and executive processes necessary for
semantic judgment.61-63 These cognitive demands likely underlie the
observed associations with left anterior temporal lobe atrophy for both
tests,61,62 and the involvement of the anterior cingulate cortex in the tone-
word matching task, consistent with previous findings linking this region to
lexical tone reading.63 Additionally, the identification of tone perception
impairments in Chinese PPA suggests that auditory comprehension
difficulties in tonal language speakers may, in part, stem from deficits in
lexical tone processing.

Clinical significance of Lexical Tone in PPA

While these lexical tone and syllable production, and motor speech
assessment task demonstrated strong AUC values for identifying nfvPPA,
most exhibited high sensitivity with moderate specificity, with the exception
of producing sensical tone twisters, tone of articulation and syllabically
varied monotone phrases. Notably, the strong discriminant performance of
the sensical tone twister and tone of articulation tests underscores the critical
role of lexical tone in detecting motor speech impairment in Chinese-
speaking nfvPPA patients. This is further substantiated by the high
specificity of tone error frequency and count in distinguishing nfvPPA. Our
findings highlight lexical tone production as a linguistically relevant and
ecologically valid approach for assessing motor speech deficits in Chinese.
Conversely, syllable error frequency and count were particularly elevated in
IvPPA patients, demonstrating optimal sensitivity and specificity. Given that
Chinese lacks nonsensical and sublexical phonological units for assessing
phonological function, monitoring syllable errors in verbal production
potentially serve as an important indicator of phonological deficits. Lexical
tone perception tasks, except for tone discrimination test, demonstrated high
AUC values and sensitivity for identifying svPPA. These findings highlight
the essential role of intact semantic knowledge in identifying pitch variation
as lexical tone and mapping tones to their lexicosemantic representations.
This pattern is conceptually analogous to reports of lexical stress assignment
errors observed in Indo-European speakers with svPPA.6-8 In tonal
languages, the distinction is more fine-grained and central to auditory
comprehension. Nevertheless, the specificity of these tasks for detecting
svPPA remains suboptimal, likely due to the involvement of additional
cognitive mechanisms such as semantic judgment and auditory tone
processing. Overall, our finding suggest that tone perception tasks may serve
as a clinically useful screening tool for identifying svPPA in tonal language
populations. Clinical knowledge on PPA has largely been informed by
studies involving speakers of Germanic and Romance languages.64 Given
the existence of over 7,000 languages worldwide65, it is imperative to
exercise caution when generalizing these findings, especially across
languages that possess varying linguistic features compared to Indo-
European languages. Our findings underline the heterogeneity of motor
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speech error profiles across PPA syndromes, challenge the adequacy of

existing models based primarily on Indo-European languages and drawing
attention to important diagnostic blind spots when non-English language
speakers are assessed with verbatim translated tools. It is essential to
incorporate additional linguistic components in a typologically informed
manner, both to refine diagnostic precision and to guide the development of
individualized speech therapy interventions that support the preservation of
speech and language functions in PPA.

Limitations and future directions

While this study offers important new insights, several limitations warrant
consideration. First, our sample size, especially for imaging analyses, is
comparable to previous PPA research, it nonetheless constrains the
generalizability and statistical power of our findings. Second, given the
varying lexical tone profiles of Mandarin and Cantonese, future studies
should further stratify participants by Chinese language to elucidate how
language- specific tonal systems influence neural engagement. Additionally,
although tone and syllable error judgments were made by two formally
trained native speakers, the manual nature of this process may limit its
clinical applicability. Integrating machine learning approaches could help
automate and scale this method for broader clinical use. Finally, longitudinal
research is needed to assess the progression of tonal deficits over time and to
determine their prognostic value in clinical staging.

Conclusion

In summary, this study demonstrates that lexical tone processing is
differentially impaired across PPA variants and that these impairments map
onto distinct neural substrates. By integrating structural neuroimaging
analysis, we offer new insights into the language—brain relationship in tonal
speakers with neurodegenerative disease. These findings pave the way for
more equitable and accurate diagnosis of PPA in linguistically diverse
populations and underline the importance of including tone-based measures
in future cross-linguistic PPA research.
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