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Neural basis of speech and grammar
symptoms in non-fluent variant primary
progressive aphasia spectrum
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and Maria Luisa Gorno-Tempini®

The non-fluent/agrammatic variant of primary progressive aphasia (nfvPPA) is a neurodegenerative syndrome pri-
marily defined by the presence of apraxia of speech (AoS) and/or expressive agrammatism. In addition, many patients
exhibit dysarthria and/or receptive agrammatism. This leads to substantial phenotypic variation within the speech-
language domain across individuals and time, in terms of both the specific combination of symptoms as well as their
severity. How to resolve such phenotypic heterogeneity in nfvPPA is a matter of debate. ‘Splitting’ views propose sep-
arate clinical entities: ‘primary progressive apraxia of speech’ when AoS occurs in the absence of expressive agram-
matism, ‘progressive agrammatic aphasia’ (PAA) in the opposite case, and ‘A0S + PAA’ when mixed motor speech and
language symptoms are clearly present. While therapeutic interventions typically vary depending on the predomin-
ant symptom (e.g. AoS versus expressive agrammatism), the existence of behavioural, anatomical and pathological
overlap across these phenotypes argues against drawing such clear-cut boundaries. In the current study, we contrib-
ute to this debate by mapping behaviour to brain in a large, prospective cohort of well characterized patients with
nfvPPA (n=104). We sought to advance scientific understanding of nfvPPA and the neural basis of speech-language
by uncovering where in the brain the degree of MRI-based atrophy is associated with inter-patient variability in the
presence and severity of AoS, dysarthria, expressive agrammatism or receptive agrammatism.

Our cross-sectional examination of brain-behaviour relationships revealed three main observations. First, we found
that the neural correlates of AoS and expressive agrammatism in nfvPPA lie side by side in the left posterior inferior
frontal lobe, explaining their behavioural dissociation/association in previous reports. Second, we identified a ‘left-
right’ and ‘ventral-dorsal’ neuroanatomical distinction between AoS versus dysarthria, highlighting (i) that dysarth-
ria, but not AoS, is significantly influenced by tissue loss in right-hemisphere motor-speech regions; and (ii) that,
within the left hemisphere, dysarthria and AoS map onto dorsally versus ventrally located motor-speech regions, re-
spectively. Third, we confirmed that, within the large-scale grammar network, left frontal tissue loss is preferentially
involved in expressive agrammatism and left temporal tissue loss in receptive agrammatism.

Our findings thus contribute to define the function and location of the epicentres within the large-scale neural net-
works vulnerable to neurodegenerative changes in nfvPPA. We propose that nfvPPA be redefined as an umbrella term
subsuming a spectrum of speech and/or language phenotypes that are closely linked by the underlying neuroanat-
omy and neuropathology.
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Introduction

The non-fluent/agrammatic variant of primary progressive aphasia
(nfvPPA) is a neurodegenerative syndrome characterized by effort-
ful, non-fluent speech production, which usually begins in the early
sixties.’ Most typically, it is caused by the deposition of abnormal
forms of microtubule-associated protein tau in the context of fron-
totemporal lobar degeneration (FTLD-tau)*® that predominantly
affects a network of left fronto-insular and subcortical regions.””®
According to current consensus criteria,'® at least one of two core
speech-language features must be present for the clinical diagnosis
of nfvPPA: (i) effortful, halting speech with articulatory errors (i.e.
apraxia of speech, AoS); and/or (ii) agrammatism in language pro-
duction (i.e. expressive agrammatism), in the setting of relatively
spared single word comprehension and object knowledge. AoS is
the most common cause of effortful speech in nfvPPA and is consid-
ered a disorder of the motor planning/programming of speech that
commonly manifests as distorted speech sound errors, speech
sound sequencing errors, articulatory groping, trial-and-error ar-
ticulation, slow speech rate, difficulty initiating speech and prosod-
ic alterations.’'? The term ‘expressive agrammatism’ is, on the

other hand, traditionally used to refer to morphosyntactically im-
poverished utterances (i.e. agrammatic speech and writing), which
generally result from the omission of function words/morphemes,
production of morphosyntactic errors and simplification of sen-
tence structure.***

Phenotypic variation within the speech-language domain in
nfvPPA, however, extends beyond the question of whether AoS
and expressive agrammatism co-occur or not. For example, dys-
arthria, which is thought to reflect an impairment in the motor
control/execution of speech due to neurodegeneration at the level
of neural structures or pathways that command the muscles of
the pneumo-phono-articulatory system, has frequently been re-
ported to coexist with AoS, particularly in its spastic, hypokinetic
or mixed spastic-hypokinetic types.’>” Although less common,
dysarthria has also been described as the first and predominant
manifestation of a neurodegenerative condition (i.e. progressive
dysarthria), most often in relation to various frontotemporal
dementia spectrum clinical and pathological entities.'®*° Finally,
many patients with nfvPPA exhibit receptive agrammatism, de-
fined as agrammatic sentence comprehension (especially of mor-

phosyntactically complex structures).?*%*
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The current cross-sectional study aims to map the neural sites
where neurodegeneration is likely to drive phenotypic variation
in the expression of these four characteristic speech-language
features using a large, prospective cohort of nfvPPA patients.
Although the neural correlates of AoS, expressive agrammatism,
dysarthria and receptive agrammatism have already been studied
individually,?®**° this has never been done (i) in tandem; (i) within
a single cohort of nfvPPA patients; or (iii) with the specific aim of
shedding new light on the underlying neural causes of inter-subject
variability in behavioural phenotype. Critically, the research ques-
tion we pose is motivated by prior research findings that, as ex-
plained later, point to substantial phenotypic heterogeneity in the
speech-language profile of patients with nfvPPA,***! both in terms
of the specific combination of symptoms as well as their severity,
largely reflecting the varying contribution of AoS, dysarthria, ex-
pressive agrammatism and receptive agrammatism to the clinical
presentation of this syndrome across individuals and time.
Moreover, unlike previous reports that segregated patients based
on their specific speech-language profile (e.g. AoS with or without
co-occurring expressive agrammatism) to then investigate
between-group differences in the patterns of brain atrophy,* our
examination of brain-behaviour relationships attempts to advance
scientific understanding of why and how motor speech and
grammar skills are differentially affected in nfvPPA by directly re-
lating inter-patient variability in the severity of individual
speech-language symptoms (e.g. AoS severity) to inter-patient vari-
ability in the degree of regional atrophy.

Previous studies have documented the existence of distinguish-
able speech-language profiles arising from the differential expression
of AoS versus expressive agrammatism in patients with nfvPPA >%3*
For example, the term ‘progressive agrammatic aphasia’ (PAA)** has
been coined to refer to patients with expressive agrammatism as the
most prominent presenting symptom in the absence of AoS. In con-
trast, patients exhibiting the opposite speech-language phenotype
(Aos without concomitant expressive agrammatism, or aphasia
more generally) have been ascribed the term ‘primary progressive
apraxia of speech’ (PPAOS).>?> Nevertheless, while some authors
suggest that these speech-language profiles—linked traditionally to
‘non-fluency’ in the context of left frontal lobe dysfunction—might
be associated with specific neuropathological correlates, others con-
tend that considerable overlap exists cross-sectionally and longitudin-
ally. Furthermore, not all patients with impaired motor speech as the
most salient clinical feature have AoS only, but rather a combination
of AoS and dysarthria, in which the latter might be an equal or even
dominant contributor.*>*” In this sense, differences in the definition
of AoS and dysarthria, such as using the presence of inconsistent or
consistent articulatory errors as a strict diagnostic marker of AoS,*
might contribute to nosological uncertainties. Importantly, evidence
showingthateven patients with a relatively isolated motor speech dis-
order initially will often go on to develop agrammatism (and vice versa)
as the disease progresses®’® seems to suggest a continuum of clinical
endophenotypes within the larger umbrella of nfvPPA.

Indeed, neighbouring regions of the left posterior fronto-insular
cortex have been implicated in articulatory and grammatical as-
pects of speech production by lesion-symptom mapping studies
of stroke patients.?®® This raises the possibility that two or more
neuroanatomically distinct but closely located left frontal loci with-
in the broader ‘speech production’ network might underlie im-
paired motor speech and expressive agrammatism in nfvPPA.
Such spatial arrangement of the neural correlates of impaired mo-
tor speech and expressive agrammatism in the left frontal lobe
would explain why these nfvPPA symptoms sometimes do initially
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occur in isolation but tend to merge®*”-* as the neurodegenerative

disease spreads through the vulnerable large-scale neural
networks.”??*? put differently, phenotypic variation within the
speech-language domain in nfvPPA would be primarily accounted
for by the position each patient occupies at any given time along
a continuum composed of at least two independent but correlated
(due to the neuroanatomy involved) dimensions: motor speech and
grammar.

In summary, by mapping each of the four characteristic
speech-language features mentioned earlier (i.e. AoS, dysarthria,
expressive agrammatism and receptive agrammatism) to their
neural substrates in a single, large cohort of patients with nfvPPA,
this study thus intends to illuminate the set of brain regions that
are likely to give rise to the nfvPPA phenotypic spectrum in the con-
text of network-based neurodegeneration.

Materials and methods

The database of the Memory and Aging Center at University of
California, San Francisco (UCSF) was searched for patients who re-
ceived a clinical diagnosis of nfvPPA based on current diagnostic
criteria.’® Patients with nfvPPA were included in the study if they
had: (i) a high-resolution T;-weighted MRI scan of sufficient quality
for analysis; (i) a Mini-Mental State Examination*® total score >10
or, alternatively, a Clinical Dementia Rating** total score <3; and
(iii) completed a structured motor speech evaluation, picture de-
scription task and/or sentence comprehension task. Of the 114 pa-
tients screened for inclusion into the study, seven were excluded
on the basis of the first inclusion criterion, two on the basis of the
second, and one on the basis of the third, leaving a total of 104
cases, aged between 51 and 81 years [mean age +standard devi-
ation (SD)=68.55+7.12; 71 females], who met all three inclusion
criteria. Genetic testing for major FTLD gene mutations was per-
formed in 95% (99/104) of the selected patients, four of whom tested
positive (see Supplementary Table 1 for more details). Summary
demographic, clinical and neuropsychological information for our
patient sample can be found in Table 1. Supplementary Fig. 1 shows
a histogram of the time elapsed between first symptom onset (as re-
ported by the patient/companion) and scan acquisition. Of note, for
each patient, only data-points (including the T;-weighted MRI scan)
collected within a maximum period of 6 months were considered in
the analyses reported later; other data-points (if any) were treated
as missing values.

All participants provided written informed consent in accord-
ance with the Declaration of Helsinki and the study protocols
were approved by the UCSF Committee on Human Research.

Our comprehensive speech and language assessment battery al-
lows a wide range of speech-language skills to be evaluated, includ-
ing speech production, speech comprehension, naming, repetition
and reading (for more details, see Gorno-Tempini et al.”). However,
in line with the aims of the current study, we focused on three spe-
cific component parts described later.

The motor speech evaluation (MSE)* was designed to detect per-
ceptual features indicative of the presence of AoS and/or
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Table 1 Demographic, clinical and neuropsychological characteristics of patients

nfvPPA (n=104)

Mean + SD Range Missing
Demographic
Age at scan 68.55+7.12 51-82 0
Sex (male/female) 33/71 N/A 0
Handedness (right/left/ambidextrous) 91/11/2 N/A 0
Years of education 16.13+2.88 12-28 0
Clinical
Estimated age at first symptom onset 64.07 +7.18 44-79 1
Estimated years since first symptom onset 4.39+1.93 1-10 1
MMSE (30) 25.24 +4.47 12-30 6
CDR (3) 0.41+0.40 0-2 6
Visuospatial function
Benson figure copy (17) 14.47 +2.10 4-17 10
VOSP number location (10) 8.67 +1.56 3-10 16
Visual memory
Benson figure 10 min free recall (17) 10.30+3.25 0-16 10
Verbal memory
CVLT-MS trials 1-4 (36) 22.54 +6.64 9-35 14
CVLT-MS 30 s free recall (9) 6.21+2.31 0-9 14
CVLT-MS 10 min free recall (9) 5.82+2.49 0-9 14
CVLT-MS recognition (9) 8.19+1.10 4-9 14
Executive function/working memory
Backward digit span (8) 3.49+1.43 0-8 10
Modified trails (lines per minute) 17.83+29.08 0-270 13
Stroop colour naming (1 min) 41.98 +£15.55 6-79 39
Stroop interference (1 min) 25.09+11.10 1-49 35
Design fluency (1 min) 6.10+2.82 0-13 12
Letter fluency (D words in 1 min) 5.90+4.11 0-23 11
Category fluency (animals in 1 min) 11.05+6.41 0-33 10
Language production
WAB speech fluency rating (10) 6.19+2.62 0-10 11
Boston naming test (15) 12.39+2.95 0-15 6
WAB repetition (100) 85.34 +15.66 15-100 15
MSE AoS severity rating (7) 2.68+1.86 0-7 1
MSE dysarthria severity rating (7) 2.09+2.07 0-7 1
Language comprehension
Pyramids and palm trees test-pictures (% correct) 94.25+7.77 56-100 28
Peabody picture vocabulary test (16) 14.31+1.96 7-16 14
Sentence comprehension (% correct) 88.35+13.27 36-100 16

The numbers in parentheses indicate the maximum possible score (or rating). AoS = apraxia of speech; CDR = Clinical Dementia Rating; CVLT = California Verbal Learning Test;
MMSE = Mini-Mental State Examination; MSE = Motor Speech Evaluation; nfvPPA = non-fluent/agrammatic variant of primary progressive aphasia; SD = standard deviation;

VOSP = Visual Object and Space Perception Battery; WAB = Western Aphasia Battery.

dysarthria. To elicit a wide range of motor speech behaviours, the
participant was asked, as part of the MSE, to complete a collection
of tasks such as vowel prolongation, alternating motion rate, se-
quential motion rate, multiple repetitions of monosyllabic words,
multiple repetitions of multisyllabic words, repetition of words of
increasing length (same root word combined with different suf-
fixes) and the reading of a brief, phonetically balanced paragraph
(i.e. “The Grandfather Passage’).*® Based on the observed motor
speech ability of the patient, a certified speech-language patholo-
gist assigned a clinical severity rating for AoS and separately for
dysarthria, on a scale from 0 (within normal limits) to 7 (profound).
Of the 104 patients included in this study, 103 had an AoS and dys-
arthria severity rating available. A list of deviant motor speech
characteristics used to perceptually judge the presence and sever-
ity of AoS and/or dysarthria is provided in Supplementary
Table 2. Of note, inter-rater reliability with respect to two independ-
ent raters (authors Z.E. and L.D.W., both of whom are certified
speech-language pathologists) was established in a subset of

15 patients (14% of the sample) that were quasi-randomly selected
according to diagnostic classification and severity. Relative to the
first independent rater, this analysis yielded an intraclass correl-
ation coefficient (ICC) of 0.86 for AoS and 0.81 for dysarthria. As
for the second independent rater, ICCs were 0.85 for AoS and 0.77
for dysarthria. According to the guidelines for interpretation of
ICCs provided by Cicchetti,”” these results indicate excellent inter-
rater agreement.

To assess expressive agrammatism, the participant was prompted
to describe a visual scene in as much detail as possible by using sen-
tences. Audio-recorded connected speech samples acquired in this
way were available for 91 of the 104 patients included in the study.
One patient described the ‘cookie theft’ scene from the Boston
Diagnostic Aphasia Examination,*® while the remaining 90 patients
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described the ‘picnic’ scene from the Western Aphasia Battery.*® Of
these 90 patients, 87 described the ‘picnic’ picture orally and the re-
maining three provided a written picture description. Irrespective
of the visual scene employed or response modality, all audio-recorded
connected speech samples were sent to www.saltsoftware.com for
transcription, coding and analysis. By running the coded tran-
scripts through the Systematic Analysis of Language Transcripts
(SALT) software,*® a set of measures was generated, of which we se-
lected exclusively those that permitted us to capture the accuracy
and complexity of the sentences produced by the patient (consist-
ent with the definition of expressive agrammatism).

We examined three SALT-derived morphosyntactic variables:
(i) % utterances with omission and/or commission errors (%
UtWErrors), a measure of morphosyntactic accuracy that captures
missing function/content words, omitted bound morphemes, in-
appropriate word choice and/or incorrect morphosyntactic form;
(ii) mean length of utterance (MLU), a measure of morphosyntactic
complexity that captures mean sentence length in words; and
(iii) subordination index (SI), a measure of morphosyntactic com-
plexity that captures the ratio of the total number of clauses to
the total number of utterances. Critically, for oral picture descrip-
tion, only complete (not abandoned or interrupted), intelligible
(without any unintelligible segments) and verbal utterances (that
contained at least one verbalized word) contributed to the calculation
of these three continuous measures. Therefore, two patients who did
not produce any such utterances (complete, intelligible and verbal)
were excluded, leaving a total of 89 datasets for subsequent analysis.
With the goal of creating a single index of expressive grammar ability,
the %UtWErrors (after reverse scoring), MLU and SI scores were
combined by normalizing each one of them relative to the mean
and SD of a group of 18 neurologically intact controls (mean age +
SD =71.69 + 5.27 years, range = 56-79 years; 12 females) and then
averaging the resulting Z-scores per patient.

As described earlier, here we chose to characterize expressive
agrammatism in terms of three SALT-derived morphosyntactic
variables following a robust, long-established and widely recog-
nized tradition of quantitative linguistic analysis of the extraordin-
arily rich data that connected speech samples provide.®*>*
However, it is worth noting that there are other alternative ap-
proaches to the assessment of grammatical deficits in sentence
production, which (due to their relative advantages and disadvan-
tages) may yield partly non-overlapping results. For example,
clinician-based auditory-perceptual rating of patients’ connected
speech samples®®** is generally easier to implement (requires
less expert knowledge) and might be better suited to detect
milder/subtler forms of expressive agrammatism, but usually at
the expense of reliability and objective quantification given its in-
herently qualitative, subjective nature. Alternatively, quantitative
assessment of agrammatic sentence production without the need
for an overt spoken response is possible using the Northwestern
Anagram Test,> which avoids the potential confound of severely
reduced speech fluency/rate and prominent anomia, but at the
cost of not being able to capture important aspects of a patient’s
grammatical competence, such as impairments of grammatical
morphology, thus limiting its ecological validity. Last, written
samples could be collected and analysed to assess agrammatism
in language production when speech output is significantly com-
promised, but task demands are not exactly the same as in
the spoken modality™® and written samples will likely be sensitive
to premorbid differences in reading/writing skills as well as co-
occurring deficits, such as hand-motor dysfunction, alexia and
agraphia.
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To assess receptive agrammatism, the participant was prompted to
complete either of two auditory sentence-to-picture matching
tasks. The first task involved a representative range of sentence
types, varying in both length and complexity, taken from the
CYCLE-R (www.cycletests.com) as previously reported in Dronkers
et al.>® and Amici et al.>® Each patient was instructed to match the
meaning of an auditorily-presented sentence with the correspond-
ing line drawing in a three- or four-picture array. The second task
was loosely based on the first and has been previously described in
Wilson et al.>* The primary difference between these two tasks is
that the second included only two pictures (a target and a foil) and
explicitly manipulated whether or not it is necessary to attend to
syntactic structure to respond correctly. Other than that, both tasks
tested the patient’s sentence comprehension skills. Of the 104 pa-
tients included in this study, 20 completed the first task and the
other 68 performed the second task. These patients’ scores (i.e. %
correct) were combined into a single index of receptive grammar
ability, yielding a total of 88 datasets for subsequent analysis.

While a MSE clinical severity rating for AoS/dysarthria >0 automat-
ically indicates the presence of AoS/dysarthria as perceptually
judged by a certified speech-language pathologist, the performance
of an individual patient on the picture description and sentence
comprehension tasks cannot be labelled as ‘impaired’ without ref-
erence to a normative sample of neurologically intact controls.
Therefore, the Bayesian method developed by Crawford et al.,”’
paired with a threshold of P < 0.05 one-tailed, was adopted to stat-
istically testif a patient’s score fell within the impaired range (while
co-varying out the effects of age and sex). For expressive agramma-
tism, the three selected morphosyntactic measures (i.e. %UtWErrors,
MLU and SI) were considered individually relative to a group of
18 neurologically intact controls (mean age+SD=71.73+5.27
years, range =56-79 years; 12 females). For receptive agramma-
tism, we used for comparison a group of 10 neurologically intact
controls who completed the first sentence-to-picture matching
task (mean age + SD =61.79 + 7.69 years, range = 49-75 years; six fe-
males) and another group of 26 neurologically intact controls who
completed the second sentence-to-picture matching task (mean
age + SD=69.69 + 5.77 years, range = 53-79 years; 18 females). The
output of these analyses allowed us to obtain a conservative esti-
mate of the frequency of occurrence of expressive and receptive
agrammatism across patients.

Neuropathological diagnoses were ascertained following published
consensus criteria®®®® and standard procedures described
previously.”7¢ The primary neuropathological diagnosis was de-
fined as the entity for which the severity and regional distribution
best accounted for the patient’s clinical dementia syndrome.

MRI scans were acquired on either of three Siemens MAGNETOM
scanners at the San Francisco Veterans Affairs Medical Center
(1.5T) or UCSF Neurosciences Imaging Center (3T): 17 patients
were imaged on a 1.5 T Vision scanner, 50 on a 3T Trio scanner
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and 37 on a 3 T Prisma scanner. In all three cases, a T;-weighted 3D
magnetization prepared rapid acquisition gradient echo’’ se-
quence was deployed to collect the whole-brain images. For the
1.5 T Vision scanner, the imaging parameters were: 164 coronal
slices; voxel size=1.0x1.5x1.0 mm?>; field of view =256x 256
mm?; matrix size = 256 x 256; repetition time = 10 ms; echo time =
4 ms; inversion time = 300 ms; flip angle = 15°. For the 3 T Trio scan-
ner, these were: 160 sagittal slices; voxel size=1.0x 1.0x 1.0 mm?;
field of view =256 x256 mm? matrix size =256 x 256; repetition
time =2300 ms; echo time=2.98 ms; flip angle=9°. For the 3T
Prisma scanner, these were: 160 sagittal slices; voxel size =1.0 x
1.0x 1.0 mm?; field of view =256 x 256 mm?; matrix size =256 x
256; repetition time = 2300 ms; echo time = 2.90 ms; flip angle = 9°.

All T;-weighted whole-brain images were quality checked by
means of visual inspection to rule out the presence of artefacts
and/or excessive motion. Next, these T,-weighted images were pre-
processed with the Computational Anatomy Toolbox (CAT12;
https:/neuro-jena.github.io/cat/), using default parameters, in
SPM12 (https:/www.fil.ion.ucl.ac.uk/spm/software/spm12/) run-
ning under MATLAB 2020b (The MathWorks, Inc., Natick, MA,
USA). Preprocessing of imaging data in CAT12 for voxel-based stat-
istical analysis comprises two major steps. In the first step, a spatial
adaptive non-local means denoising filter’® is applied to the data,
followed by internal resampling to properly accommodate low-
resolution images and anisotropic spatial resolutions. The data
are then bias-corrected, affine-registered and finally submitted to
the standard SPM ‘unified segmentation’ routine.”® In the second
step, the output images (from the SPM unified segmentation) are
skull-stripped and the brain is parcellated into left and right hemi-
spheres, subcortical regions and cerebellum. Subsequently, a local
intensity transformation of all tissue classes is performed, before
the final adaptive maximum a posteriori (AMAP) segmentation.®°
Importantly, the AMAP segmentation is further refined by applying
a partial volume estimation.®! Last, the segmented images are
(i) spatially normalized into MNI space using an optimized geodesic
shooting procedure®?; (i) multiplied by the Jacobian determinants
of the deformation field applied during spatial normalization to
preserve the absolute amount of a particular tissue; and (iii) written
out with an isotropic voxel size of 1.5 x 1.5 x 1.5 mm?®.

For each patient, the ensuing modulated-normalized grey mat-
ter (GM) and white matter (WM) images from CAT12 were combined
into a single whole-brain image (similar to Wilson et al.**) by apply-
ing, on a voxel-by-voxel basis, the ‘max’ operator in MATLAB. These
combined ‘GM&WM’ images were then spatially smoothed with an
8 mm full-width at half-maximum isotropic Gaussian kernel to
compensate for residual anatomical variability and to permit appli-
cation of random field theory for statistical inference in SPM12.8*

To estimate the frequency with which each voxel in the brain was
atrophic across patients, voxel-wise W-maps of the combined
GM&WM images were created as described previously.®># In brief,
W-maps quantify the degree to which voxel-wise brain tissue vo-
lumes in each patient deviate from those in neurologically intact
controls considering the influence of a set of covariates. Following
Ossenkoppele et al.,®> we accounted for the influence of age, sex, to-
tal intracranial volume (TIV) and scanner on brain tissue volume by
fitting a voxel-wise multiple regression model to the preprocessed
imaging data from a sample of 133 neurologically intact controls
(mean age+SD=67.18+6.89 years, range=49-80 years; 84 fe-
males). The voxel-wise beta coefficients from the regression in
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neurologically intact controls were then applied to the prepro-
cessed imaging data from each patient (i.e. combined GM&WM
images) to derive covariate-adjusted brain tissue volumes (i.e.
W-scores) with the following formula: (observed brain tissue vol-
ume — expected brain tissue volume) / SD of the residuals for that
voxel in neurologically intact controls. Since the distribution of
W-scores is analogous to that of Z-scores, the W-map for each pa-
tient was binarized using an uncorrected voxel-level threshold of
P <0.05 one-tailed (i.e. W-score < —1.64, as in Iaccarino et al.®) and
a cluster extent threshold of atleast 100 contiguous voxels, yielding
a binary map of the presence or absence of atrophy at each voxel
across the brain.

Statistical analysis of brain-behaviour relationships was performed
using the general linear model for voxel-based morphometry
(VBM)®#8 in SPM12. As described later, we carried out a total of
three voxel-based multiple regression analyses. In each of these
three analyses, we entered the combined GM&WM images and
the following set of nuisance covariates: age, sex, scanner, TIV
and % GM + WM {= [(total GM volume + total WM volume) / TIV] x
100}. This latter metric (i.e. % GM + WM) was included to further re-
fine our ability to associate specific behavioural symptoms with the
disruption of specific brain regions, after accounting for global ef-
fects of whole-brain atrophy beyond the statistical control already
provided by TIV (correlation between % GM + WM and TIV = -0.15,
P=0.128). Other confounding factors were expected to have an
analysis-specific effect and are therefore detailed later.

This analysis consisted of two regressors of interest: the AoS sever-
ity rating and the dysarthria severity rating from our MSE. Based on
these regressors, we computed two contrasts. The first T-contrast
[(=1 0)] investigated the brain regions where the degree of tissue
loss is preferentially associated with the severity of AoS. The se-
cond T-contrast [(0 —1)] investigated the brain regions where the de-
gree of tissue loss is preferentially associated with the severity of
dysarthria. Controlling for the influence of dysarthria when at-
tempting to isolate the neural correlates of AoS (and vice versa) is
critical because these two motor speech disorders are known to
share a subset of deviant motor speech characteristics.® In line
with this, there was a significant correlation between the severity
of AoS and the severity of dysarthria (r=0.33, P <0.001), but not to
the point of inducing multicollinearity. A total of 103 patients con-
tributed data to VBM Analysis 1.

There were two iterations of this analysis, both of which involved
the same single regressor of interest: our expressive grammar score
(i.e. average of %UtWErrors, MLU and SI). The first iteration (i.e. VBM
Analysis 2a) investigated the brain regions where the degree of tis-
sue loss is associated with the severity of expressive agrammatism.
A total of 89 patients contributed data to VBM Analysis 2a. The se-
cond iteration (i.e. VBM Analysis 2b) included two additional regres-
sors of no interest: (i) words per minute to control for overall speech
fluency/rate; and (ii) scores from a 15-item picture naming task (i.e.
Boston Naming Test)® to control for visual-perceptual, object rec-
ognition and word retrieval abilities. By adding these two regres-
sors of no interest into the regression, we sought to partial out
variance in our expressive grammar score that was not specific to
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the morphosyntactic encoding of sentences, thereby focusing the
inference on brain regions that support expressive grammar skills
specifically (as opposed to, for example, word retrieval skills). A to-
tal of 85 patients contributed data to VBM Analysis 2b.

There also were two iterations of this analysis, both of which in-
volved the same single regressor of interest: our receptive grammar
score. In the first iteration (i.e. VBM Analysis 3a), we investigated
the brain regions where the degree of tissue loss is associated
with the severity of receptive agrammatism. A total of 88 patients
contributed data to VBM Analysis 3a. In the second iteration (i.e.
VBM Analysis 3b), we included two additional regressors of no
interest: (i) backward digit span to control for auditory-verbal work-
ing memory ability; and (ii) scores from a 16-item auditory
word-to-picture matching task (i.e. Peabody Picture Vocabulary
Test)’* to control for auditory-perceptual, visual-perceptual, object
recognition and word recognition abilities. By adding these two re-
gressors of no interest into the regression, we aimed to partial out
variance in our receptive grammar score that was not specific to
the morphosyntactic decoding of sentences, thereby focusing the
inference on brain regions that support receptive grammar skills
specifically (as opposed to, for example, word recognition skills).
A total of 78 patients contributed data to VBM Analysis 3b.

For each of the three VBM analyses described earlier, the search vol-
ume was defined by an explicit mask, which comprised the union of
the grey matter and white matter tissue probability maps provided
with SPM12, after being thresholded at a voxel-wise value > 0.2. For
each T-contrast computed, the corresponding statistical map
was evaluated at a voxel-level threshold of P < 0.005 uncorrected
and a cluster-level threshold of P < 0.05 family-wise error (FWE)
corrected.

Results

It is beyond the scope of this study to establish how impaired motor
speech and agrammatism develop longitudinally in nfvPPA.
Nonetheless, with the available cross-sectional data we were able
to obtain a general estimate of the frequency of occurrence of these
symptoms.

Across the subset of patients with complete datasets (n=74),
impaired motor speech was observed in 99% of the cases: 58%
(43/74) had both AoS and dysarthria, 32% (24/74) had AoS only,
and 8% (6/74) had dysarthria only, as perceptually judged by certi-
fied speech-language pathologists. On the other hand, quantitative
evidence of agrammatism (expressive and/or receptive) was identi-
fied in 76% of these patients: 46% (34/74) had both expressive and
receptive agrammatism, 16% (12/74) had expressive agrammatism
only, and 14% (10/74) had receptive agrammatism only. When consid-
ered in combination, impaired motor speech (AoS and/or dysarthria)
and agrammatism (expressive and/or receptive) were present in
74% (55/74) of the analysed cases. See Supplementary Fig. 2 for a
more detailed breakdown of these features.

A definitive, autopsy-confirmed neuropathological diagnosis
was available for 33 of the 74 (45%) patients with complete datasets.
By looking at the incidence of AoS, dysarthria and expressive
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agrammatism, these 33 cases were further subclassified as follows:
seven (21%) met criteria for PPAOS (i.e. AoS in the absence of ex-
pressive agrammatism), one (3%) met criteria for PAA (i.e. expres-
sive agrammatism in the absence of AoS), 18 (55%) presented
with mixed features (AOS + PAA) and the remaining seven (21%) pa-
tients were characterized primarily by a progressive motor speech
impairment in which dysarthria rather than AoS was the most sa-
lient clinical feature (dominant dysarthria). Beyond the known as-
sociation between these distinct clinical presentations of nfvPPA
and FTLD-tau subtypes, and that between dysarthria and progres-
sive supranuclear palsy (PSP) pathology, no other clear clinico-
pathological correlations emerged from our examination. See
Fig. 1 for more details.

Across patients, we observed the expected pattern of atrophy in
nfvPPA, including greater involvement of the left than the right
hemisphere. In particular, the most frequently atrophic brain re-
gions were, bilaterally, the primary motor cortex, premotor cortex,
pars opercularis, deep frontal operculum, insula, putamen, supple-
mentary motor area (SMA), pre-SMA and neighbouring white mat-
ter (Fig. 2).

Within the motor speech network, AoS (controlling for dysarthria)
was preferentially associated with tissue loss in a cluster of
left-hemisphere regions spanning ventral premotor cortex,
posterior-most aspect of pars opercularis, deep frontal operculum,
anterior insula, putamen and neighbouring white matter (Table 2
and Figs 3A and 4). In contrast, dysarthria (controlling for AoS)
was preferentially related to tissue loss in two separate clusters
of regions: one in the right hemisphere and one in the left hemi-
sphere (Table 2 and Figs 3B and 4). The right-hemisphere cluster
(i.e. the most prominent effect) comprised the primary somatosen-
sory cortex, primary motor cortex, premotor cortex, SMA
(posterior-most part only), mid corpus callosum and surrounding
white matter. The left-hemisphere cluster encompassed the dorsal
primary motor cortex, dorsal premotor cortex and neighbouring
white matter (extending medially towards but without reaching
SMA).

Within the grammar network, expressive agrammatism was linked
to tissue loss in a cluster of left-hemisphere regions involving the
pars opercularis (extending posteriorly into ventral premotor cor-
tex), pars triangularis (extending anteriorly into pars orbitalis),
deep frontal operculum, putamen, caudate and surrounding white
matter (Table 3 and Fig. 5A). Critically, when the analysis co-varied
out variance unrelated to morphosyntactic encoding (e.g. reflecting
inter-patient differences in object recognition, word retrieval
and/or speech fluency), expressive agrammatism was uniquely
associated with tissue loss in the posterior half of the left pars trian-
gularis (extending into its anterior half and pars orbitalis), anterior-
most portion of pars opercularis, deep frontal operculum and neigh-
bouring white matter (Table 3 and Figs 4 and 5B).

Receptive agrammatism was related to tissue loss in two separ-
ate clusters of left temporal and frontal areas (Table 3 and Fig. 5C).
The left temporal lobe cluster spanned the mid-to-posterior super-
ior temporal gyrus, mid-to-posterior superior temporal sulcus,
middle temporal gyrus (extending ventrally into inferior temporal
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Figure 1 Distribution of neuropathological subtypes across distinct clinical presentations of nfvPPA. The figure illustrates the overlap, in terms of
underlying neuropathology, between different speech-language phenotypes subsumed under the umbrella term ‘nfvPPA’. Apart from an increased fre-
quency of PSP pathology in patients with dominant dysarthria (DD group), no other clinico-pathological correlations were observed [disregarding the
progressive agrammatic aphasia (PAA) group which comprised one case only]. The vast majority of patients (28/33 = 85%) exhibited FTLD-tau (PSP, CBD,
PiD, and unclassifiable 4R-tau) as primary neuropathology. AD = Alzheimer’s disease; AOS = apraxia of speech; CBD = corticobasal degeneration; FTLD =
frontotemporal lobar degeneration; nfvPPA = non-fluent/agrammatic variant of primary progressive aphasia; PiD = Pick’s disease; PSP = progressive
supranuclear palsy; PPAOS = primary progressive apraxia of speech; TDP-A = transactive response DNA-binding protein 43 kD type A.

gyrus) and underlying white matter. The left frontal lobe cluster
comprised the dorsal pars opercularis, anterior half of pars triangu-
laris (extending rostrally into the pars orbitalis and medially into
the deep frontal operculum), inferior frontal junction/sulcus, pos-
terior middle frontal gyrus (extending dorsally into superior frontal
sulcus) and surrounding white matter. Notably, when the analysis
regressed out variance not attributable to morphosyntactic decod-
ing (e.g. due to inter-patient differences in object recognition, word
recognition and/or auditory-verbal working memory), expressive
agrammatism was uniquely associated with tissue loss in the left
temporal, but not frontal lobe (Table 3 and Figs 4 and 5D). Adding
a binary regressor to VBM Analysis 3b to partial out effects specific
to one or the other of the two sentence comprehension tasks used
to create our index of receptive grammar ability weakened the re-
sults (e.g. peak voxel t-value: 4.96 without ‘task’ regressor versus

4.75 with ‘task’ regressor) but, crucially, did not alter their overall
pattern.

Finally, a post hoc analysis (n=73) designed to examine the neural
substrates of expressive and receptive agrammatism simultaneously
(while co-varying out variance unrelated to morphosyntactic abil-
ities: i.e. VBM Analyses 2b and 3b combined) confirmed the prefer-
ential involvement of (i) left frontal lobe tissue loss in expressive
agrammatism; and (ii) left temporal lobe tissue loss in receptive
agrammatism.

Discussion

Using a single, large patient cohort, we mapped the structural
anatomy of four characteristic speech-language symptoms of
nfvPPA: AoS, dysarthria, expressive agrammatism and receptive
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Figure 2 Atrophy frequency map of 104 patients with nfvPPA. The figure shows the distribution of tissue loss across the brain, with the colour scale
depicting the percentage of patients with atrophy at each given voxel in sagittal slices. nfvPPA = non-fluent/agrammatic variant of primary progressive
aphasia.

Table 2 VBM statistical details: neural correlates of impaired motor speech

Brain region Peak MNI coordinates Vozxel-level inference Cluster-level inference

x y z t-value P-value (unc) Extent P-value (FWE-corr)

VBM Analysis 1: apraxia of speech (controlling for dysarthria)

LPut -32 -14 0 4.91 0.000 5462 0.003
LWM/LPut =27 18 3 4.32 0.000

LPut =27 3 -9 4.18 0.000

LWM/LPut -18 12 -14 3.97 0.000

LFO/LadIns -38 20 3 3.45 0.000

LpOp/LVvPMC —48 9 16 3.37 0.001

LWM/LPut -30 -3 9 3.33 0.001

LadIns/LFO —-44 8 -2 278 0.003

VBM Analysis 1: dysarthria (controlling for apraxia of speech)

RvPreCG 57 2 26 5.89 0.000 13578% 0.000
RWM/RdPreCG 36 -12 57 4.83 0.000

RWM/RdPreCG 12 -14 60 4.44 0.000

RWM/RdPreCG 16 -12 60 4.43 0.000

RvPreCG 42 -8 36 443 0.000

RWM/RvPreCG 44 -8 40 4.42 0.000

RvPostCG 56 -8 42 4.32 0.000

RWM/RmCS 15 -9 46 3.82 0.000

RavSMG/RPO 54 -26 16 3.72 0.000

CC 8 -12 24 3.61 0.000

RWM 18 -8 34 3.45 0.000

RmCS/RmCG 9 4 40 3.18 0.001

LWM/LdPreCG -28 -15 52 391 0.000 3452° 0.025
LWM/LdPreCG -15 -20 62 3.89 0.000

LWM/LdPreCG -34 -12 56 3.84 0.000

LWM/LdPreCG -14 -3 58 3.45 0.000

The table lists representative peak voxels. ad = anterodorsal; CC = corpus callosum; CG = cingulate gyrus; CS = cingulate sulcus; d = dorsal; FO = frontal operculum; FWE-corr =
family-wise error corrected; Ins = insula; L = left; m = mid; MNI = Montreal Neurological Institute space; PMC = premotor cortex; PO = parietal operculum; pOp = pars opercularis;
PostCG = postcentral gyrus; PreCG = precentral gyrus; Put = putamen; R =right; SMG = supramarginal gyrus; unc = uncorrected; v = ventral; VBM = voxel-based morphometry;
WM = white matter.

2Using a cluster-forming voxelwise threshold of P < 0.005 uncorrected.

agrammatism. We found that the neural substrates of AoS and explaining why they co-occur more often than not (cross-
expressive agrammatism (the two core clinical features of sectionally and longitudinally) in the context of network-based
nfvPPA) lie side by side in the left posterior inferior frontal lobe, neurodegeneration. For impaired motor speech, we identified a
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Figure 3 Patterns of brain tissue loss associated with impaired motor speech in nfvPPA. (A) Apraxia of speech effect from VBM Analysis 1. (B) Dysarthria
effect from VBM Analysis 1. Images are shown in neurological orientation. nfvPPA = non-fluent/agrammatic variant of primary progressive aphasia;

VBM = voxel-based morphometry.

distributed set of areas arranged primarily along the central sul-
cus bilaterally, with dysarthria mapping within the left hemi-
sphere onto dorsally located motor-speech regions compared to
ventrally located ones in the case of AoS. For agrammatism, we
detected a broader left-lateralized fronto-temporal network,
with evidence suggesting that left frontal sites may play a more
prominent role in morphosyntactic processing for sentence pro-
duction, while left temporal sites may play a more prominent
role in morphosyntactic processing for sentence comprehension.
All four of these symptoms were most frequently associated with
FTLD-tau, although patients with dominant dysarthria showed
an increased prevalence of PSP pathology specifically (consistent
with Santos-Santos et al.**). Based on these findings, we propose
that nfvPPA could be conceptualized as a spectrum disorder en-
compassing multiple (and often overlapping) speech-language
phenotypes, all of which are closely linked by the underlying
neuroanatomy and neuropathology.

Next, we discuss the scientific and clinical implications of our
findings in relation to prior literature.

Impaired motor speech is a hallmark clinical feature of nfvPPA, very
frequently taking the form of AoS with or without concomitant dys-
arthria. For example, nearly 100% of the patients in our cohort ex-
hibited AoS and/or dysarthria. Interestingly, our investigation
into brain-behaviour relationships revealed a neuroanatomical dis-
tinction between AoS versus dysarthria, that it is possible to recap-
itulate in two main axes: left-right and ventral-dorsal. The first
left-right axis appears to suggest that, in contrast to the preponder-
ance of the left hemisphere for the motor planning/programming of
speech (i.e. the presumed locus of impairment in AoS), the right
hemisphere plays a relevant role in the motor control/execution
of speech (i.e. the presumed locus of impairment in dysarthria),

since we found that the severity of dysarthria is influenced by the
degree of tissue loss in right-hemisphere motor-speech regions in-
cluding the white matter in the territory of, for instance, the corti-
cobulbar tract. Indeed, prior studies have shown (i) that speech
articulation is normally subserved by a bilaterally distributed neur-
al system arranged primarily along the lateral and medial cortical
surface surrounding the central sulcus®*°% and (ii) that progressive
(spastic/hypokinetic) dysarthria is correlated with tissue loss in the
right sensorimotor cortex as well as underlying white matter.?>*° In
stroke survivors, although its severity is usually worse (but still
within the mild-to-moderate range) after unilateral infarction of
the left than the right hemisphere, substantial or even complete re-
covery from dysarthria has been consistently observed following
both left- and right-sided lesions.?® This, coupled with our own
findings, raises an interesting hypothesis for future studies: right-
hemisphere motor-speech regions may be able to compensate for
the loss of those in the left hemisphere (and vice versa), with
more severe forms of dysarthria emerging as a function of the de-
gree of involvement of the contralateral (typically the right) sen-
sorimotor cortex and underlying white matter.

Regarding the second ventral-dorsal axis, it captures our finding
that, within the left hemisphere, dysarthria and AoS are preferen-
tially associated with tissue loss in dorsally versus ventrally located
motor-speech regions, respectively. Notably, the same (or a very
similar) part of the left dorsal precentral gyrus, where tissue loss
is linked to dysarthria according to our results, has previously
been implicated in either progressive AoS (irrespective of sub-
type)®® or progressive dysarthria.?’® Such inconsistent brain-
behaviour mapping across studies might be in part a consequence
of the existence of a subset of altered motor speech behaviours that
can be explained equally well by AoS and dysarthria.®® Here, we
were able to tease their effects apart by statistically controlling
for the influence of one or the other of these two motor speech dis-
orders in a whole-brain voxel-based analysis that yielded evidence
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ExAgrammatism MReAgrammatism

Figure 4 3D volume rendering of thresholded statistical maps. The figure illustrates the relative location of the neural substrates of apraxia of speech
(AoS) and dysarthria (both from VBM Analysis 1), as well as expressive (Ex) and receptive (Re) agrammatism (from VBM Analyses 2b and 3b, respect-
ively). There was a confined area of overlap between the effects of AoS and expressive agrammatism within the deep left frontal operculum.

L =left hemisphere; R =right hemisphere; VBM = voxel-based morphometry.

of a unique relationship between an impairment in the motor con-
trol/execution of speech (i.e. dysarthria) and the structural integrity
of this left dorsal precentral region. In favour of our interpretation,
prior work in neurologically intact controls has indicated that a
seemingly overlapping dorsal area within the left precentral gyrus
subserves major aspects of motor speech function, such as pitch
and voicing,” due toits role in laryngeal and respiratory motor con-
trol.?%%° For example, direct electrical stimulation over this left dor-
sal precentral region (called dorsal laryngeal motor cortex) has been
reported to induce laryngeal movements in participants under gen-
eral anaesthesia and involuntary vocalizations in awake partici-
pants, confirming its causal involvement in the feed-forward
motor control of laryngeal muscles.”’ In contrast, focal surgical re-
section of a region located more anteriorly in the left posterior mid-
dle frontal gyrus resulted in AoS in a single patient following
surgery for astrocytoma removal,'® which may (or may not) be ex-
plained by atypical functional anatomy or indirect effects of white
matter disconnection. Future studies are now needed to specifically
investigate the potential existence of a rostral-to-caudal functional
gradient extending from the left posterior middle frontal gyrus to
the left dorsal precentral gyrus,’°>'°> employing methods capable
of resolving fine-grained functional and syndromic distinctions in
nfvPPA.

With respect to the neural correlates of AoS, we identified a col-
lection of ventrally located left posterior frontal regions that are
likely to contribute to the motor planning/programming of speech,
including a swath of tissue centred around the ventral precentral

sulcus, anterior insula, putamen and neighbouring white matter.
Despite it being possible that some of the AoS effects in the left
posterior inferior frontal gyrus may have been partly driven by
the presence of agrammatism (given how frequently these two
symptoms co-occurred across patients), these brain-behaviour
associations are broadly in agreement with the existing body of
knowledge on the neural basis of AoS.'»?6?710310% por example,
Rohrer et al.’® reported in 16 patients with nfvPPA that reduced dia-
dochokinetic rate (used as a surrogate measure of AoS severity) cor-
related with greater tissue loss in the left posterior inferior frontal
cortex. In addition, Ogar et al.’® noted that left-hemisphere stroke
patients with more extensive lesions involving the anterior insula
as well as posterior inferior frontal cortex and basal ganglia tended
to have more severe AoS than those with more focal lesions affect-
ing the anterior insula. We have extended these and other previous
observations in a much larger sample of nfvPPA patients by show-
ing that, above and beyond the effect of dysarthria, there is a linear
relationship between the severity of AoS (as clinically rated) and
the degree of tissue loss in these regions, each of which might
play a unique role in the motor planning/programming of speech.
According to one of the most influential neurocomputational mod-
els of the motor control of speech (i.e. DIVA/GODIVA),*” AoS-like
behaviours would primarily result from damage to the left posterior
inferior frontal sulcus, left ventral premotor cortex, the connec-
tions between these two, or any combination thereof. Our results
partially confirm this prediction, highlighting the functional rele-
vance of the neural site at the intersection of the left ventral
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Brain region

Peak MNI coordinates

Vozxel-level inference

Cluster-level inference

X y z t-value P-value (unc) Extent P-value (FWE-corr)
VBM Analysis 2a: expressive agrammatism
LFO/LpTri -39 22 4 5.12 0.000 7961° 0.000
LCau -12 4 20 4.62 0.000
LpOrb/LFP -39 33 -12 4.01 0.000
LpOrb —45 30 -8 3.81 0.000
LpOp -52 10 18 3.64 0.000
LPut -28 9 -2 3.40 0.001
LOFC -24 20 -20 3.02 0.002
VBM Analysis 2b: expressive agrammatism (with additional covariates)
LFO/LpTri —40 22 6 4.83 0.000 3487¢ 0.019
LIFS/LpTri =51 30 18 3.62 0.000
LpTri -56 26 12 3.41 0.001
LpOrb/LFP -39 34 -14 3.22 0.001
LpTri/LpOrb =52 30 8 3.05 0.002
LpTri -56 30 -2 3.04 0.002
VBM Analysis 3a: receptive agrammatism
LaMTG -56 -9 -24 5.41 0.000 96372 0.000
LmSTS —63 -28 -3 5.22 0.000
LmSTS —-60 -22 -6 5.01 0.000
LpSTG/LpSTS =52 -36 4 4.55 0.000
LpMTG/LavAG —46 =57 16 3.46 0.000
LWM -39 -28 -9 3.07 0.001
LWM/LpOp —48 16 20 4.89 0.000 5300% 0.003
LWM/LpMFG -32 6 51 4.51 0.000
LFO -34 32 3 4.14 0.000
LWM/LpMFG -34 14 34 3.98 0.000
LpMFG/LpSFS -26 18 45 3.37 0.001
VBM Analysis 3b: receptive agrammatism (with additional covariates)
LaMTG =57 -2 =27 4.96 0.000 77532 0.000
LpSTS/LpSTG —46 -38 3 4.27 0.000
LpSTS/LpSTG —48 -33 2 4.26 0.000
LmSTS/LmSTG —-60 -32 0 4.11 0.000
LmSTS/LmSTG —62 -20 -4 3.47 0.000
LaSTS/LaMTG —-60 -8 -9 3.40 0.001
LpMTG/LavAG —45 -56 15 3.25 0.001
LWM/LpMTG —40 =51 16 3.14 0.001

The table lists representative peak voxels. a = anterior; AG = angular gyrus; av = anteroventral; Cau = caudate; FO = frontal operculum; FP = frontal pole; FWE-corr = family-wise

error corrected; IFS = inferior frontal sulcus; L = left; m = mid; MFG = middle frontal gyrus;

MNI = Montreal Neurological Institute space; MTG = middle temporal gyrus; OFC=

orbitofrontal cortex; P = posterior; pOp = pars opercularis; pOrb = pars orbitalis; pTri = pars triangularis; Put = putamen; R =right; SFS = superior frontal sulcus; STG = superior
temporal gyrus; STS = superior temporal sulcus; VBM = voxel-based morphometry; WM = white matter.

#Using a cluster-forming voxelwise threshold of P <0.005 uncorrected.

premotor cortex and the left pars opercularis. Critically, Mugler
et al.’®® revealed in patients undergoing awake craniotomy for gli-
oma removal that neural activity in the left ventral premotor cortex
encodes articulatory gestures (i.e. context-dependent speech
sound representations) to a greater extent than phonemes (i.e.
context-independent speech sound representations), while the
left pars opercularis encodes both articulatory gestures and pho-
nemes. Given how frequently atrophy in patients with nfvPPA
impinges on the left pars opercularis,” those new to the field
are thus advised to devote special attention to differentiating
speech production errors that reflect an impairment at the
level of phonological (language-based) versus phonetic encoding
(articulatory-based).'***°

In addition to impaired motor speech, patients with nfvPPA often
have expressive agrammatism with or without co-occurring

receptive agrammatism. For example, quantitative evidence of ei-
ther or both forms of agrammatism was detected in 76% of the
cases included in our large patient cohort. Crucially, in keeping
with previous studies of sentence processing,'*'"'** we were able
to dissect a distributed network of fronto-temporal sites in which
left frontal versus temporal lobe structures might differentially
contribute to expressive versus receptive grammar abilities, re-
spectively. Specifically, worse symptom severity was preferentially
associated with greater tissue loss in a cluster of regions centred on
(i) the left posterior pars triangularis/anterior pars opercularis for
expressive agrammatism; and (ii) the left middle temporal gyrus
for receptive agrammatism. These empirical findings align well
with the neuroanatomical model of morphosyntactic processing
proposed by Matchin and Hickok,"® which assigns a critical role
to the left pars triangularis and mid-to-posterior middle temporal
gyrus in carrying out fundamental morphosyntactic computations.
Moreover, by providing an unbiased description of the extent of
these effects and appreciating the importance of the underlying
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Receptive Agrammatism
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Figure 5 Patterns of brain tissue loss associated with agrammatism in nfvPPA. (A) Expressive agrammatism effect from VBM Analysis 2a.
(B) Expressive agrammatism effect from VBM Analysis 2b (i.e. co-varying out variance unrelated to morphosyntactic encoding). (C) Receptive agram-
matism effect from VBM Analysis 3a. (D) Receptive agrammatism effect from VBM Analysis 3b (i.e. co-varying out variance unrelated to morphosyn-
tactic decoding). Images are shown in neurological orientation. nfvPPA =non-fluent/agrammatic variant of primary progressive aphasia; VBM =

voxel-based morphometry.

white matter, our whole-brain results complement the Region of
interest x Condition interactions reported in Matchin et al.,'®
who primarily associated agrammatic sentence production with
damage to the left posterior pars triangularis/anterior pars opercu-
laris and agrammatic sentence comprehension with damage to the
left posterior middle temporal gyrus/superior temporal sulcus.
Likewise, Matchin et al.?® documented a significant relationship be-
tween damage to Broca’s area and the presence of expressive
agrammatism (as clinically rated) after adjusting for overall speech
fluency (words per minute) in the context of a region of interest

analysis. We have replicated and refined this finding by highlight-
ing which parts of Broca’s area were found to be most important
in a whole-brain analysis that controlled for overall speech fluency
and other components (e.g. word retrieval skills) that could have in-
fluenced the performance of the patients on the picture description
task that we used to derive our quantitative index of expressive
grammar ability. Importantly, converging evidence in support of
our brain-behaviour findings for expressive agrammatism comes
from a study of patients undergoing awake craniotomy where dir-
ect electrical stimulation over the left posterior inferior frontal
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cortex neighbouring the ascending ramus of the lateral sylvian fis-
sure (i.e. posterior pars triangularis and anterior pars opercularis)
selectively interfered with the morphosyntactic encoding of sen-
tence structure during production,**” albeit only in half of the sub-
jects, implying substantial variability in functional anatomy.

While the critical contribution of left temporal regions to the
morphosyntactic decoding of auditorily-presented sentences is
widely recognized,?*>®1'8123 the link between receptive agramma-
tism and left posterior inferior frontal regions remains controver-
sial. For example, conflicting evidence has led some authors to
conclude that the structural integrity of the left posterior inferior
frontal cortex is essential for successful sentence comprehen-
sion,?*''81%0 whereas others have challenged its causal involve-
ment in agrammatic sentence comprehension.’'*?2123 In the
current study, we did initially find a significant association between
poorer receptive grammar ability and greater tissue loss in several
left frontal as well as temporal regions. However, only the left tem-
poral, but not frontal, effects of receptive agrammatism held after
regressing out variance attributable to several task components
(e.g. word recognition) other than morphosyntactic decoding.
Importantly, these left temporal effects are unlikely to be explained
by the peripheral and central auditory processing deficits previous-
ly documented in nfvPPA,"?* "% because any influence of auditory
impairments would have been partialled out after the inclusion of
the ‘auditory word recognition’ and ‘auditory-verbal working mem-
ory’ nuisance covariates in the analysis. Consequently, we hy-
pothesize that, within the grammar network, a partial division of
labour between left frontal and temporal sites in morphosyntactic
processing for sentence production (frontal>temporal) versus
comprehension (temporal >frontal) could explain previous as
well as our own findings. In this context, we argue that beyond their
predominant involvement in morphosyntactic processing for sen-
tence production, specific parts of the left posterior inferior frontal
cortex are likely to play a complementary role in sentence compre-
hension under certain circumstances (e.g. when sentences are
more complex and/or ambiguous),"’ possibly through generating
top-down predictions of morphosyntactic structure that might
facilitate parsing and interpretation in the relevant left temporal
regions.’?® It therefore follows that relatively focal neurodegenera-
tion of the left posterior inferior frontal lobe in patients with nfvPPA
should generally result in mild (or no) receptive agrammatism, with
the more severe forms of agrammatic sentence comprehension
arising as atrophy spreads to critical regions of the left temporal
lobe, especially in advanced cases (e.g. 25% of the patients in our co-
hort were >5 years since first symptom onset) with underlying
Pick’s disease (PiD) pathology.'?*%°

The term ‘nfvPPA’, as a broad diagnostic label, has been challenged
on three main grounds: (i) AoS occurs in some patients as the most
salient clinical feature in the absence of expressive agrammatism
and vice versa; (ii) since these two symptoms dissociate in these pa-
tients, the resulting behavioural phenotypes (PPAOS versus PAA)
may be better thought of as two completely separate syndromic en-
tities; and (iii) ascribing a ‘PPA’ diagnosis in the former scenario
(PPAOS) would be incorrect because of the absence of expressive
agrammatism (and aphasia more generally). In this context, our
examination of brain-behaviour relationships revealed that the
neural correlates of the two defining features of nfvPPA, namely
AoS and expressive agrammatism, lie next to each other in the
left posterior inferior frontal lobe, explaining why these two
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symptoms do not always co-occur. But, considering the spatial
proximity of their neural substrates, the most natural prediction
would be that patients who initially present with AoS but not ex-
pressive agrammatism (PPAOS) or expressive agrammatism but
not AoS (PAA) will represent the exception rather than the rule.
Indeed, across the subset of patients with complete datasets in
our sample (n=74), 16 (22%) met criteria for PPAOS, one (1%) met
criteria for PAA and 43 (58%) presented with mixed features
(AOS + PAA). Furthermore, phenotypic overlap between PPAOS
and PAA is only expected to increase as the disease spreads
through the ‘speech production’ network, thereby blurring diag-
nostic boundaries.

Consistent with these predictions, in a related study, we dem-
onstrate statistically that patients with nfvPPA cannot be robustly
clustered into separate syndromic entities (e.g. PPAOS versus PPA)
but rather fall along a clinical continuum/spectrum with substan-
tial overlap behaviourally, anatomically and pathologically.’
However, this does not negate the presence of phenotypic variation
within nfvPPA; on the contrary, we embrace it, while at the same
time highlighting the fact that substantial overlap also exists. To
reconcile both phenomena, here we propose that nfvPPA is best
conceptualized as a spectrum disorder comprising several speech-
language phenotypes that exhibit graded distinctions but not
sharp boundaries (due to the neuroanatomy involved and the pro-
gressive nature of the underlying disease). Importantly, given that
in clinical decision-making, the primary symptomatology may
serve to (i) guide the choice of treatment approaches to remediate
speech-language deficits; and (ii) inform prognosis, we suggest
that a two-level diagnostic scheme is most appropriate, where
the first level establishes whether the behavioural phenotype falls
within the nfvPPA spectrum and then the second level records
the presenting or most salient clinical feature (e.g. nfvPPA predom-
inantly apraxic, nfvPPA predominantly agrammatic, nfvPPA pre-
dominantly dysarthric, etc.). This diagnostic scheme effectively
conveys that these speech-language profiles belong to the same
clinical spectrum (i.e. nfvPPA), without neglecting their graded dis-
tinctions and unnecessarily adding an extra layer of complexity by
introducing other diagnostic labels.

Although the term ‘nfvPPA’ has been widely adopted by the
frontotemporal dementia (FTD) community since its inception, a
major point of criticism is that it does not readily accommodate pa-
tients with a relatively isolated motor speech impairment (i.e. AoS
and/or dysarthria) in the absence of expressive agrammatism (and
aphasia more generally). Therefore, we anticipate that a new, more
inclusive umbrella term for this spectrum will eventually be agreed
upon. To spark such a debate, we tentatively offer the following al-
ternative designation: ‘progressive non-fluent speech and aphasia
spectrum’, thereby better accounting for the existence of a relative-
ly isolated (at least initially) apraxic/dysarthric presentation.
Crucially, this new umbrella term is primarily intended for research
purposes rather than being introduced as a new diagnostic
category for clinical use. However, we fully endorse that, prior to
implementing non-trivial changes to established nomenclature,
further discussion and refinement, guided by the latest advances
in the field of biomarkers for neurodegenerative diseases, are still
required.

The current study is not without limitations, such as the inclusion
of varying numbers of patients in each analysis depending on avail-
able data. Nevertheless, our study comprises the largest nfvPPA
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cohort reported to date. In what follows, we consider four specific
aspects of our work that could be improved in future studies.

First, the presence and severity of AoS and dysarthria were de-
termined here, as in the vast majority of previous studies, based
on auditory-perceptual judgements of deviant motor speech char-
acteristic made by expert speech-language pathologists. Given
their perceptual nature, such clinical ratings may be susceptible
to different sources of error and bias.**? To alleviate these concerns,
we have historically (for over 20 years) adopted a rigorous and sys-
tematic approach to the assessment of motor speech disorders, in-
cluding extensive clinical training, discussion and review of the
videotaped MSE for difficult cases, and consensus diagnosis of the
presence and severity of AoS and/or dysarthria whenever deemed
necessary, as reflected in the results of our inter-rater reliability
analysis. Moreover, inspired by work from Richardson et al.?” and
Basilakos et al.,’*® we treated our clinical ratings of AoS and dys-
arthria severity as continuous variables during the examination
of brain-behaviour relationships, which yielded a collection of
brain regions that the prior literature has robustly associated with
motor speech function. Critically, this speaks to the face validity
of our findings and strongly suggests that our auditory-perceptual
ratings of apraxic and dysarthric speech were, in fact, able to cap-
ture the behavioural phenomena they were intended to capture.
The lack of involvement of the entire left SMA and most of the right
SMA may, on the other hand, be due to the potential existence of a
fine-grained neuroanatomical distinction between AoS versus dys-
arthria within the supplementary motor cortex, which we could not
tease apart with the available data. To complement the insights af-
forded by auditory-perceptual clinical ratings, future studies could
aim to develop and examine new objective, quantitative measures
of motor speech function, an area of research that is rapidly gaining
attention.'®*'* For example, in a recent study,'*® we showed that
acoustic features automatically extracted from audio-recorded
speech samples, such as articulation rate, might help to differenti-
ate between patients with nfvPPA due to corticobasal degeneration
(CBD) versus PSP. While these results are promising, it should be
noted that the auditory-perceptual assessment of motor speech
disorders is still regarded as the ‘gold standard’ in clinical
decision-making.

Second, at least six major types of dysarthria have been docu-
mented," each potentially mapping onto partially distinct neural
correlates.”®® In nfvPPA, the most prevalent dysarthria types are
spastic, hypokinetic or a combination of these two.**'” Owing to
competing time pressures on our team of certified speech-language
pathologists, this ‘dysarthria type’ information has historically
been assigned a lower priority compared to the recording of other
clinical variables like dysarthria severity, which explains why it
was only available for a subset of patients (55% =57/104).
Reassuringly, however, among these patients, 26% (15/57) pre-
sented with spastic dysarthria, 18% (10/57) with hypokinetic dys-
arthria and 39% (22/57) with mixed forms, consistent with prior
reports on this topic. Since our analysis of brain-behaviour relation-
ships was blind to dysarthria type, it is then sensible to assume that
the patterns of atrophy we have associated with dysarthria are like-
ly (i) those that are common to various types of dysarthria; and (ii)
driven primarily by those patients with spastic/hypokinetic speech
features in the context of FTLD-tau (especially PSP and CBD).
Plausibly, our VBM analysis did not implicate the more ventrally lo-
cated portions of the left primary motor cortex, such as the orofa-
cial region, because of methodological challenges in dissociating
the neural correlates of dysarthria and AoS within the left posterior
inferior frontal cortex, particularly considering that in our patient
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sample, dysarthria almost always co-occurred with AoS but, critic-
ally, not the other way around. Although largely based on inconclu-
sive evidence lacking the support of modern voxel-based
brain-behaviour mapping methods, neuroimaging findings from
studies of post-stroke dysarthria have also involved other lesion
sites in the striatocapsular area and brainstem (roughly located
along the course of the corticobulbar tract) as well as in the
cerebellum.'®®%° Whether these discrepancies represent false po-
sitives in the prior literature or false negatives in our study remains
to be established. We note, however, that differences in the distribu-
tion of brain damage (Fig. 2) and, therefore, statistical power between
cortical and subcortical structures (including the cerebellum) might
have played a role here.

Third, Utianski et al.?® recently proposed that at least two sub-
types of progressive AoS exist: a phonetic subtype in which dis-
torted speech sound errors dominate, and a prosodic subtype in
which slow, segmented speech dominate. Such an AoS subclassifi-
cation scheme highlights the relative predominance of one collec-
tion of speech characteristics compared to the other, given that
the vast majority of patients exhibit both phonetic and prosodic
features. As this distinction between phonetic and prosodic AoS
is relatively new, it has not yet been widely adopted by the FTD com-
munity or replicated by an independent research team. Therefore,
we have opted to remain neutral as to the potential advantages
or disadvantages of AoS subtyping, until the auditory-perceptual
distinction between phonetic and prosodic AoS put forward by
Utianski et al.”® receives support from an unbiased whole-brain
voxel-based analysis that unequivocally demonstrates differential
patterns of atrophy associated with each subtype upon direct statis-
tical comparison of two well defined and well matched patient
groups. In the meantime, it is worth pointing out that our neuroana-
tomical findings for dysarthria partially overlap with the areas of
atrophy reported for progressive AoS (irrespective of subtype) in
some studies.”**237:% However, the same areas of atrophy have
also been linked to progressive spastic dysarthria by the prior litera-
ture,’®™*! perhaps with opposed left-right asymmetry. It is unclear
what factors might explain these inter-study inconsistencies. One
possibility is methodological differences. For example, we directly
searched for brain regions where there was evidence of a unique lin-
ear relationship between AoS or dysarthria severity (controlling for
the other) and the degree of tissue loss, rather than adopting the
more indirect approach of inferring brain-behaviour relationships
by investigating the patterns of atrophy in a group of patients with
AoS or dysarthria relative to neurologically intact controls. Another
possibility is that disparate clinical diagnostic criteria may have
been used across studies blurring the boundaries between dysarth-
ria and prosodic AoS (i.e. the subtype that departs most markedly
from the traditional definition of AoS). To conduct an evidence-
and consensus-based revision of the clinical diagnostic criteria for
AoS (including potential subtypes) and dysarthria, assembling an
international panel of expert clinicians and scientists would be the
first step. In addition, future studies using new objective, quantita-
tive measures of dysarthria and AoS have the potential of solving
these discrepancies.

Fourth, we combined scores (% correct) from two auditory
sentence-to-picture matching tasks to create our quantitative in-
dex of receptive grammar ability. Even though both these tasks
were very similar, each measuring the patient’s sentence compre-
hension skills, they were not identical. Furthermore, while one sub-
set of patients completed the first task, the other completed the
second task. It is therefore expected that some noise might have
been added when combining their sentence comprehension scores.
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This, paired with our hypothesis of a partial division of labour with-
in the fronto-temporal grammar network for sentence production
(frontal > temporal) versus comprehension (temporal> frontal),
might explain why only the most robust effects in the left temporal
lobe (but not those in the left frontal lobe) were found to be signifi-
cant after attempting to focus the inference on true grammatical
processing impairments during sentence comprehension (i.e. re-
ceptive agrammatism). Co-varying out alternative sources of vari-
ance is fundamental (as we have done here), especially because
working memory and/or executive control deficits could influence
the sentence comprehension performance of patients with
nfvPPA,”? as domain-general and language-selective regions have
been shown to coexist in close anatomical proximity within the
left posterior inferior frontal cortex.’*? Moreover, by including a
‘task’ regressor in the analysis, we attempted to adjust for effects
that were specific to one or the other of the two sentence compre-
hension tasks making up our index of receptive grammar ability.
However, this is not a perfect strategy as it could potentially remove
not only some of the noise but also some of the signal of interest (i.e.
not all task-specific effects are necessarily noise), ultimately weak-
ening the results. Therefore, future studies should aim to replicate
our results using a representative, large cohort of nfvPPA patients
who have been administered the same sentence comprehension
task.

Collectively, our findings open up new avenues of inquiry for future
research. For instance, the nfvPPA is known to be caused by a het-
erogeneous group of neuropathological changes that, in the major-
ity of cases, fall under the rubric of one of three tauopathies®®: PSP,
CBD or PiD. This raises the question of whether the three neural
sites that we have identified in the left frontal lobe (one for dysarth-
ria, one for AoS and one for expressive agrammatism) signal dis-
tinct sub-networks within the larger speech production network,
each of which might be differentially targeted by either PSP, CBD
or PiD in the early stages of the disease.®** Similarly, the possibility
that the neurodegenerative process may start in brain regions that
we have associated with dysarthria prompts debate as to whether a
relatively isolated progressive impairment of the motor control/
execution of speech (i.e. dysarthria)’®*?° should be regarded as
one of the speech-language phenotypes that comprise the nfvPPA
phenotypic spectrum. Finally, the brain-behaviour relationships
that we have delineated in this study allow testable predictions
about atrophy progression in the brains of patients with nfvPPA
to be derived from the clinical expression of certain speech-
language symptoms over the course of the disease.

Conclusion

Taken together, our clinical, pathological and neuroanatomical
findings provide evidence in favour of considering nfvPPA as a
multidimensional, spectrum disorder with several possible clinical
presentations, including relatively isolated motor speech impair-
ments (i.e. without accompanying expressive agrammatism, or
aphasia more generally). While recognizing that nfvPPA as an um-
brella term is imperfect from both behavioural (some patients pre-
sent with PPAOS or progressive dysarthria) and phenomenological
(fluency is a complex construct) perspectives, we also accept that it
has been widely adopted in the FTD community to refer to motor
speech and/or grammatical impairments caused by left frontal
damage. Future developments in basic and translational science
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of neurodegenerative diseases will likely indicate new, refined
terminology.***
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