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Abstract

Apraxia of speech is a motor speech disorder characterized by combinations of slow speaking rate,
abnormal prosody, distorted sound substitutions, and trial-and-error articulatory movements.
Apraxia of speech is due to abnormal planning and/or programming of speech production. It is
referred to as primary progressive apraxia of speech (PPAOS) when it is the only symptom of a
neurodegenerative condition. Past reports suggest an association of PPAOS with primary 4-repeat
(4R) tau (e.g. progressive supranuclear palsy, corticobasal degeneration), rather than amyloid,
pathology. The goal of the current study was to investigate the distribution of tau tracer uptake
using [18F]AV-1451 positron emission tomography (PET) imaging in patients with PPAOS.
Fourteen PPAOS patients underwent [18F]AV-1451 PET (tau-PET) imaging, [C11] Pittsburgh
Compound B (PiB) PET and structural MRI and were matched 3:1 by age and sex to 42
cognitively normal controls. Tau-PET uptake was assessed at the region-of-interest (ROI) level and
at the voxel-level. The PPAOS group (n=14) showed increased tau-PET uptake in the precentral
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gyrus, supplementary motor area and Broca’s area compared to controls. To examine whether tau
deposition in Broca’s area was related to the presence of aphasia, we examined a subgroup of the
PPAQS patients who had predominant apraxia of speech, with concomitant aphasia (PPAOS&; n =
7). The PPAOSa patients showed tau-PET uptake in the same regions as the whole group.
However, the remaining seven patients who did not have aphasia showed uptake only in superior
premotor and precentral cortices, with no uptake observed in Broca’s area. This cross-sectional
study demonstrates that elevated tau tracer uptake is observed using [18F]AV-1451 in PPAQCS.
Further, it appears that [18F]AV-1451 is sensitive to the regional distribution of tau deposition in
different stages of PPAOS, given the relationship between tau signal in Broca’s area and the
presence of aphasia.

Keywords

Tau imaging; Primary progressive aphasia; frontotemporal dementia; Alzheimer’s disease; primary
progressive apraxia of speech

1.0 Introduction

Primary Progressive Apraxia of Speech (PPAOS) is a distinct neurodegenerative clinical
syndrome whose pathophysiology is incompletely understood. PPAOS is insidious in onset
and progresses over time. For the past decade, we have been studying patients with
progressive apraxia of speech. We demonstrated that it can be the earliest manifestation of
an underlying neurodegenerative disease and have reported that the profile of clinical
characteristics and disease trajectories can differ among affected patients (Josephs et al.,
2012, 2014a). In a recent longitudinal study, we observed that in some PPAQOS patients, the
apraxia of speech remained the most salient feature over an average duration of seven years,
although a less prominent aphasia often emerged. A second subgroup developed an
extrapyramidal syndrome within five years, causing significant morbidity, including inability
to ambulate and a shortened life span (Josephs et al., 2014a).

On average, between two-and-one-half and three years elapse between initial symptom onset
and a diagnosis of PPAOS. The delay in proper diagnosis can be attributed to a lack of
awareness of this condition among both the general public, who may initially attribute its
symptoms to stress or fatigue; and among health care providers, who often misdiagnose
PPAOS as aphasia or dysarthria (Josephs et al., 2013). There is evidence to suggest PPAOS
is not as rare as once thought; the incidence and prevalence is likely diluted because of
misdiagnoses as a functional/psychogenic problem, a variant of aphasia, or another
neurodegenerative disease, such as Alzheimer’s disease or amyotrophic lateral sclerosis
(Josephs et al., 2013). A better understanding of its pathophysiology and associated protein
deposition will facilitate more sensitive and specific diagnostic testing, patient counseling,
and care.

Recent research points toward an association between PPAOS and primary 4R tauopathies,
including progressive supranuclear palsy and corticobasal degeneration (Josephs et al.,
2006a). Several compounds, such as [18F]AV-1451, have been developed to image tau
proteins using positron emission tomography (PET; Chien et al., 2013; Xia et al., 2013).

Cortex. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Utianski et al.

Page 3

This imaging development allows for the in-vivo assessment of tau tracer uptake
distribution, spread of tau tracer uptake over time, and the assessment of relationships with
clinical signs and symptoms. An important caveat to this advancement is that
autoradiography studies of autopsied 4R tauopathy brains have yielded mixed confusing
results. Autoradiographic studies show minimal- to no in vivo binding of [18F]AV-1451 in
corticobasal degeneration (Josephs et al., 2016; Lowe et al., 2016; McMillan et al., 2016;
Cho et al., 2017a; Smith et al., 2017a) and progressive supranuclear palsy (Lowe et al.,
2016; Marquie et al., 2017). However, autopsy studies have shown strong correlations
between regional AV-1451 uptake and regional tau burden measured histologically (Josephs
2016, McMillan, 2016, Schonhaut et al., 2017). Given the possible relationship with PPAOS
and both of these 4R tauopathies, we plan to follow these patients to autopsy to better
understand any possible discordance between in vivo and post-mortem findings with
[18F]AV-1451 and if some other process other than tau deposition may be contributing to
any in vivo signal seen on tau-PET imaging. While caution is necessary in interpreting these
findings, understanding the nature of tau deposition in PPAOS could allow for the
development of tau-PET measurements to aid diagnosis, follow disease progression, and,
ultimately, serve as a method of outcome measures for treatment efficacy. An essential first
step is to determine whether tau-PET imaging is sensitive to the presence, severity, and
progression of PPAQOS.

The aims of this cross-sectional study were to assess tau-PET imaging using [18F]AV-1451
in a group of patients with PPAOS to 1) determine whether tau tracer uptake can be observed
in PPAQS patients when compared with age-matched healthy controls, 2) characterize the
regional distribution of tau-PET uptake in PPAOS, and 3) evaluate whether the
[18F]AV-1451 signal is sensitive to disease progression by analyzing a sub-group of patients
with PPAOS whose disease has evolved to include aphasia.

2.0 Materials and methods

2.1 Participants

Between July 2015 and March 2016, we assessed tau-PET in 14 patients with PPAOS
(PPAOS? who were enrolled in a longitudinal research study. All patients received a
clinical diagnosis of PPAOS if the dominant presenting neurologic deficit was apraxia of
speech, and any other neurological deficits, including aphasia, were considered no more than
equivocally present (Josephs et al., 2012, 2014a). Diagnosis was made through consensus
review by two expert speech-language pathologists (J.R.D. and H.M.C.). Inclusion criterion
included being over 18 years of age, having a caregiver to provide collateral history and
description of functional limitations, and being a native speaker of the English language.
These individuals did not meet clinical criteria for any other neurologic diagnosis at initial
testing [including, but not limited to, progressive supranuclear palsy (Litvan et al., 1996;
Respondek et al., 2013), corticobasal syndrome (Boeve et al., 2003; Armstrong et al., 2013),
or Alzheimer’s disease dementia (McKhann et al., 1984; Albert et al., 2011; Dubois et al.,
2014)]. All patients underwent detailed neurological evaluation, speech and language
examination, neuropsychological testing, and neuroimaging analysis that included a
structural head MRI, a [C11] Pittsburgh Compound B (PiB) PET scan to assess the presence
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of beta-amyloid (unavailable for one patient), and a [L8F]AV-1451 PET Scan. At the time
that the patients underwent the [18F]AV-1451 scan, seven patients who had been previously
diagnosed as PPAOS had developed mild aphasia (denoted as PPAOS4). A diagnosis of
aphasia was made based on results from several language tests that assessed naming,
grammar, and comprehension, as described below.

Clinical and demographic information of the patients, including age, disease duration, and
pertinent neuropsychological, language, and speech findings were documented.
Additionally, a cohort of 42 healthy, cognitively normal controls (24 male) was selected
from the Mayo Clinic Study of Aging (MCSA). The MCSA is an epidemiological study of
cognitive aging in Rochester, Olmsted County, Minnesota (Petersen et al., 2010; Roberts et
al., 2008). The PPAOS cohort was matched (3 controls: 1 patient) on age and gender with
MCSA participants, to serve as a control cohort for the analyses described below. All MCSA
participants are PiB negative. Median age was 69.5 years old (interquartile range: 74-58.75
years old). All controls underwent [18F]AV-1451 tau-PET scans using the identical
acquisition parameters to the patient cohort. The study was approved by the Mayo
institutional review board and all participants consented to research.

2.2 Speech and Language Analysis

Patients were followed as part of a larger study, for which several speech and language
measures were acquired, as previously reported (Duffy et al., 2015, 2017; Josephs et al.,
2012, 2013, 2014a). Consistent with these previous reports, judgments about motor speech
abilities were based on all spoken language tasks of the Western Aphasia Battery (WAB;
Kertesz, 2007) plus additional speech tasks that included vowel prolongation, speech
alternating motion rates (e.g. rapid repetition of ‘puhpuhpuh’), speech sequential motion
rates (e.g. rapid repetition of ‘puhtuhkuh’), word and sentence repetition tasks, and a
conversational speech sample. Sixteen speech characteristics, consistent with current criteria
for apraxia of speech diagnosis (Duffy, 2005; Wambaugh et al., 2006; McNeil et al., 2009),
or observations of characteristics of apraxia of speech associated with neurodegenerative
disease (Duffy, 2006) were rated on the Apraxia of Speech Rating Scale, which provided a
quantitative index of apraxia of speech characteristics and severity (Josephs et al., 2012;
Strand et al., 2014). The same speech tasks were also judged for the presence or absence of
dysarthria, qualified for type, and rated on a 0—4 severity scale (0 = normal, 4 = severe). For
this study, quantitative scores and video recordings of crucial aspects of the test protocol
were reviewed for all patients by two of the co-authors (J.R.D and H.M.C.) who made
independent judgments about the presence or absence of apraxia of speech, aphasia,
dysarthria, and non-verbal oral apraxia (NVOA), and the severity of each. Consistent with
past research, a cutoff of 29 was used to establish the presence of NVOA (Botha et al.,
2014).

Other ratings included the following: The Communicative Effectiveness Survey (CES),
which yields a measure of communicative effectiveness in various social situations (Hustad,
1999), where a lower score (out of 32 possible points) is consistent with diminished
communicative effectiveness; the motor speech severity rating (MSD severity) is a 10-point
functional speech severity rating adapted from Yorkston, Strand, Miller, and Hillel (1993),
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where 1 = nonvocal and 10 = normal speech; the Articulation Error Score (AES) was
derived from the percentage of 56 words (i.e., three repetitions of 13 words plus one
repetition of three sentences) in which any of the following characteristics were noted:
distorted or undistorted sound substitutions, additions, or repetitions; sound omissions;
sound prolongations (beyond those consistent with overall speech rate); false starts; and
successful or unsuccessful attempts to correct sound errors (Duffy et al., 2015).

Several measures of language ability were obtained to quantify the presence, nature, and
severity of aphasia. The Western Aphasia Battery aphasia quotient (WAB-AQ); Kertesz,
2007) served as a composite measure of global language ability; it includes measures of
repetition, naming, spontaneous speech fluency, word finding, grammatical competence,
verbal and reading comprehension, and writing. A WAB-AQ score of 93.8 or above was
considered normal, consistent with standard test guidelines. The 15-item Boston Naming
Test (BNT; Lansing et al.,1999) served as a sensitive measure of confrontation-naming
ability; a score of 13 and above was considered normal. The Token Test, Part VV (De Renzi
and Vignolo, 1962), served as a measure of complex spoken language (syntactic)
comprehension (a score greater than 18 is considered normal). The Northwestern Anagram
Test (10-item version; Weintraub et al., 2009) served as a sensitive measure of grammatic
expression that was independent of speech production (a score 9 or higher is considered
normal). The speech-language pathologists also determined the presence versus absence of
agrammatism in written or spoken language.

2.3 Neurological/neuropsychological assessment

All 14 PPAOS patients also had a neurological and neuropsychological examination to
ensure that the patients did not meet criteria for another neurodegenerative disease.
Handedness and highest educational attainment were also documented. All patients
completed a test of general cognition [Montreal Cognitive Assessment Battery (MOCA,;
Nasreddine et al., 2005), with a score of 26 or above considered normal], memory [Camden
Memory Test (words); Warrington, 1996, with a score of 24 or above considered normal],
executive function [Frontal Assessment Battery (FAB; Dubois, Slachevsky, Litvan, and
Pillon, 2000), with a score 13 or higher considered normal], and visual-perceptual function
[Visual Object and Space Perception (VOSP; Warrington and James, 2002) fragmented
letters, with a score of 16 or higher considered normal].

2.4 Neuroimaging Acquisition and Analysis

Tau-PET and PiB-PET scans were acquired on the same day for each subject using a 690
XTPET/CT scanner (GE Healthcare, Milwaukee, Wisconsin) operating in 3-dimensional
mode. Tau-PET imaging was performed using the [18F]AV-1451 ligand. An intravenous
bolus injection of approximately 370 MBq (10mCi) of [18F]AV-1451 was administered,
followed by a 20-minute PET acquisition performed 80 minutes after injection. PiB-PET
images were acquired by a 20-minute PET acquisition after injection of [C11] PiB
(average=596MBq; range=292—-729MBQq) after an uptake period of 40min. For all
participants, a 3T magnetization prepared rapid gradient echo (MPRAGE) T1-weighted MRI
sequence was also acquired within one day of the PET scans.
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Each subject’s MRI scan was segmented and corrected for intensity inhomogeneity with the
unified segmentation algorithm (Ashburner and Friston, 2005) implemented in SPM12 using
tissue priors from the Mayo Clinic Adult Lifespan Template (MCALT) (Schwarz et al.,
2016; 2017), a publicly-available population-matched brain template (https://www.nitrc.org/
projects/mcalt/). The Advanced Normalization Tools (ANTS) symmetric normalization
(SyN) algorithm (Avants, Epstein, Grossman, and Gee, 2008) was used with the
MCALT_T1 template image to nonlinearly transform the MCALT_ADIR122 atlas to the
voxel space of each subject MRI. Each subject’s corresponding [18F]AV-1451 image was
co-registered to the MRI using 6 degrees-of-freedom rigid registration in SPM12 and
resampled to the MRI’s voxel space using B-spline interpolation. Partial volume correction
(PVC) of the tau-PET data was performed using a two-compartment model (Meltzer et al.,
1990). All voxels in the [18F]AV-1451 image were divided by the median uptake in the
cerebellar crus gray matter to create SUVr images. Median SUVr values were computed
over the white matter- and gray matter-segmented voxels within each transformed cortical
and subcortical atlas ROI, and these were used for ROI-based analysis. A voxel-based
analysis was also performed. Partial volume corrected SUVr images were normalized to the
MCALT template using concatenated previously-computed rigid (PET to MRI) and
nonlinear (MRI to template) normalization parameters, resampled using B-spline
interpolation, and blurred with a 6mm Gaussian kernel. Voxel-level statistical comparisons
were performed over all white matter- and gray matter-segmented voxels using SPM12.

Amyloid positivity was determined for each subject using previously-published methods and
thresholds (Jack et al., 2008; Kantarci et al., 2011). Briefly, PiB-PET images were co-
registered to the MPRAGE for each patient using 6 degrees-of-freedom rigid registration.
An in-house atlas was transformed into the native space of each patient and used to calculate
median PiB uptake for 6 ROIs: temporal, parietal, posterior cingulate/precuneus, anterior
cingulate, prefrontal, and orbitofrontal cortex (left and right were combined for all ROIs).
The median PiB uptake across these combined six regions was divided by the median PiB
uptake in the cerebellar crus grey matter to create SUVR values. Patients were classified as
amyloid-positive using a global cortical-to-cerebellar ratio cut-point of 1.5 (Jack et al., 2008;
Kantarci et al., 2011).

2.5 Statistical analysis

All analyses were performed using partial volume corrected tau-PET SUVr images (Meltzer
et al., 1990). The cohort of PPAOS#/ patients (n=14) was compared to the age- and sex-
matched controls. The sub-group of patients with PPAOS who had concomitant aphasia
(PPAOSg; n=7) and those without aphasia (n=7) were also separately compared to their
respective matched sub-group of controls. Voxel-level comparisons were performed using
SPM12, with results assessed at p < .05 after correction for multiple comparisons using the
false discovery rate correction, and an extent-threshold of 50 voxels. Significant findings
were visualized using MRIcroGL (http://www.mccauslandcenter.sc.edu/mricrogl/home).
Age and sex were not included in the models, as comparisons were made between age and
sex matched groups.
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Group differences were also assessed using an ROI-based analysis summarized by the area
under the receiver operating characteristic curve (AUROC) statistic. AUROC values can be
interpreted as a nonparametric measure of effect size, or group-wise differences that are
independent of the underlying scale of measurement. In general, the higher the AUROC
estimates, the better the discrimination between groups. An AUROC of 0.5 corresponds to
chance discriminability, whereas an AUROC of 1.0 is consistent with perfect accuracy. We
considered ROI values as statistically significant when their 95% confidence interval
excluded 0.5. We also replicated these analyses using images without partial volume
correction and the major findings were generally consistent. For brevity, these are presented
only in Supplementary Material (Figures 1-3).

Tests of differences in behavioral measures and SUVr values were evaluated, with
significance assessed at p = 0.05, with appropriate penalties for multiple comparisons.
Wilcoxon signed-rank tests were used to compare continuous data. Chi-Squared tests were
used to compare categorical data. When evaluating SUVTrs, if significant differences were
observed across the three groups, pair-wise testing was performed using two-sided Wilcoxon
rank sum test. Therefore only variables that differed across our three groups of interest were
analyzed in more detail. This strategy reduces the number of statistical analyses performed
and hence reduces the chance of type 1 error (false positives). Analyses were performed with
R (version 3.3.1; R Foundation for Statistical Computing, Vienna, Austria) and JMP statistic
software (version10. SAS Institute, Cary, NC.).

3.0 Results

3.1 Clinical designation

The PPAOS? cohort had a median age at evaluation of 69.5 years old, was 43% female, and
had median disease duration of 5 years. The median disease duration was 5 years for both
the PPAQOS patients without aphasia and the PPAOSa patients. None of the aforementioned
demographic analyses yielded statistically significant differences between groups. Median
scores on the language, neuropsychological, and speech tests for all patients are included in
Tables 1 and 2. Overall, performance on all speech and language batteries, and on the
MOCA, was significantly poorer for each of the PPAOSa patients when compared to PPAOS
patients without aphasia (p < .05). Only two PPAOSa patients performed in the unimpaired
range on the MOCA, while all PPAOS patients performed normally. It is likely that language
confounded performance, as verbal abilities are required for most, if not all, subtests of the
MOCA. Measures such as the VOSP, Camden, and FAB, intended to test skills outside of the
domains of speech and language, did not reveal differences between PPAOS sub-groups, nor
between PPAOS# patients and standard test norms.

3.2 All PPAOS patients (PPAOS?) compared with controls

At the voxel-level, the PPAOS? cohort showed increased tau-PET uptake bilaterally
throughout the premotor and precentral cortices, involving inferior, middle and superior
frontal gyri and the supplementary motor areas, compared to controls (Figure 1). Increased
uptake was also observed in the corpus callosum, middle cingulate gyrus, precuneus and
insula. SPM values, t-values, and coordinates of peaks are provided in Supplementary Table
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1. At the ROI-level, the PPAOS#/ cohort showed increased tau-PET uptake bilaterally in the
supplementary motor areas, precentral gyri, inferior frontal operculum, middle and superior
frontal gyri, and inferior frontal triangularis compared to controls. Individual SUVr values
for selected ROIs, for all patients, are shown in Supplementary Table 2. AUROC:S for this
comparison are shown in Figure 2; confidence intervals are reported in Supplementary Table
3. The major findings were generally consistent when this analysis was replicated using
images without partial volume correction (Supplementary Figure 1).

3.3 PPAOS patients with aphasia (PPAOSa) and without aphasia compared to controls

In the voxel-level analysis, the PPAOSa patients showed increased tau-PET uptake
bilaterally throughout the premotor and precentral cortices, involving inferior, middle and
superior frontal gyri (including Broca’s area) and the supplementary motor areas, compared
to controls (Figure 3). Increased uptake was also observed in the corpus callosum, middle
cingulate gyrus, insula, precuneus, left putamen and left middle temporal gyrus. In contrast,
the PPAQOS patients without aphasia did not show any significant differences, compared to
controls, at the chosen statistical significance threshold of FDR p<0.05. Assessed instead
with a threshold of uncorrected p<0.001, the PPAOS patients without aphasia showed subtle
increased uptake limited to the lateral superior premotor cortex and supplementary motor
areas, compared to controls (Figure 4).

At the ROI-level, the PPAOSa patients showed increased tau-PET uptake across the same
ROIs as the PPAOS# cohort. The AUROCs were, however, higher than those observed for
the entire PPAOS? cohort, showing better differentiation from controls (Figure 5). In
contrast, the PPAQS patients without aphasia showed increased tau-PET uptake prominently
in the supplementary motor areas, and left precentral gyrus (Figure 6). These findings were
generally consistent when this analysis was replicated using images without partial volume
correction (Supplementary Figures 2 and 3); AUROC confidence intervals are reported in
Supplementary Tables 4 and 5.

3.4 Beta-amyloid burden

Of the fourteen patients, three were classified as amyloid-positive. Two of these three
patients had the pure motor speech deficit (PPAOS); the third patient also had aphasia (i.e.
PPAQSa4). Figure 7 shows the tau-PET scans of these three patients. Of note, patient 2
showed marked tau uptake in the supplementary motor area and precentral cortex, while
patients 9 and 14 showed subtle patterns of uptake.

4.0 Discussion

We demonstrated that an elevated [18F]AV-1451 signal was present in PPAOS patients when
compared with age-matched controls, with uptake observed predominantly in premotor and
precentral cortices. This pattern is consistent with regions of hypometabolism seen on 18-F
fluorodeoxyglucose (FDG) PET (Josephs et al., 2006b; 2012), grey matter atrophy seen on
MRI (Josephs et al., 2013), as well as white matter tract degeneration on diffusion tensor
imaging (Whitwell et al., 2013a) in this population. Overall, the literature now supports
consistent patterns of tau deposition, hypometabolism, and atrophy in the frontal gyri,
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precentral cortex, and supplementary motor areas in patients with PPAOS. Tau tracer uptake
in left supplementary motor area and left precentral cortex provided the best discrimination
from controls, with high sensitivity and specificity (associated with high AUROCS).

This cross-sectional study suggests that [18F]AV-1451 may be sensitive to changes later in
the disease, supported by differences in regional tau uptake that were observed with our sub-
analysis in a cohort of patients who had PPAQS and developed aphasia. The analysis of
PPAQSa patients revealed results nearly identical to the entire cohort; however, when
examining PPAQS patients without aphasia, tau uptake was seen more focally in the
supplementary motor areas and not in the areas associated with the language network (such
as Broca’s area). This suggests that tau in the inferior frontal operculum and triangularis
may be associated with the presence of aphasia. The AUROCS appeared highest for regions
in the language network when looking at the PPAOSa group compared to either the entire
cohort or the subgroup of PPAQOS patients without aphasia. The AUROC was highest in the
supplementary motor area, as all patients, regardless of the presence of aphasia, have a
dominant apraxia of speech that is likely associated with tau uptake in this region. The
precentral gyrus also showed high tau uptake in PPAOS. In the stroke literature, the
involvement of the precentral gyrus in apraxia of speech is controversial; however, consistent
with our findings, recent data suggest that focal lesions in the precentral gyrus result in
apraxia of speech, while more diffuse damage results in a combination of apraxia of speech
and aphasia (Itabashi et al., 2016). Similarly, we have shown that aphasia in the context of
PPAQSa is associated with atrophy and hypometabolism in a network of left hemisphere
language regions, including Broca’s area (Whitwell et al., 2013b). Importantly, while
aphasia developed after the initial presentation of apraxia of speech in PPAOS in the subset
of PPAQOSa patients, there does not appear to be a predictable relationship with disease
duration.

Remarkably, the results demonstrate generally equivalent involvement in both hemispheres
for both PPAQOS patients with and without aphasia. While consistent with patterns of atrophy
and hypometabolism previously demonstrated in PPAOS (Josephs et al., 2006b; 2012;
2013), there is reported left lateralization, or strong left predominance, of atrophy and
hypometabolism seen on MRI and FDG-PET in cases of PPAOS who also have aphasia (i.e.
PPAQSa) and cases of the agrammatic variant of primary progressive aphasia (Gorno-
Tempini et al., 2004; Josephs et al., 2010; Josephs et al., 2006; Nestor et al., 2003;
Rabinovici et al., 2008; Whitwell et al., 2013b). One possible explanation for this surprising
finding is that, perhaps, tau is more widespread than either atrophy or hypometabolism in
cases of PPAOS who also have aphasia. Ultimately, autopsy studies will confirm this
hypothesis.

Interestingly, the patterns of increased tau-PET uptake in this cohort of PPAOS patients is
not widely different from that reported in the literature for patients with a clinical diagnosis
of progressive supranuclear palsy (PSP). In a recent study comparing a cohort of PSP
patients to controls, Whitwell et al. (2017) showed elevated AV-1451 tau-PET uptake in the
supplementary motor area, precentral cortex, and inferior frontal opercularis, in addition to
the midbrain, pallidum, thalamus, and dentate nucleus of the cerebellum. Other studies have
shown similar patterns of AV-1451 tau-PET uptake in PSP (Cho et al., 2017b; Ishiki 2017;
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Passamonti et al., 2017; Smith et al., 2017b). Therefore, PPAOS appears to show
overlapping patterns of tau tracer uptake in the cortex, but generally lacks the subcortical
and brainstem features observed in PSP. Patterns of grey matter atrophy also overlap in the
supplementary motor area in PSP and PPAOS (Whitwell et al., 2013a). In fact, a
pathological study has shown that the distribution of tau pathology shifts from subcortical
and brainstem regions to the neocortex in pathologically confirmed PSP cases that had an
apraxia of speech presentation (Josephs et al., 2005), possibly explaining our findings.
However, we did observe increased tau-PET uptake in the dentate nucleus of the cerebellum
in a few of our PPAQS patients, consistent with the aforementioned regional deposition seen
in PSP and perhaps suggesting that these patients may later develop the clinical features of
PSP.

Of the 14 PPAQS patients in this study, only three had elevated beta-amyloid on PET
suggesting that Alzheimer’s disease could be present in the brain (patients 2, 9 and 14).
Therefore, it is unlikely that the PPAOS phenotype is due to Alzheimer’s disease. This is
consistent with past reports of PiB-PET in PPAOS (Josephs et al., 2014b). PiB positive
status in PPAOS is related to the presence of the APOE4 allele, which was present in 15% of
PPAOS patients (Josephs et al., 2014b). Furthermore, of the three patients with elevated
beta-amyloid on PET, only one (patient 2) had cortical tau uptake to the degree typically
observed in Alzheimer’s disease (Cho et al., 2016; Johnson et al., 2016; Passamonti et al.,
2017; Whitwell et al., 2017). The remaining two showed low levels of tau uptake that would
be unusual for Alzheimer’s disease. This is not to say that Alzheimer’s disease is definitively
the cause of PPAQOS in patient 2, as it is possible that Alzheimer’s disease is an
accompanying pathology and that there is another primary tauopathy in the brain, as has
been previously observed (Caso et al., 2013). While patient 2 is more likely than patients 9
and 14 to have clinically-symptomatic Alzheimer’s disease, the latter two may have diffuse
amyloid plaques driving the elevated beta-amyloid PET signal (Lockhart et al., 2007).

There are limitations to the current study. Most importantly, a direct comparison of PPAOS
patients with and without aphasia was not pursued, given the underpowered sample and lack
of age and sex matched samples. Visual examination of the data suggests that with sufficient
power, a cross-sectional study would support differences between these groups, primarily
related to tau deposition in the language network in those with evidence of aphasia.
Additionally, while statistically significant, the results for the PPAOS patients without
aphasia are borderline; the aforementioned follow up studies with larger samples be
necessary to confirm or reject the clinical significance of those findings. Importantly, caution
is warranted in the pathological interpretation of the tau-PET findings, given that
autoradiography studies have found little binding of [18F]AV-1451 to 4R tau in autopsy
brains (Lowe et al., 2016; Sander et al., 2016; Marquie et al., 2015). Autopsy confirmation
will ultimately be needed to determine the underlying pathology in these patients. However,
a recent case report of autopsy-confirmed corticobasal degeneration associated with PPAOSa
confirmed 4R tau deposition in the supplementary motor area and left Broca’s area, and
[18F]AV-1451 SUVr estimates were well correlated with tau burden noted at autopsy
(Josephs et al., 2016).
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5.0 Conclusion

In this study, we found evidence that [18F]AV-1451 uptake is increased in specific regions in
PPAQS when compared with age-matched healthy controls. The pattern is somewhat
reminiscent of that observed in patients with PSP, a 4R tauopathy, suggesting that the
underlying pathology in these cases could also be a 4R tauopathy. Future research will need
to explore the relationship of [18F]AV-1451 binding and tau deposition in PPAOS by
following PPAOS patients longitudinally to autopsy. Perhaps PPAOS is a distinctive, atypical
clinical presentation of PSP; whether this is true for those patients who develop aphasia as
well as those who do not is an empirical question. With longitudinal follow-up, we will be
able to follow the progression and evolution of tau in PPAOS and examine associations
between the detection and spread of tau and development of other clinical signs and
symptoms (i.e., aphasia). This will help support the findings of this cross-sectional study, as
well more clearly delineate the relationship between the [18F]AV-1451 signal and tau
deposition.
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Figure 1.
Regions where partial volume-corrected AV-1451 Tau PET SUVr was significantly (FDR-

corrected p<0.05; extent-threshold = 50 voxels) larger in PPAOS?! than in matched controls
are displayed in red on a semitransparent 3D brain render.
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Tau-PET SUVrs (x-axis) and the associated top 20 AUROCS (y-axis), ranked from highest
to lowest AUROC (value listed in the right side of each panel), for controls against PPAOS?!!
patients. Note: A * denotes AUROC value whose 95% confidence interval excludes 0.5.
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Figure 3.
Regions where partial volume-corrected AV-1451 Tau PET SUVTr was significantly (FDR-

corrected p<0.05; extent-threshold = 50 voxels) larger in PPAOSa than in matched controls
are displayed in red on a semitransparent 3D brain render.
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Figure 4.
Regions where PVC AV-1451 Tau PET SUVTr was significantly (uncorrected p<0.001;

extent-threshold = 50 voxels) larger in PPAQS patients without aphasia than in matched
controls, displayed on a semitransparent 3D brain render.
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Page 20

Tau-PET SUVrs (x-axis) and the associated top 20 AUROCS (y-axis), ranked from highest
to lowest AUROC (value listed in the right side of each panel), for controls against PPAOSa
patients. Note: A * by AUROC value denotes those whose 95% confidence interval excludes
0.5. A * by region name indicates significant differences (p < .05, adjusted for multiple
comparisons) on Wilcoxon rank sum test; p-value is provided. Analysis was repeated after

excluding the outlier noted in the Precentral_L ROI effect; the results are unchanged.
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Tau-PET SUVrs (x-axis) and the associated top 20 AUROCS (y-axis), ranked from highest
to lowest AUROC (value listed in the right side of each panel), for controls against PPAOS
patients without aphasia. Note: A * by AUROC value denotes those whose 95% confidence
interval excludes 0.5. A * by region name indicates significant group differences (p < .05,

adjusted for multiple comparisons) on Wilcoxon rank sum test; p-value is provided.
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Patient 2 (PPAOSa)

Patient 9 (PPAOS)

Patient 14 (PPAOS)

Figure 7.
Individual tau-PET images, overlaid on structural MRI, for one healthy, cognitively normal

control and the three PiB positive patients. The healthy, cognitively normal control shows
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tau tracer uptake in the pallidum, putamen, and the choroid plexus. Patient 2 shows marked
tau tracer uptake noted left greater than right, spanning bilateral supplementary motor areas,
precentral gyri, and inferior frontal operculum. Patient 9 shows subtle tau tracer uptake
located in right greater than left supplementary motor areas. Patient 14 shows subtle tau
tracer uptake in left greater than right supplementary motor areas and uptake in the dentate
nucleus of the cerebellum.
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