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Abstract

Objective: Primary progressive apraxia of speech (PPAOS) is associated with imaging 

abnormalities in lateral premotor cortex (LPC) and supplementary motor area (SMA). It’s 

unknown whether relatively greater involvement of these regions in either hemisphere is 

associated with demographics, presenting, and/or longitudinal features.

Methods: In 51 prospectively recruited PPAOS patients who completed [18F]-

fluorodeoxyglucose (FDG) PET we classified patients as left-dominant, right-dominant, or 

symmetric, based on visual assessment of the LPC and SMA on FDG-PET. SPM and statistical 

analysis of regional metabolic values were performed. Diagnosis of PPAOS was made if 

AOS was present and aphasia absent. Thirteen patients completed Ioflupane-123I (DAT) scans. 

We compared cross-sectional and longitudinal clinicopathological, genetic, and neuroimaging 

characteristics across the three groups, with area under the receiver operator curve (AUROC) 

determined as a measure of effect size.

Results: 49% of the PPAOS patients were classified as left-dominant, 31% as right-dominant, 

and 20% as symmetric which was supported by results from the SPM and regional 
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analyses. There were no differences in baseline characteristics. Longitudinally, right-dominant 

PPAOS showed faster rates of progression of ideomotor apraxia (AUROC=0.79), behavioral 

disturbances (AUROC=0.84), including disinhibition symptoms (AUROC=0.82) and negative 

behaviors (AUROC=0.82), and Parkinsonism (AUROC=0.75), compared to left-dominant PPAOS. 

Symmetric PPAOS showed faster rates of dysarthria progression compared to left-dominant 

(AUROC=0.89) and right-dominant PPAOS (AUROC=0.79). Five patients showed abnormal DAT 

uptake. Braak neurofibrillary tangle stage differed across groups (p=0.01).

Conclusions: Patients with PPAOS and a right-dominant pattern of hypometabolism on FDG-

PET have fastest rates of decline of behavioral and motor features.
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INTRODUCTION

Apraxia of Speech (AOS) is a neurological speech disorder characterized by impairments in 

the ability to plan and/or program movements involved in speech production [1] [2] [3] [4] 

[5]. Apraxia of speech often co-exists with aphasia and/or dysarthria but there are frequent 

instances when AOS is the sole presenting symptom. When AOS is the sole presenting 

symptom, a diagnosis of primary progressive apraxia of speech (PPAOS) is rendered [2]. 

Hence, the paramount clinical feature of PPAOS is a progressive isolated speech production 

disorder from impaired programming and planning of speech[3], although aphasia and 

dysarthria can develop over time. In PPAOS, patients often demonstrate a predominance of 

phonetic or prosodic speech abnormalities, thus establishing the presence of two distinctive 

subtypes; a phonetic subtype and the prosodic subtype [6] [7]. If neither phonetic nor 

prosodic features predominate, patients are classified as mixed [6, 8]. It should be noted that 

PPAOS is considered distinct, by some investigators, from the non-fluent/agrammatic variant 

of primary progressive aphasia (nfvPPA) where language deficit, specifically grammatical 

impairment, is the salient feature of the presenting syndrome [9] [10] [11, 12].

Neuroimaging abnormalities occur in PPAOS affecting the lateral premotor cortex (LPC) 

and the supplementary motor area (SMA) and while such abnormalities are often subtle 

on MRI, abnormalities are more easily observed on [18F] fluorodeoxyglucose (FDG) PET 

[13] [14] [15] [14]. Some patients display left LPC/SMA dominance on FDG-PET, others 

right LPC/SMA dominance, and others equally prominent involvement of the LPC and SMA 

in both hemispheres. There are no studies that have assessed whether clinical differences 

associate with which hemisphere is more affected. Clinically relevant differences between 

groups may be influential to patient care and prognosis.

To address this knowledge gap, the current study aimed to determine whether there 

are differences in demographics, clinical, neuroimaging, pathological, or genetic features, 

between left-dominant, right-dominant, and symmetric PPAOS. We hypothesized that left-

dominant PPAOS would develop aphasia at a faster rate compared to right-dominant PPAOS, 

due to the left hemisphere’s involvement in language functions.
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METHODS

Study Design and Participants

We conducted a case-control study of 51 participants with PPAOS. All participants had been 

recruited and prospectively followed by the Neurodegenerative Research Group (NRG), 

Mayo Clinic, Rochester MN, and enlisted into NIH-funded grants between 7/1/2020 and 

6/30/2022. At initial research visits, all participants completed an FDG-PET scan and a 

battery of speech and language, and neuropsychological testing measures, as previously 

reported [2] [16] [17]. All participants also underwent MRI and Pittsburgh Compound-

B (PiB) PET to assess beta-amyloid deposition. Thirteen had completed an Ioflupane 

123I scan (Dopamine Transporter, DAT, scan, GE Healthcare, Chicago, IL). Thirty-

nine participants (76%) underwent yearly longitudinal follow-ups, with identical clinical 

assessments at each visit. All participants gave a blood sample to allow for apolipoprotein-E 

(APOE) genotyping. Of the 51 participants, 35 have died with 23 undergoing a brain 

autopsy.

Speech and Language Evaluation

All speech and language assessments were carried out by one of three experienced speech-

language pathologists (J.R.D, H.M.C., R.L.U). Speech and language evaluations were audio 

and video recorded. Two or more speech-language pathologists reviewed all audio/video 

recordings at a consensus meeting whereby a consensus diagnosis was made. In the absence 

of consensus, the third speech-language pathologist served as the tiebreaker. The Western 

Aphasia Battery aphasia quotient (WAB-AQ) [18] was utilized to measure global language 

ability and aphasia severity with the Northwestern Anagram Test (NAT) [19] used to assess 

syntactic comprehension. The AOS rating scale (ASRS) was used to assess AOS severity 

[20] and the Motor Speech Disorder severity (MSD) scale (adapted from [21]) was used 

to rate the degree to which speech is understandable (i.e., functional impairment). To be 

diagnosed with PPAOS, participants had to have evidence of AOS with no more than 

equivocal evidence of agrammatism [2]. Patients were excluded from the study if they 

displayed more than equivocal evidence of aphasia during speech and language testing. AOS 

subtype was based on AOS characteristics judged to be dominant as previously described [6, 

8]. Dysarthria severity was also rated on a 0 to 4 scale [2].

Neurological Evaluations

Neurologic examinations were performed by an experienced, board-certified behavioral 

neurologist at the time of enrollment and follow-up (K.A.J., H. B.). The examinations 

included the Montreal Cognitive Assessment (MoCA) [22], the WAB Limb Apraxia 

subtest to assess ideomotor apraxia, the Movement Disorders Society sponsored revision 

of the Unified Parkinson’s Disease Rating Scale part III [23] to assess parkinsonism, the 

Neuropsychiatric Inventory Questionnaire (NPI-Q) [24] to assess neuropsychiatric features, 

the Frontal Behavioral Inventory (FBI) to assess abnormal behaviors, and the FBI subtests 

for Disinhibition and Negative Behaviors [25].
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Neuroimaging

Image acquisition for FDG-PET—All PET scans were acquired using a GE PET/CT 

scanner. Participants were injected with FDG (average, 459 MBq; range, 367–576 MBq) 

and following a 30-minute uptake period, an 8-minute scan was administered utilizing four 

2-minute dynamic frames [2] [26]. Participants were injected with PiB of approximately 

628 MBq (range, 385–723 MBq) and after a 40-to-60-minute uptake period, a 20-minute 

scan was obtained. Standard corrections were adjusted for and data were reconstructed into 

a 256×256 matrix with a 30-cm field of view (image thickness=3.75 mm) [2]. If motion 

was detected single frames of the PET were realigned and a mean image created [16]. 

A global PiB standard uptake value ratio (SUVR) was calculated as previously described 

[27], with a cut-point of ≥1.48 used to determine beta-amyloid positivity. All participants 

also underwent a volumetric head MRI within one day of the FDG-PET that included a 

magnetization-prepared rapid acquisition gradient echo (MPRAGE) sequence.

Group designation based on FDG-PET—Individual-level patterns of hypometabolism 

on the baseline FDG-PET scans were analyzed using 3D stereotactic surface projections 

using CortexID suite (GE Healthcare) [28] whereby activity at each voxel is normalized 

to the pons and Z-scored to an age-segmented normative database. The Cortex ID FDG-

PET images underwent independent visual analysis by a neurology (K.A.J.) and radiology 

expert (J.L.W.) blinded to all clinical/pathological/genetic data to classify participants as 

left-dominant, right-dominant or symmetric PPAOS. A diagnosis of left-dominant PPAOS 

was made if the left LPC and SMA showed greater hypometabolism than the corresponding 

right LPC and SMA. A diagnosis of right-dominant PPAOS was made if the right LPC and 

SMA showed greater hypometabolism than the corresponding left LPC and SMA. Cases 

in which there was approximately equal hypometabolism in right and left LPC and SMA 

were categorized as symmetric PPAOS. In cases where there was disagreement (n=2) both 

classifiers came to a consensus after further discussion. Representative FDG-PET images of 

left-dominant, right-dominant, and symmetric PPAOS participants are shown in Figure 1.

SPM analysis of FDG-PET—To evaluate group-level patterns of hypometabolism across 

the brain, voxel-level analyses of FDG-PET were performed in SPM12. Each FDG-PET was 

registered to the participant’s MPRAGE using 6 degrees-of-freedom registration. MPRAGE 

scans were normalized to the Mayo Clinic Adult Lifespan Template (MCALT). All voxels 

in the MPRAGE space FDG-PET images were divided by median uptake in the pons 

employing the MCALT atlas to create standardized uptake value ratio (SUVR) images. 

The SUVR images were transformed to MCALT space and smoothed at 6mm full-width-at-

half-maximum. Analyses were performed without partial volume correction (PVC). The left-

dominant, right-dominant, and symmetric PPAOS groups were compared to 20 cognitively 

and motorically intact healthy controls (11 females/9 males, average [range] age=71.3 [61.0, 

86.2], MoCA=26.4 [24, 30], Hoehn and Yahr Scale=0 [0, 0]), with comparisons performed 

using family-wise error (FWE) correction at p<0.05.

Semi-quantitative and quantitative measures of hypometabolism of premotor 
cortex and Broca’s area—The degree of hypometabolism in the premotor cortex (LPC 

and SMA) and Broca’s area were visually graded on CORTEX-ID images using a 5-point 
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scale: 0= no hypometabolism, 1= minimal hypometabolism, 2= mild hypometabolism, 3= 

moderate hypometabolism and 4 = severe hypometabolism, by two independent raters (KAJ 

and JLW). Individual ratings were then averaged across both raters and compared across the 

3 groups (left-dominant, right-dominant, and symmetric PPAOS). Quantitative measures of 

metabolism were also calculated for the left and right SMA and Broca’s area (combined 

inferior frontal triangularis and inferior frontal opercularis) using the MCALT atlas. All 

regional uptake values were divided by uptake in the pons to create SUVRs.

DAT scan analysis—DAT scans were acquired using a 5 mCi (±10%) dose in a GE 

Tandem Optima SPECT scanner equipped with a fan-beam collimator (GE Healthcare, 

Chicago, IL). After images were acquired, they were then reconstructed through the ordered 

subset expectation maximization (OSEM) method. No attenuation correction was used. A 

nuclear medicine specialist (VL) independently visually rated the scans as being normal or 

abnormal, including hemispheric asymmetry.

Pathologic Evaluation

All participants who died and agreed to autopsy underwent brain autopsy by a board-

certified neuropathologist (D.W.D) according to the Consortium to Establish a Registry for 

Alzheimer’s Disease [29]. Thioflavin S fluorescent microscopy was used to assign Braak 

neurofibrillary tangle (NFT) stage [30] and Thal beta-amyloid phase [31]. Pathological 

diagnoses were rendered based on published criteria [32–35].

Statistical Analysis

Non-parametric tests included Kruskal-Wallis tests to compare continuous variables, while 

Fisher’s Exact test was used to compare categorical variables. For all longitudinal data, 

worsening overtime was calculated using the average rate of change (points change on each 

scale per year) from testing at the time of a participants first FDG-PET scan and at their 

last visit. Two group comparisons correcting for multiple comparisons were performed using 

Dunn’s multiple comparisons test. To determine effect sizes to differentiate between groups 

we calculated the area under the receiver operator curve (AUROC) via the trapezoid rule 

and nonlinear regression. All statistical analyses were performed using Prism 8 (version 9.2; 

GraphPad Software Inc) and R studio (version 4.12).

RESULTS

Demographic, genetic, and pathology results

Demographic data are summarized in Table 1 and Figure 2. Of the 51 PPAOS participants, 

25 (49%) were classified as having left-dominant hypometabolism on FDG-PET, 16 (31%) 

as right-dominant, and 10 (20%) as symmetric. There were no significant differences in 

demographic features at baseline between groups. There was, however, a difference in the 

time between the first and last visit and in Braak stage. Although not statistically different, 

54% of the participants with right-dominant PPAOS were found to have corticobasal 

degeneration (CBD) pathology at autopsy, while 73% of those with left-dominant PPAOS 

were found to have progressive supranuclear palsy (PSP) pathology.
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Cross-sectional and longitudinal clinical associations

The groups showed no significant clinical differences at baseline (Table 2). Longitudinally, 

differences across the three groups were observed in the rate of worsening over time in 

Parkinsonism, ideomotor apraxia, and behavioral disturbances, including disinhibition and 

negative behaviors subscores, with faster rates of worsening for right-predominant PPAOS 

(Table 3). Differences across groups were also observed in the rate of worsening over time 

in dysarthria with faster rates of worsening in symmetric PPAOS compared to left-dominant 

PPAOS. All findings survived correction for multiple comparisons, except the difference in 

Parkinsonism.

The rate of worsening in behavioral disturbances, including negative behaviors and 

disinhibition, were very good (AUROC≥0.80) at distinguishing right-dominant and left-

dominant PPAOS (Table 4). Rates of worsening in Parkinsonism and ideomotor apraxia 

provided acceptable (AUROC 0.75–0.79) discrimination between right-dominant and left-

dominant PPAOS. Rates of worsening in Parkinsonism and dysarthria were very good 

at discriminating between left-dominant and symmetric PPAOS, while rates of worsening 

of negative behaviors and ideomotor apraxia provided acceptable discrimination. Rates of 

worsening in dysarthria provided acceptable discrimination between right-dominant and 

symmetric PPAOS.

SPM analysis

In the voxel-level analysis (Figure 3), left-dominant PPAOS showed hypometabolism in the 

left SMA, middle-frontal LPC, motor cortex, and posterior Broca’s area, compared to the 

healthy controls, with subtle involvement of the right SMA. Right-dominant PPAOS showed 

hypometabolism in the right SMA, LPC, and motor cortices compared to controls, with 

subtle involvement of the left SMA. Symmetric PPAOS showed hypometabolism in the left 

and right motor cortex and left SMA compared to controls.

Semi-quantitative and quantitative regional analyses

All PPAOS participants showed some degree of hypometabolism in the LPC/SMA on 

visual assessment which on average was rated as mild for all three groups. The degree 

of hypometabolism in Broca’s area was minimal on average for all three groups and was 

always less in severity than in the LPC/SMA, which was also observed in the quantitative 

FDG-PET SUVR values (Table 1). Of the 51 PPAOS participants, 62% did not have any 

evidence of hypometabolism in Broca’s area. There were no right or left-dominant PPAOS 

participants with isolated hypometabolism in one hemisphere on visual inspection. That 

is, there was always at least minimal hypometabolism in the non-dominant hemisphere. 

As expected, we observed asymmetry in the SMA SUVRs in the left-predominant and 

right-predominant groups, and asymmetry in Broca’s area in the left-predominant group 

(Table 1).

DAT scan analysis

Of the 13 DAT scans (six left-dominant PPAOS, five right-dominant PPAOS, and two 

symmetric PPAOS), five (26%) were abnormal (two left-dominant PPAOS, two right-

dominant PPAOS, and one symmetric PPAOS) (Figure 4). Both abnormal scans from the 
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left-dominant group showed reduced binding in the left putamen. The two scans from the 

right-dominant group showed reduced binding in the right putamen in one and bilateral 

putamen and right caudate in the other. The DAT scan from the symmetric group showed 

bilateral reduced binding in the putamen, possibly slightly worse on the right.

DISCUSSION

In this study, we found that approximately half of the participants with PPAOS had a 

left-dominant pattern of LPC and SMA hypometabolism, with the other half split between 

right-dominant and symmetric. Longitudinal rates of clinical decline in behavior and motor 

function were faster in the right-dominant participants.

In this study of participants who present with an isolated motor speech disorder known as 

PPAOS, we show that such a presentation is not linked to any one specific hemisphere. 

This lack of hemispheric dominance in PPAOS is very different from what is observed 

in nfvPPA where damage is almost exclusively associated with isolated or dominant left 

hemisphere atrophy and hypometabolism. In fact, nfvPPA has very rarely been reported 

to be associated with right hemisphere dominant atrophy or hypometabolism [36–38]. To 

try to understand this asymmetry in PPAOS we assessed underlying molecular pathology. 

Nearly all of our PPAOS participants that came to autopsy had an underlying 4R tauopathy 

(96%), either CBD or PSP, consistent with previous studies that have associated AOS with 

4R tauopathies [15, 17, 39]. Not surprisingly, we found CBD to be the underlying pathology 

in many of our cases as CBD is typically associated with asymmetric neurodegeneration and 

an asymmetric clinical presentation [40]. On-the-other hand, we also found PSP pathology. 

PSP pathology is typically associated with symmetric clinical and neuroimaging findings 

[41] and hence, the finding of PSP pathology in almost three-quarters of the left-dominant 

PPAOS participants is novel.

Hemispheric dominance did not appear to impact clinical features at baseline. However, 

significant differences emerged with disease progression. Most notably, right-dominant 

PPAOS was associated with faster worsening of parkinsonism, ideomotor apraxia, and 

behavioral dysfunction, particularly compared to left-dominant PPAOS. In fact, rates of 

worsening in behavioral dyscontrol and ideomotor apraxia provided very good AUROC 

effect sizes to differentiate right-dominant and left-dominant PPAOS. The reason for the 

faster progression of these signs and symptoms in right-dominant PPAOS is not entirely 

clear, although we speculate that it may reflect the higher proportion of underlying CBD 

pathology in the right-dominant group given that CBD is associated with a shorter time 

from onset to death compared to PSP. The symmetric PPAOS group also showed faster rates 

of worsening in parkinsonism, ideomotor apraxia, and negative behaviors compared to the 

left-dominant group, perhaps suggesting that involvement of the right hemisphere, to an 

equal or greater degree, compared to the left hemisphere is what is playing a role in faster 

progression.

The symmetric PPAOS group showed the fastest rates of worsening of dysarthria and a trend 

for a faster decline in motor speech, as assessed by the MSD. We suspect that the trend with 

MSD is being driven by the worsening of dysarthria, rather than a worsening of AOS. It is 
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unclear why the symmetric group would show the fastest decline in dysarthria, although it 

is not necessarily surprising given that hypometabolism has been reported to progressively 

evolve to affect the lateral motor cortex in PPAOS, a region that is associated with dysarthria 

[42, 43]. The fact that AOS severity did not differ at baseline or longitudinally across 

groups raises the possibility that the presence of AOS is not impacted by hemispheric 

asymmetry and that damage to either the left or right premotor cortex can result in AOS, 

perhaps through damage to structural and functional connections between and from these 

regions [14]. Indeed, PPAOS patients show striking degeneration of the callosal fibers that 

connect the left and right SMA [44]. It should be noted that all PPAOS participants showed 

hypometabolism in both hemispheres even if patterns were asymmetric (i.e., we did not 

find any patient with isolated left or right hypometabolism). Hence, it is also possible that 

damage to both the left and right premotor cortex (regardless of the degree of damage) 

is necessary to produce AOS although we cannot exclude the fact that AOS results from 

damage to one hemisphere which is consistently affected across groups. One could argue 

that if AOS was linked to just one hemisphere, it would more likely be the left hemisphere 

since clinically silent strokes are more common in the right hemisphere [45]. With that 

said we did not find AOS severity to be worse in the left-dominant patients. Finally, these 

possible scenarios would explain why the proportion of prosodic and phonetic PPAOS 

subtypes did not differ across the three groups.

Although we did not find a significant difference across the groups for the AOS subtype and 

for pathology, it should be noted that 60% of the left-dominant group had prosodic AOS 

and 73% had PSP pathology, while 50% of the right-dominant group had phonetic AOS 

and 54% had CBD pathology. This is in keeping with what we have previously shown that 

prosodic AOS is associated with PSP pathology while phonetic AOS is associated with CBD 

pathology [6]. A previous study found that abnormal speech timing, a type of dysprosody 

is associated with CBD pathology in patients with nvfPPA [46]. Those findings may appear 

contradictory; however, it is difficult to compare both studies since the referenced paper did 

not specify the breakdown of dysarthria and AOS subtype. In addition, our study excluded 

patients with aphasia and greater aphasia severity may have influenced the differences in 

results (e.g., linguistic interference inflating at least the pause duration measure). In our 

view, dysprosody is an umbrella term that may capture disruptions in speech rhythm that 

occur either secondary to dysarthria (neuromuscular execution difficulties) or AOS (motor 

planning or programming deficits).

Of the 13 PPAOS patients that completed a DAT scan five were abnormal suggesting that 

approximately a third of PPAOS patients already have dopamine deficiency at the time of 

presentation[47]. We did not find a difference in the frequency of abnormal DAT scans 

across groups possibly because of the limited sample size but it is equally likely that 

group designation is not associated with dopamine deficiency especially given that PSP and 

CBD pathologies are both associated with dopamine deficiency states and abnormal DAT 

scans [48]. Importantly, we did find hemispheric dominance of DAT scan uptake to mirror 

hemispheric designation of left- vs right vs symmetric based on FDG-PET. This independent 

DAT scan finding further validates the FDG-PET group designation. In fact, the VBM 

finding, another independent analysis also validates the group designation showing left-sided 
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predominance in the left-dominant group, right-sided predominance in the right-dominant 

group, and symmetric hypometabolism in the symmetric group.

There are several strengths to our study including the sample size and that the 

patients were prospectively followed over several years. All patients were also well-

characterized using a multidisciplinary standardized approach, by expert neurologists, 

speech-language pathologists, and neuropsychologist. Our statistical analysis corrected 

for multiple comparisons and the AUROCs provided information on strength of group 

discrimination, which is especially important given the limited power for three group 

comparisons. There were also some limitations to our study such as a limited number of 

cognitive tests to evaluate right hemisphere functioning and that not all patients completed 

a DAT scan or had an autopsy. We also acknowledge that the integral assessments included 

in this investigation were established based on perceptual judgments of motor speech output 

and visual assessment of FDG-PET neuroimaging findings. Lastly, we had a 24% attrition 

rate due to participants becoming too severe to continue to undergo further longitudinal 

testing or simply being unable to follow up for future testing.
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Figure 1: 
[18F]-fluorodeoxyglucose (FDG)-positron emission tomography (PET) across examples of 

left dominant, right dominant and symmetric PPAOS patients. The 3 panels depict Z scores 

relative to a normative database of pons intensity normalized FDG-PET scans for each 

individual displayed on stereotactic surface projections using Cortex ID. Red coloring 

indicates greater hypometabolism or decreased brain glucose consumption.
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Figure 2: 
Swim plot demonstrating date of onset to date of death. Each participant is represented by a 

horizontal segment in this plot, colored, and arranged by left-dominant, right-dominant, and 

symmetric categorization groups. The horizontal bars represent the time from disease onset 

to death. An “X” at the end of the segment indicates that the patient has died.
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Figure 3: 
Voxel-level analysis of left-dominant, right-dominant, and symmetric primary progressive 

apraxia of speech (PPAOS) groups compared to healthy controls. Results are shown on 

three-dimensional brain renderings at a statistical threshold of p<0.05 after correction for 

multiple comparisons using family-wise error correction. Renders were generated using the 

BrainNet Viewer (http://www.nitrc.org/projects/bnv/).
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Figure 4: 
Dopamine active transfer (DAT) scans showing abnormal uptake in the striatum in five cases 

(A-E) compared to a normal scan (F). PPAOS, primary progressive apraxia of speech
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Table 1:

Demographic, genetic and pathologic features

Variable of interest Left-dominant (N=25) Right-dominant (N=16) Symmetric (N=10) p-value

Men % 12 (48%) 7 (44%) 4 (40%) 0.93

Education (yrs.) 16.0 (15.0, 18.0) 16.0 (15.0, 18.0) 16.5 (13.0, 18.0) 0.88

Right Handedness % 21 (84%) 12 (75%) 10 (100%) 0.25

Family history present % 4 (21.1%) 6 (50%) 1 (17%) 0.24

Race % (Caucasian) 25 (100%) 15 (94%) 10 (100%) 0.51

Age at onset (yrs.) 69.6 (62.7, 74.1) 65.6 (57.2, 72.2) 67.0 (56.1, 74.7) 0.52

Age at baseline FDG-PET (yrs.) 73.6 (65.2, 78.3) 69.7 (59.8, 74.4) 70.5 (59.1, 78.6) 0.50

Time from onset to baseline (yrs.) 3.6 (2.2, 4.5) 3.1 (2.0, 5.8) 3.4 (2.6, 4.1) 0.98

Number with longitudinal visits 18 (72%) 14 (88%) 6 (60%) 0.28

Time between baseline and last clinical visit, yrs. 4.6 (2.6, 5.8) 3.0 (1.9, 3.1) 2.3 (1.9, 3.7) 0.04

PiB Status % (pos = >1.48) 8 (32%) 4 (26.7%) 0 (0%) 0.16

Positive APOE ε4 (%) 8 (36%) 3 (20%) 0 (0%) 0.104

PATHOLOGY

N=11 N=11 N=1

Age at death (yrs.) 78.0 (67.75, 83.0) 73.5 (64.25, 82.75) 59 0.23

PSP/CBD (%) *8/2 (73%/18%) 5/6 (46%/54%) 0/1/ (0%/100%) 0.12

Braak Stage 3 (3, 4) 2.5 (2, 3) 4 0.03

Thal Phase 2 (1,2) 0 (0, 3) 0 0.29

FDG-PET SUVRs

Left SMA 1.41 (1.32, 1.54) 1.44 (1.35, 1.51) 1.45 (1.32, 1.52) 0.93

Right SMA 1.47 (1.38, 1.58) 1.32 (1.27, 1.41) 1.46 (1.30, 1.51) 0.003

Left Broca’s 1.48 (1.38, 1.57) 1.53 (1.43, 1.64) 1.47 (1.42, 1.62) 0.37

Right Broca’s 1.60 (1.52, 1.64) 1.55 (1.42, 1.60) 1.55 (1.45, 1.67) 0.29

Data are presented as median and interquartile range, unless otherwise indicated. Abbreviations: APOE, apolipoprotein epsilon; CBD, corticobasal 
degeneration; FDG, [18F]- fluorodeoxyglucose; PET, positron emission tomography; PiB, Pittsburgh Compound B; PSP, progressive supranuclear 
palsy; SMA, supplementary motor area; SUVR, standard uptake value ratio.

*
One additional patient did not have PSP or CBD but instead had FTLD-TDP
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Table 2:

Clinical features at baseline

Clinical scale/diagnoses Left-dominant (N=25) Right-dominant (N=16) Symmetric (N=10) p-value

MoCA /30 28.0 (26.5, 29.0) 26.5 (24.0, 29.0) 28.0 (26.5, 29.0) 0.76

UPDRS III / 180 9.0 (5.0, 14.5) 11.5 (4.0, 23.0) 10.5 (5.0, 22.3) 0.83

NPI-Q /36 1.0 (0, 3.0) 2.5 (1.0, 4.8) 1.0 (0.0, 2.3) 0.12

Total FBI /72 8.0 (3.0, 17.5) 6.0 (4.0, 11.5) 7.5 (3.8, 11.3) 0.89

Disinhibition /36 2.5 (0, 5.0) 1.0 (1.00, 2.0) 2.0 (0.3, 3.0) 0.66

Negative behaviors /36 5.5 (3.0, 11.3) 4.0 (3.0, 10.0) 6.0 (3.25, 8.3) 0.91

AOS Subtype: (Phonetic/Prosodic/mixed) 9/15/1(36%/60%/4%) 8/6/2(50%/38%/12%) 3/7/0(30%/70%/0%) 0.25

Number (%) with dysarthria 6 (24%) 4 (25%) 4 (40%) 0.61

WAB-Praxis /60 58.0 (57.0, 60.0) 58.5 (57.0, 59.0) 58.0 (57.8, 59.0) 0.99

WAB-AQ /100 97.6 (96.9, 98.8) 96.9 (95.3, 99.4) 98.6 (96.4, 99.5) 0.58

NAT/10 9.0 (9.0, 10.0) 10.0 (9.0, 10.0) 10.0 (8.8, 10.0) 0.45

ASRS total score /52 15.0 (10.5, 19.5) 14.0 (11.0, 27.3) 17.0 (13.5, 23.5) 0.52

Dysarthria severity /4 1.0 (1.0, 1.9) 1.8 (1.1, 2.8) 1.0 (1.0, 1.4) 0.31

MSD /10 7.0 (6.0, 8.0) 7.0 (5.3, 8.0) 6.5 (5.9, 8.0) 0.91

Data shown as median and interquartile range

Abbreviations: Western Aphasia Battery-Aphasia Quotient (WAB-AQ), Western Aphasia Battery-Praxis (WAB-Praxis), Northwestern Anagram 
Test (NAT), Apraxia of Speech Rating Scale (ASRS), Unified Parkinson’s Disease Rating Scale III (UPDRS III), Montreal Cognitive Assessment 
(MoCA); Motor Speech Disorder severity (MSD), Neuropsychiatric Inventory Questionnaire (NPI-Q), Frontal Behavior Inventory (FBI).
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Table 3:

Annual rates of change in clinical measures

Clinical Scale Left-dominant (N=18) Right-dominant (N=14) Symmetric (N=6) P-value

MoCA /30 2.0 (0.7, 2.9) 3.5 (1.7, 7.7) 3.3 (0.0, 7.1) 0.25

UPDRS III /180 8.6 (4.0, 11.0) 14.7 (8.4, 26.5) 14.7 (9.0, 18.9) 0.01

NPI-Q /36 0.3 (−0.1, 1.0) 1.25 (0.8, 3.8) 0 (−0.3, 3.0) 0.11

FBI total/72 2.0 (0.7, 3.8) 8.0 (4.0, 10.34) 3.25 (0.4, 11.8) 0.009 a

FBI - Negative behaviors /36 1.5 (0.5, 2.9) 5.0 (2.2, 7.0) 3.25 (1.1, 7.3) 0.01 a

FBI - Disinhibition /36 0.2 (0.0, 0.7) 2.0 (0.8, 5.0) 0.0 (−0.8, 4.50) 0.02 a

WAB-Praxis /60* 1.8 (1.3, 4.5) 6.33 (4.6, 7.0) 4.90 (1.75, 15.25) 0.02 a

WAB-AQ /100* 1.43 (0.4, 4.6) 2.1 (1.1, 5.7) 1.40 (0.4, 6.25) 0.28

NAT /10* 0 (−0.3, 1.7) 1.0 (0.3, 2.0) 0.0 (0.0, 2.0) 0.16

ASRS total score /52 4.3 (3.1, 7.2) 5.1 (3.1, 6.3) 4.8 (1.8, 9.6) >0.99

Dysarthria severity /4 0.1 (0.0, 0.5) 0.3 (0.2, 0.6) 1.0 (0.4, 1.2) 0.05 b

MSD /10* 0.8 (0.5, 1.0) 1.0 (0.7, 2.0) 1.50 (0.9, 2.1) 0.09

Data shown as median and interquartile range. Clinical scales shown as points change per year.

Abbreviations: Western Aphasia Battery-Aphasia Quotient (WAB-AQ), Western Aphasia Battery-Praxis (WAB-Praxis), Northwestern Anagram 
Test (NAT), Apraxia of Speech Rating Scale (ASRS), Unified Parkinson’s Disease Rating Scale III (UPDRS III), Montreal Cognitive Assessment 
(MoCA) test, Motor Speech Disorder severity (MSD), Neuropsychiatric Inventory Questionnaire (NPI-Q), Frontal Behavior Inventory (FBI).

*
Higher rates reflect greater decrease in raw scores

a
Significant difference between left-dominant and right-dominant PPAOS using Dunn’s multiple comparison test

b
Significant difference between left-dominant and symmetric PPAOS using Dunn’s multiple comparison test
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Table 4:

AUROC comparing groups using annual rate of change in clinical measures.

Left-dominant vs Right-dominant Left-dominant vs Symmetric Right-dominant vs Symmetric

UPDRS III 0.75 (0.57 to 0.93) 0.82 (0.59 to 1.0) 0.51 (0.24 to 0.78)

FBI 0.84 (0.67 to 1.0) 0.65 (0.28 to 1.0) 0.62 (0.28 to 1.0)

Negative behaviors 0.81 (0.64 to 0.99) 0.73 (0.43 to 1.0) 0.55 (0.21 to 0.89)

Disinhibition 0.82 (0.65 to 0.99) 0.57 (0.19 to 0.96) 0.63 (0.26 to 0.99)

Dysarthria severity 0.63 (0.37 to 0.91) 0.89 (0.70 to 1.0) 0.79 (0.47 to 1.0)

WAB Praxis 0.79 (0.62 to 0.96) 0.71 (0.48 to 0.94) 0.57 (0.25 to 0.89)

WAB-AQ 0.66 (0.47 to 0.85) 0.62 (0.35 to 0.89) 0.57 (0.24 to 0.89)

MoCA 0.69 (0.48 to 0.89) 0.60 (0.26 to 0.94) 0.53 (0.22 to 0.83)

NPI-Q 0.74 (0.55 to 0.94) 0.58 (0.29 to 0.88) 0.58 (0.28 to 0.88)

NAT 0.70 (0.51 to 0.89) 0.58 (0.35 to 0.82) 0.68 (0.37 to 0.99)

ASRS 0.51 (0.30 to 0.73) 0.51 (0.19 to 0.83) 0.54 (0.20 to 0.89)

MSD 0.70 (0.51 to 0.89) 0.72 (0.50 to 0.95) 0.53 (0.25 to 0.81)

Data shown as area and 95% confidence interval. Abbreviations: Unified Parkinson’s Disease Rating Scale III (UPDRS III), Western Aphasia 
Battery-Praxis (WAB-Praxis), Western Aphasia Battery-Aphasia Quotient (WAB-AQ), Frontal Behavioral Inventory (FBI), Neuropsychiatric 
Inventory Questionnaire (NPI-Q), Northwestern Anagram Test (NAT), Motor Speech Disorder severity (MSD), Apraxia of Speech Rating Scale 
(ASRS).
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