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ARTICLE INFO ABSTRACT

Keywords: Progressive apraxia of speech (AOS) is a motor speech disorder affecting the ability to produce phonetically or

DTI prosodically normal speech. Progressive AOS can present in isolation or co-occur with agrammatic aphasia and is

Tractography associated with degeneration of the supplementary motor area. We aimed to assess breakdowns in structural

Apraxia of speech Wity 6 h 1 . . ith binati £ ive AOS and

Agrammatism connectivity from the supplementary motor area in patients with any combination of progressive and/or
> . . agrammatic aphasia to determine which supplementary motor area tracts are specifically related to these clinical

Primary progressive aphasia . X X . ) ) . N

Frontal aslant tract symptoms. Eighty-four patients with progressive AOS or progressive agrammatic aphasia were recruited by the

Supplementary motor area Neurodegenerative Research Group and underwent neurological, speech/language, and neuropsychological

testing, as well as 3 T diffusion magnetic resonance imaging. Of the 84 patients, 36 had apraxia of speech in
isolation (primary progressive apraxia of speech, PPAOS), 40 had apraxia of speech and agrammatic aphasia
(AOS-PAA), and eight had agrammatic aphasia in isolation (progressive agrammatic aphasia, PAA). Tractog-
raphy was performed to identify 5 distinct tracts connecting to the supplementary motor area. Fractional
anisotropy and mean diffusivity were assessed at 10 positions along the length of the tracts to construct tract
profiles, and median profiles were calculated for each tract. In a case-control comparison, decreased fractional
anisotropy and increased mean diffusivity were observed along the supplementary motor area commissural fibers
in all three groups compared to controls. PPAOS also had abnormal diffusion in tracts from the supplementary
motor area to the putamen, prefrontal cortex, Broca’s area (frontal aslant tract) and motor cortex, with greatest
abnormalities observed closest to the supplementary motor area. The AOS-PAA group showed abnormalities in
the same set of tracts, but with greater involvement of the supplementary motor area to prefrontal tract
compared to PPAOS. PAA showed abnormalities in the left prefrontal and frontal aslant tracts compared to both
other groups, with PAA showing greatest abnormalities furthest from the supplementary motor area. Severity of
AOS correlated with tract metrics in the supplementary motor area commissural and motor cortex tracts. Severity
of aphasia correlated with the frontal aslant and prefrontal tracts. These findings provide insight into how AOS
and agrammatism are differentially related to disrupted diffusivity, with progressive AOS associated with ab-
normalities close to the supplementary motor area, and the frontal aslant and prefrontal tracts being particularly
associated with agrammatic aphasia.
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1. Introduction

Apraxia of speech and agrammatic aphasia are two distinct symp-
toms but can co-occur and be progressive in nature in the context of a
neurogenerative disease; both relate to degeneration of the frontal lobe.
Apraxia of speech (AOS) affects the capacity to plan motor commands
which are necessary to produce prosodically and phonetically normal
speech (Duffy, 2006; Duffy, 2013). In contrast, agrammatic aphasia af-
fects grammatical language production, resulting in grammatical
simplification, the omission of function words, and difficulty with syntax
and verbs (Tetzloff et al., 2018b; Thompson et al., 1997). Patients with
neurodegenerative AOS can either present with isolated AOS, diagnosed
as primary progressive apraxia of speech (PPAOS) (Josephs et al., 2012),
or can have concurrent progressive agrammatic aphasia (AOS-PAA)
(Josephs et al., 2013). Less commonly observed are patients who present
with progressive agrammatic aphasia in the absence of AOS, where the
term progressive agrammatic aphasia (PAA) has been utilized (Tetzloff
et al., 2019). Patients with agrammatic aphasia, either with or without
AOS, would also meet criteria for the non-fluent variant of primary
progressive aphasia (nfvPPA) (Gorno-Tempini et al., 2011). Patients
with PPAOS do not have aphasia and hence do not meet the core clinical
criteria of early and predominant deficits in language required for a
diagnosis of primary progressive aphasia (Mesulam, 1982, 2001). In
PPAOS patients, previous neuroimaging studies have found bilateral
supplementary motor area (SMA) and dorsolateral premotor cortex at-
rophy on structural imaging (Josephs et al., 2012; Utianski et al., 2018a)
and hypometabolism on fluorodeoxyglucose positron emission tomog-
raphy (FDG-PET) (Botha et al., 2015; Josephs et al., 2010; Josephs et al.,
2013; Josephs et al., 2012). These regions are also involved in AOS-PAA,
with additional involvement of the left inferior frontal gyrus (IFG) (i.e.,
Broca’s area) (Josephs et al., 2013; Tetzloff et al., 2019). Although the
SMA can become involved in PAA it is not the focus of degeneration,
with PAA patients showing atrophy and hypometabolism of the pre-
frontal cortex and anterior temporal lobes (Tetzloff et al., 2019).
Abnormal diffusivity has been observed in the body of the corpus cal-
losum and premotor aspects of the superior longitudinal fasciculus in
both PPAOS and AOS-PAA in diffusion tensor imaging (DTI) studies
(Josephs et al., 2013; Josephs et al., 2012; Whitwell et al., 2013a), with
involvement of more anterior frontal white matter tracts in PAA
(Tetzloff et al., 2019). However, these studies were voxel-level whole
brain analyses and hence did not target specific tracts.

Due to the association between specific symptoms and atrophy in
remote but connected areas, some investigators have focused on the
vulnerability of specific networks which may be associated with certain
deficits (Catani et al., 2012a). Exploring this hypothesis, functional
connectivity analysis has shown that AOS severity in PPAOS patients is
correlated with connectivity between right SMA and the rest of the
language network (Botha et al., 2018). Tractography, which delves into
the structural properties of white matter to examine the integrity along
tracts, has in recent years extensively explored correlations between
specific subtypes of primary progressive aphasia and tract-specific
degeneration. Degeneration of the frontal aslant tract (FAT), which
connects the SMA and IFG, has been associated with a decline in verbal
fluency, especially in nfvPPA (Catani et al., 2013). Other studies have
confirmed that damage in the FAT and tracts connecting the SMA, left
premotor cortex and striatum can be identified in nfvPPA (Mandelli
et al., 2014). However, no previous studies have investigated tractog-
raphy in PPAOS or assessed the unique contributions of AOS and
agrammatic aphasia to connectivity from the SMA, including the FAT.
Investigating cohorts of patients in whom AOS occurs in isolation, i.e.,
PPAOS, and patients with agrammatic aphasia without AOS, i.e., PAA,
provides a unique opportunity to assess the relative contributions of
these neurological symptoms.

Our aim was to utilize tractography to assess breakdowns in struc-
tural connectivity from the SMA in PPAOS in comparison to both AOS-
PAA and PAA patients. This area was selected because of two main
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reasons: (1) atrophy of the SMA has been associated with AOS and is the
primary imaging finding in PPAOS (Josephs et al., 2013; Josephs et al.,
2012; Whitwell et al., 2013b) and (2) the SMA is involved in functions
associated with movement, spatial and temporal processing (Kotz and
Schwartze, 2011; Mita et al., 2009), and speech processing (Hertrich
et al., 2016), which enforces the biological plausibility of (1). According
to autoradiography techniques in primates (Luppino et al., 1993; Riz-
zolatti et al., 1996) and tractography and postmortem dissection in
humans (Bozkurt et al., 2017; Bozkurt et al., 2016; Catani et al., 2012b;
Leh et al., 2007; Vergani et al., 2014), the SMA is connected to the
contralateral SMA (via callosal fibers), to the precentral gyrus, to the
pars opercularis of the IFG (via FAT), to the middle frontal gyrus (Catani
et al.,, 2012b) and to the striatum, particularly the putamen (Bozkurt
et al., 2017; Catani et al., 2012b; Leh et al., 2007). We focused on
assessing these five tracts in a PPAOS cohort and compared tract
degeneration in PPAOS with tract degeneration in AOS-PAA and PAA
cohorts, to determine which tracts are specifically related to progressive
AOS and agrammatic aphasia. We also assessed direct correlations be-
tween tract integrity and severity of these clinical symptoms. We hy-
pothesized that progressive AOS and agrammatic aphasia would be
associated with different SMA tracts, with agrammatic aphasia being
particularly associated with the FAT.

2. Materials and methods
2.1. Participants

Patients that presented with any combination of progressive AOS or
PAA were recruited by the Neurodegenerative Research Group (NRG) at
Mayo Clinic, Minnesota, USA, into two NIH-funded grants between July
1st, 2010 and July 31st, 2019. All patients underwent detailed neuro-
logical, speech and language, and neuropsychological evaluations, and
an MRI session that included diffusion (dMRI) and high resolution T1
weighted scans. Patients with concurrent illnesses that could account for
speech-language deficits, or meeting criteria for another neurodegen-
erative syndrome, including the semantic or logopenic variants of PPA
(Botha et al., 2015; Gorno-Tempini et al., 2011), possible or probable
progressive supranuclear palsy (Hoglinger et al., 2017) or corticobasal
syndrome (Armstrong et al., 2013) were excluded. The study cohort
comprised 90 patients with available dMRI scans, of which six were
excluded from the study due to poor quality dMRI acquisitions. Of the
remaining 84 patients, 36 were diagnosed with PPAOS, 40 with AOS-
PAA, and eight with PAA. Fifteen cognitively normal healthy control
participants were also recruited by NRG during this time and underwent
identical MRI acquisitions; two of these were subsequently excluded due
to poor quality dMRI. This study was approved by the Mayo Clinic IRB,
and all participants gave consent to participate in the research study.

2.2. Speech and language evaluations

The detailed speech and language battery has been previously
described (Josephs et al., 2012). For this study, the primary measure of
AOS severity was the Apraxia of Speech Rating Scale (ASRS) version 2.0
which measures the presence and prominence of a number of clinical
features associated with AOS (Strand et al., 2014). The primary mea-
sures of aphasia severity were the Western Aphasia Battery-Revised
Aphasia Quotient (WAB-AQ) (Kertesz, 2007) and the Token Test part
V (De Renzi and Vignolo, 1962). The WAB-AQ serves as a global mea-
sure of aphasia severity that encompasses lexical content, fluency,
repetition, naming, and language comprehension. The Token Test part V
measures auditory comprehension of different sentence structures. The
Northwestern Anagram Test (NAT) (Weintraub et al., 2009), a measure
of grammatical production integrity, was also performed in 50% of pa-
tients. The speech and language evaluations were video recorded and
diagnoses were rendered by consensus between two or three speech-
language pathologists after reviewing the recorded examination (JRD,
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HMC, RLU and EAS). Judgments regarding the presence of AOS were
made based on all spoken language tasks of the WAB plus additional
speech tasks that included vowel prolongation, speech alternating mo-
tion 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. Agrammatism was
judged to be present if function word omissions or syntactic errors were
present during the WAB picture description task, in general conversa-
tion, or in the narrative writing subtest of the WAB, or if performance
was below expected on the Token Test or NAT. The designation of
agrammatism was made independent of the motor characteristics of
speech. A patient was diagnosed with PPAOS if AOS was present and
there was no unequivocal evidence of aphasia (Josephs et al., 2012). A
patient was diagnosed with PAA if agrammatism was present and any
evidence of AOS was no more than equivocal. A patient was diagnosed
with AOS-PAA if both AOS and agrammatism were present.

2.3. Neurological and neuropsychological evaluations

The neurological examination included the Montreal Cognitive
Assessment Battery (MoCA) (Nasreddine et al., 2005) to assess general
cognitive function, the brief questionnaire version of the Neuropsychi-
atric Inventory (NPI-Q) (Kaufer et al., 2000) to assess abnormal be-
haviors and neuropsychiatric features, and the Movement Disorders
Society Sponsored Revision of the Unified Parkinson’s Disease Rating
Scale part III (MDS-UPDRS III) (Goetz et al., 2008) to assess parkin-
sonism. The neuropsychological evaluations included the Auditory
Verbal Learning Test (AVLT) (Rey, 1964) to assess verbal memory, the
Trail Making Test B (Spreen and Strauss, 1998) and the Delis-Kaplan
Executive Function System (DKEFS) (Delis et al., 2001) card sort test
to assess executive function.

2.4. Image acquisition

All patients underwent a standardized MRI protocol on one of three
3 T GE scanners. The protocol included a T1 weighted (T1w) 3D
magnetization prepared rapid acquisition gradient echo (MPRAGE)
sequence (repetition/echo/inversion times = 2300/3/900 ms; flip angle
8°, 26-cm field of view; 256 x 256 in-plane sagittal matrix with a phase
field of view of 0.94, slice thickness = 1.2 mm, in-plane resolution = 1
mm) and a single-shot echo-planar imaging diffusion sequence (repeti-
tion/echo times = 8000/58 or 11300/68 ms; in-plane matrix 128/128;
field of view 35 cm; phase field of view 0.66; 41 diffusion encoding
directions evenly spread over a b = 1000 s/mm? shell and five non-
diffusion weighted images; 2.7 mm isotropic resolution). Parallel im-
aging with 2x phase encoding acceleration was used for the diffusion
MRI (dMRI) acquisition.

2.5. Diffusion image processing

After denoising (Veraart et al., 2016) the diffusion images, head
motion and eddy current distortion was corrected using FSL’s eddy
program (Andersson et al., 2017; Andersson et al., 2016; Andersson and
Sotiropoulos, 2016). We corrected for Gibbs ringing as described in
(Kellner et al., 2016) and then skull stripped the images (Reid et al.,
2018). The Rician noise bias was then removed using the noise image
from denoising and the procedure outlined in (Koay et al., 2009).
Diffusion tensors were estimated using nonlinear least squares fitting
and used to calculate Fractional Anisotropy (FA) and Mean Diffusivity
(MD) images in dipy (Garyfallidis et al., 2014).

Inspired by (Bhushan et al., 2015) we synthesized a T1w-like image
from the dMRI in order to improve the accuracy of the dMRI-to-T1w
registration. Briefly, the average of the diffusion weighted volumes
was mapped to match the T1w contrast using a monotonic function, and
the approximation was refined by matching the grey and white matter
contrasts using probabilistic segmentations constructed using SPM
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(T1w) (Ashburner and Friston, 2005; Schwarz et al., 2017) and the
diffusion tensor eigenvalues. ANTs (Avants et al., 2014) was used to
calculate a nonlinear warp between the synthetic and actual T1w images
and apply that warp to register the diffusion data to the subject’s T1w
image. Whole brain tractograms were then made in dipy using particle
filtering tractography (PFT)(Girard et al., 2014). The tracking was
probabilistic, using the continuous map stopping criterion (Girard et al.,
2014), constrained spherical deconvolution (Tournier et al., 2007) with
a step length of 0.125 mm, and a maximum turn angle per step 23.4°. A
seed was placed in each Tlw white matter voxel (=~ 20 seeds per
diffusion voxel), but PFT only retains tracks that make it from grey
matter to grey matter while staying within white matter in between. The
grey/white matter/cerebrospinal fluid probabilistic segmentations used
by PFT were estimated from the subject’s T1w using SPM12 (Ashburner
and Friston, 2005) with Mayo Clinic Adult Lifespan template settings
and priors (https://www.nitrc.org/projects/mcalt/).

2.6. Regions of interest definition

Regions of interest (ROIs) were determined by examining the
MPRAGE images with fslview (https://fsl.fmrib.ox.ac.uk) and employ-
ing a modified version of the automated anatomical labelling (AAL) atlas
(Tzourio-Mazoyer et al., 2002). All ROIs were defined as spheres with a
radius corresponding to the size of the gyrus using AAL regional defi-
nitions as guidelines. The following five ROIs were manually placed in
each case in both hemispheres: 1) SMA: we set a ROI with a 13.25 mm
sphere on a sagittal slice with its center in the most medial portion of
superior frontal gyrus. This ROI included part of the lateral part of su-
perior frontal gyrus in most cases, but it did not reach the preSMA re-
gion. 2) Broca’s area: a 6 mm radius sphere was delineated in the
opercular part of the IFG. In the right hemisphere, the ROI was defined
according to the same criteria. 3) Putamen: a 6 mm radius sphere was
defined in the middle region of the putamen in each hemisphere. 4)
Motor cortex: a single sphere of 10 mm radius was defined in the pre-
central gyrus, immediately superior to the intersection between the
inferior frontal sulcus and precentral sulcus. 5) Middle frontal gyrus: a
sphere of 12 mm radius was outlined in the most posterior part of middle
frontal gyrus according to a previous article?*,

2.7. Tractography dissection

Virtual dissections were performed in TrackVis (Ruopeng Wang, Van
J. Wedeen, TrackVis.org, Martinos Center for Biomedical Imaging,
Massachusetts General Hospital). In order to exclude fibers from
neighboring tracts we used a length threshold for each tract. To dissect
the FAT the first ROI was located in the SMA and the second in Broca’s
area or its anatomical equivalent in the right hemisphere, and tracts
longer than 100 mm were excluded. The U fibers from the SMA to the
motor cortex were defined with the first ROI located in the SMA and the
second in the motor cortex, with tracts longer than 95 mm excluded. The
SMA-putaminal fibers were dissected with the first ROI located in the
SMA and the second in the putamen, with a length threshold set between
90 and 125 mm, depending on the individual’s anatomy. The commis-
sural SMA fibers were dissected with the first ROI placed in the left SMA
and the second in the right SMA, with a length threshold set between 90
and 125 mm. The SMA to middle prefrontal gyrus fibers were dissected
with the first ROI located in SMA and the second in the middle frontal
gyrus and a length threshold between 70 and 90 mm. Fig. 1 shows ex-
amples of each of the dissected tracts.

To compare FA and MD between participants at corresponding lo-
cations we constructed tract profiles (measures of FA and MD sampled
along tracts) using fiber bundling functions in dipy (Garyfallidis et al.,
2012; Garyfallidis et al., 2018) and the method described by Yeatman
and colleagues (Yeatman et al., 2012). Tract profiles were introduced by
(Gong et al., 2005) and, as one-dimensional structures, bridge the gap
between performing statistical comparisons on three dimensional
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SMA commissural

Fig. 1. Example dissections of each SMA tract. Each tract is shown on a
three-dimensional rendering using Surf Ice software with two angled views.
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images (voxel-based analysis (Smith et al., 2006)) and regions collapsed
into points using atlas ROIs. Yeatman and colleagues (Yeatman et al.,
2012) demonstrated (in a pediatric population) that tract profiles both
outperform voxel-based analysis and retain useful position depended
information that would be lost if only the mean or median FA and MD
within a tract were used. After bundling a group of tracks into a tract, the
tracks were resampled to each have the same number of points, set to the
tract’s upper length limit divided by the spatial resolution (2.0 mm).
Each tract’s “spine” was then defined as the centroid of its tracks, and
weights w;; were calculated for each point j of each track i to be pro-
portional to the reciprocal of that point’s Mahalonobis distance from the
corresponding point on the bundle’s spine. These weights were used to
determine the average FA and MD along the tract:

{FA,MD},,,; = > wy{FA,MD},

Examination of the resulting bundle profiles suggested that the
spatial scale of the variation in FA and MD along the tracts was roughly
1 cm, suggesting that for statistical comparisons it would be appropriate
to bin the profile FA and MD into 10 sections per tract. The binned
values were calculated for each section k as.

{FA! MD}tranAk = Zaimff«j{FA7MD}rrach/ZafraffJ

jek jek

where @y is the arc length of the tract’s jth piece.

2.8. Statistical analysis

The baseline participant characteristics were described using me-
dians and inter-quartile ranges (IQRs) for continuous variables or counts
and percentages for categorical variables. The AOS-PAA, PAA, PPAOS,
and control (where applicable) groups were first compared using
“global” tests in the form of analysis of variance or Fisher exact tests.
Where the analysis of variance test was significant, Tukey’s honest sig-
nificant difference test was used to assess pairwise comparisons of the
groups.

To analyze FA and MD profiles, linear mixed-effects models were
fitted with the dMRI values as the response with a separate restricted
cubic spline fit for each diagnosis group along with age at scan, scanner,
and a random, subject-specific intercept to account for correlation
among repeated measurements along the same tract within an individ-
ual. The spline treated locations 0-9 as numeric and specified outer
knots at locations 1 and 8 and inner knots at 3.33 and 5.67. Using a
restricted cubic spline with four knots allowed for a flexible functional
form of the mean dMRI by tract location. This spline parameterization
uses three degrees of freedom for each group and smooths, i.e. denoises,
the fit and was preferred over the approach of treating each location as a
separate level in a 10-level categorical variable. The latter would have
required 9 degrees of freedom for each group, making for a model with
many more parameters that would be much more susceptible to over-
fitting. Our model included MRI scanner as a fixed effect to account for
any differences attributed to scanner.

Tract asymmetry was assessed as follows: left mean dMRI value —
right mean dMRI value. We tested pairwise group differences in mean
dMRI values and asymmetry scores across tracts using a joint Wald test
with the null hypothesis being that mean values coincide across loca-
tions. We report pointwise 95% confidence intervals within group using
parametric bootstrap simulations. Age at scan and scanner were
included as covariates and results were corrected for multiple compar-
isons using the false discovery rate correction.

Partial spearman correlations were used to assess the relationship
between median dMRI tract values and severity of AOS (measured using
the ASRS) and agrammatic aphasia (measured using the Token Test),
adjusted for age at scan and scanner.

All analyzes were performed in R version 3.6.3 using the Ime4 and
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arm packages.

3. Results

3.1. Demographic and cognitive data

Demographic and clinical data of all participants are summarized in
Table 1. There were no significant differences among the disease groups
for sex, education and apolipoprotein E (APOE) status. The PAA patients
had a shorter disease duration at the time of the scan compared to the
PPAOS patients.

The disease groups exhibited the expected speech and language
deficits. The PPAOS patients showed preserved language abilities on the
WAB, NAT and Token Test, with abnormal motor speech as shown on
the ASRS; the AOS-PAA patients showed deficits in both motor speech
and language testing; and the PAA patients showed normal scores on

Table 1

Demographic and clinical findings in the patient groups. Data shown as
median (inter-quartile range) or n (%). APOE = apolipoprotein E; ASRS =
Apraxia of Speech Rating Scale; AVLT = Auditory Verbal Learning Test; DKEFS
= Delis-Kaplan Executive Function System; MDS-UPDRS III = Movement Dis-
orders Society Sponsored Revision of the Unified Parkinson’s Disease Rating
Scale; MOANS = Mayo Older Americans Normative Studies; MoCA = Montreal
Cognitive Assessment Battery; SUVR = standard uptake value ratio. Group-wise
comparisons for continuous variables are from Analysis of Variance, followed by
Tukey Honest Significant Differences. For categorical variables are from Fisher’s
Exact Test.

AOS- PPAOS PAA Control p value
PAA (n = 36) (n=28) (n=13)
(n = 40)
Female, n (%) 19 (48%) 21 (58%) 5 (62%) 9 (69%) NS
Age at MRI, years 70 (64, 71 (62, 69 (63, 58 (56, 0.002*
74) 78) 75) 60)
Disease duration, 3.2 (2.5, 3.8 (2.8, 2.1 (2.0, NA 0.045%
years 4.2) 5.3) 2.6)
Education, years 15 (12, 16 (14, 14 (12, 14 (14, NS
16) 18) 16) 16)
APOE e4 carrier, n 8 (20%) 7 (20%) 1 (12%) NA NS
(%)
Global Ap SUVR 1.41 1.35 1.37 1.35 NS
(1.30, (1.31, (1.32, (1.32,
1.75) 1.44) 1.46) 1.41)
ASRS total 20 (12, 15 (12, 4(1,5) NA <0.001%
27) 20)
WAB aphasia 86 (82, 98 (96, 87 (82, NA <0.001§
quotient 93) 99) 90)
WAB fluency 6(5,9) 10 (9, 6(6,7) NA <0.0018
10)
Token test 17 (12, 20 (19, 16 (13, NA <0.001§
19) 21) 18)
Northwestern 8(6,9) 10 (9, 504,7) NA <0.001§
Anagram Test 10)
MoCA 24 (21, 28 (26, 24 (23, 25 (24, <0.001§
25) 29) 24) 27)
MDS-UPDRS III 14 (6, 12 (5, 63,9 NA 0.04#
21) 18)
AVLT Delayed 9(8,11) 11 (10, 6(4,8) NA <0.001§
Recall MOANS 13)
Trail Making Test 7 (5, 10) 8(7,11) 7 (6, 10) NA NS
A MOANS
Trail Making Test 7(4,9) 9(7,10) 8 (6, 10) NA NS
B MOANS
DKEFS Card Sort 8 (6, 10) 12 (10, 7(7,9) NA <0.0019
MOANS 14)

* Control is statistically different from AOS-PAA and PPAOS.
t PPAOS is statistically different from PAA.

1 PAA is statistically different from AOS-PAA and PPAOS.

§ PPAOS is statistically different from AOS-PAA and PAA.

|| All groups are statistically different from each other.

9§ PPAOS is statistically different from AOS-PAA.

# PAA is statistically different from AOS-PAA.
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tests of motor speech, with deficits in language testing. On neuropsy-
chological testing, AOS-PAA showed worse performance on the DKEFS
card sort test compared to PPAOS, and PAA showed worse performance
on AVLT delayed recall compared to both PPAOS and AOS-PAA.

3.2. Tractography findings

The profiles of FA and MD along the tracts are shown in Figs. 2 and 3.
Differences in median number of streamlines, median FA and median
MD along the tracts are summarized in Table 2.

3.2.1. PPAOS and AOS-PAA

The PPAOS and AOS-PAA groups both showed strikingly different
profiles of FA and MD in the SMA commissural tract compared to con-
trols, with higher MD and lower FA values compared to controls, and
with greatest abnormalities observed in the middle of the tract (Figs. 2
and 3). Both groups also showed significantly abnormal profiles of both
FA and MD along all other tracts from the SMA compared to controls,
with the only exception being FA in the right FAT and the right SMA-
motor tract. The profiles showed that the greatest abnormalities were
observed closest to the SMA in most tracts, particularly for the MD
profiles, except for the SMA-motor tracts where abnormalities were
observed along the tract, and the commissural fibers where the greatest
abnormalities were observed in the middle of the tract. The AOS-PAA
group showed a different profile of MD in the left and right SMA-
prefrontal tracts compared to PPAOS, with higher MD observed in
AOS-PAA across the tract.

Similar findings were observed when assessing median FA and MD
across the entire tracts (Table 2). The most significant differences
observed for PPAOS compared to controls were in the left SMA-motor
tract for FA (p < 0.01) and SMA commissural fibers for MD (p <
0.05). The most significant differences observed for AOS-PAA compared
to controls were in the left and right SMA-prefrontal tracts (p < 0.01)
and left SMA-motor tract (p < 0.01) for FA, and in the left SMA-motor
tract (p < 0.001), as well as left SMA-prefrontal, left FAT, left SMA-
putamen and commissural tracts (all p < 0.01) for MD.

3.2.2. Progressive agrammatic aphasia (PAA)

The PAA group showed significantly different profiles of MD and FA
compared to controls in the bilateral SMA-prefrontal tract and the left
FAT, with greatest abnormalities observed furthest from the SMA, i.e.,
closest to the prefrontal cortex for the SMA-prefrontal tract and closest
to the IFG for the FAT (Figs. 2 and 3). The PAA group also showed an
abnormal MD profile for the SMA commissural fibers compared to
controls. No abnormalities were observed for the SMA-putamen and
SMA-motor tracts.

PAA showed different FA and MD profiles from both PPAOS and
AOS-PAA in the right SMA-putamen tract, with PPAOS and AOS-PAA
showing greater abnormalities closest to the SMA and PAA showing
greater abnormalities furthest from the SMA. Differences in MD were
also observed for the SMA-prefrontal tracts, with PPAOS and AOS-PAA
showing greater abnormalities compared to PAA, particularly close to
the SMA. Differences in MD were observed in the left FAT, with PAA
showing greater abnormalities than both PPAOS and AOS-PAA, partic-
ularly in the part of the tract closest to the inferior frontal gyrus. AOS-
PAA showed more abnormal MD across the left SMA-motor tract
compared to PAA.

Differences in median FA and MD between PAA and controls were
observed for the left SMA-prefrontal tract (p < 0.01 for FA), left FAT (p
< 0.05) and right SMA-prefrontal tract for FA (p < 0.05) (Table 2). No
differences were observed across the three disease groups in any median
tract metric.

3.2.3. Tract asymmetry
There was no difference in the degree of asymmetry in FA across
groups for any tract. However, the degree of asymmetry in the SMA-
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Fig. 2. Comparison of FA profiles between PPAOS, AOS-PAA, PAA and controls across tracts. Estimates from linear mixed models with restricted cubic spline
fits are shown color coded for each diagnosis group for each SMA tract. P-values from a joint Wald test are shown for all significant group comparisons to the right of
each plot. In the plots the first location represents the end of the tract furthest from the SMA.
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Fig. 3. Comparison of MD profiles between PPAOS, AOS-PAA, PAA and controls across tracts. Estimates from linear mixed models with restricted cubic spline
fits are shown color coded for each diagnosis group for each SMA tract. P-values from a joint Wald test are shown for all significant group comparisons to the right of
each plot. In the plots the first location represents the end of the tract furthest from the SMA.
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Table 2

Neurolmage: Clinical 34 (2022) 102999

Group-wise comparisons of median values of FA, MD and number of streamlines, by tract and disease. Group-wise comparisons from Analysis of Variance,
followed by Tukey Honest Significant Differences. Data shown are median (range). Median FA, MD, and # of streamlines across subjects were weighted by the number
of streamlines. The MD values were multiplied by 10"6 to convert from mm"2/s to um"2/s, which makes the numbers > 1. Asymmetry scores were calculated as left
hemisphere minus right hemisphere. For FA, a negative asymmetry score denotes that the left hemisphere shows more degeneration than the right. For MD, a positive
asymmetry score denotes that the left hemisphere shows more degeneration than the right. Asterisks denote significantly different relative to healthy controls at *p <
0.05; **p < 0.01; ***p < 0.001. { P value compares across all four groups corrected for multiple comparisons using the false discovery rate. No significant differences

were identified when comparing the three disease groups (PPAOS, AOS-PAA and PAA).

Tract Hem AOS-PAA PPAOS PAA Control P valuet
FA
SMA-putamen Left 0.45 (0.41, 0.49) 0.44 (0.43, 0.46) 0.43 (0.42, 0.44) 0.47 (0.46, 0.48) NS
Right 0.42 (0.41, 0.47) 0.43 (0.42, 0.45) 0.43 (0.42, 0.43) 0.45 (0.44, 0.47) NS
LR 0.004 (-0.008, 0.022) 0.009 (-0.005, 0.028) 0.009 (-0.005, 0.024) 0.017 (0.001, 0.026) NS
FAT Left 0.40 (0.38, 0.43)* 0.41 (0.39, 0.42)* 0.40 (0.39, 0.41)* 0.45 (0.43, 0.46) 0.007
Right 0.40 (0.37, 0.44)* 0.41 (0.39, 0.43)* 0.41 (0.38, 0.42) 0.44 (0.43, 0.47) 0.02
L-R 0.010 (-0.017, 0.018) 0.007 (-0.018, 0.023) —0.015 (-0.030, —0.001) 0.006 (-0.013, 0.017) NS
SMA-prefrontal Left 0.37 (0.34, 0.40)** 0.37 (0.34, 0.39)* 0.35 (0.31, 0.37)** 0.40 (0.38, 0.43) 0.001
Right 0.38 (0.36, 0.41)** 0.38 (0.36, 0.41)* 0.36 (0.34, 0.40)* 0.42 (0.41, 0.47) 0.002
L-R —0.025 (-0.037, 0.002) —0.013 (-0.037, 0.004) —0.032 (-0.048, —0.012) —0.014 (-0.033, 0.003) NS
SMA-motor Left 0.40 (0.37, 0.41)** 0.39 (0.37, 0.41)** 0.41 (0.38, 0.41) 0.44 (0.41, 0.47) 0.003
Right 0.41 (0.37, 0.45) 0.40 (0.38, 0.42)* 0.42 (0.39, 0.44) 0.44 (0.41, 0.47) 0.02
L-R —0.018 (-0.033, 0.000) —0.012 (-0.029, 0.020) —0.021 (-0.027, 0.001) —0.003 (-0.013, 0.014) NS
Commissural SMA 0.46 (0.43, 0.51)* 0.46 (0.43, 0.49) 0.49 (0.47, 0.50) 0.52 (0.50, 0.54) 0.02
MD
SMA-putamen Left 805 (756, 837)** 787 (757, 815) 774 (756, 812) 738 (699, 748) 0.003
Right 781 (737, 823) 776 (725, 807) 746 (726, 775) 715 (691, 749) 0.046
LR 24.4 (4.0,51.4) 14.6 (-4.0, 33.5) 29.4 (16.9, 53.0) 7.3 (0.5, 18.4) NS
FAT Left 824 (784, 859)** 811 (776, 835) 832 (792, 851)* 743 (705, 750) <0.001
Right 801 (754, 826)* 799 (748, 824) 770 (752, 822) 732 (692, 753) 0.02
LR 29.1 (-3.8, 54.7) 15.9 (-4.5, 32.9) 42.8 (26.0, 59.7) 1.2(-7.7,9.1) NS
SMA-prefrontal Left 820 (778, 859)** 800 (760, 833) 821 (763, 857)* 739 (707, 751) 0.002
Right 802 (750, 829)* 788 (747, 823) 767 (754, 820) 725 (706, 744) 0.03
LR 23.7 (-7.0, 52.9) 10.9 (-17.8, 36.5) 29.8 (19.1, 48.8) —5.6 (-8.6, 14.3) NS
SMA-motor Left 807 (773, 842)*** 789 (764, 820)* 789 (764, 808) 734 (691, 743) <0.001
Right 775 (721, 822)* 776 (733, 810) 735 (722, 777) 718 (682, 747) 0.02
LR 34.5 (6.9, 74.3) 10.7 (-6.6, 43.7) 34.5 (30.1, 42.6) 3.0 (-3.3, 28.6) 0.04
Commissural SMA 877 (805, 910)** 853 (802, 895)* 805 (777, 850) 751 (712, 765) <0.001
Number of streamlines
SMA-putamen Left 760 (460, 1274) 701 (490, 825) 1488 (700, 1866) 714 (427, 1222) 0.04
Right 745 (442, 1138) 725 (503, 914) 1192 (874, 1323) 721 (543, 1135) NS
FAT Left 96 (58, 157) 71 (46, 121) 128 (85, 161) 37 (23, 60) NS
Right 108 (45, 186) 55 (23, 115) 96 (78, 119) 55 (32, 80) NS
SMA-prefrontal Left 208 (132, 307) 216 (133, 308) 240 (196, 282) 92 (24, 130) NS
Right 228 (146, 384) 192 (136, 289) 228 (172, 355) 76 (51, 188) NS
SMA-motor Left 204 (115, 272) 154 (103, 262) 364 (192, 488) 114 (74, 146) NS
Right 160 (98, 198) 117 (71, 176) 248 (111, 344) 143 (107, 204) NS
Commissural SMA 64 (28, 110)* 44 (26, 98) 298 (132, 317) 116 (64, 206) 0.03

motor tract for MD did differ across groups, with greater left-sided
asymmetry observed in AOS-PAA and PAA (Table 2). Similar trends
for greater asymmetry in AOS-PAA and PAA were observed for SMA-
putamen (p = 0.09), FAT (p = 0.12) and SMA-prefrontal (p = 0.14)
tracts.

3.2.4. Correlations with clinical severity

Greater severity of AOS as measured by the ASRS was significantly
associated with lower FA and greater MD in SMA commissural fibers
(Spearman correlation = -0.34/p = 0.003 and 0.29/p = 0.009, respec-
tively), as well as with greater MD in the SMA-motor tracts (Left: 0.26/p
= 0.02, Right: 0.23/p = 0.04). Worse performance on the Token Test (i.
e., lower score) was significantly associated with greater MD in the FAT
(Left: —0.33/p = 0.006, Right: —0.25/p = 0.04) and both lower FA (Left:
0.29/p = 0.02, Right: 0.25/p = 0.04) and greater MD (Left: —0.40/p <
0.001, Right: —0.25/p = 0.04) in the SMA-prefrontal tracts.

4. Discussion

This study utilized tractography to assess differential structural
connectivity of the SMA associated with progressive AOS and agram-
matic aphasia. Our study design and patient groups allowed us to
disentangle the effects of AOS and agrammatic aphasia by assessing
patients with isolated deficits and patients that have a combination of

both symptoms. We found that abnormalities in the SMA commissural
fibers, SMA-putamen and SMA-motor fibers were particularly associated
with AOS, while the left FAT and SMA-prefrontal fibers were particu-
larly associated with agrammatic aphasia. Furthermore, the analysis of
tract profiles showed that the tracts were most abnormal close to the
SMA in PPAOS and AOS-PAA, but furthest from the SMA in those with
PAA, suggesting different disease epicenters in these two syndromes.
The PPAOS group showed degeneration of all tracts from the SMA,
with the most striking abnormalities observed in the SMA commissural
fibers and the left SMA-motor tract. Previous structural studies have
shown SMA hypometabolism and atrophy in PPAOS (Botha et al., 2015;
Josephs et al., 2010; Josephs et al., 2012), with degeneration of the body
of the corpus callosum observed on DTI (Josephs et al., 2012; Whitwell
etal., 2013a). The striatum and motor cortex can be affected early in the
disease or become affected with disease progression (Josephs et al.,
2014; Tetzloff et al., 2018a; Utianski et al., 2018a). Abnormalities in
PPAOS were most striking in the portions of the tracts closest to the SMA
suggesting an early epicenter of degeneration in the SMA in PPAOS.
Wallerian degeneration along tracts may ultimately lead to degeneration
of the regions at the end of these tracts. Patients with PPAOS most
commonly have an underlying 4R tau pathology (Josephs et al., 2021),
and it is also possible that tract integrity is affected by progressive
spread of tau from the epicenter in the SMA. Indeed, tau uptake on PET
imaging is observed in the SMA in PPAOS (Utianski et al., 2018b).
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Functional connectivity studies have noted a disruption between right
SMA and speech and language areas in PPAOS (Botha et al., 2018).
Functional MRI studies in healthy individuals also show an activation of
SMA during speech tasks (Etard et al., 2000; Kawashima et al., 2000).
Our findings are also in line with current models of speech production
(Tourville and Guenther, 2011) in which SMA contains the initiation
area for speech, gating the articulatory commands. Nevertheless, this
area is not speech-specific (Basilakos et al., 2018) and may play a role in
many motor and non-motor tasks controlling sequencing (Sohn and Lee,
2007), gating (Bohland et al., 2010) and motor planning (Li et al., 2016).

Our study confirms previous work which linked disruption of the
FAT to language dysfunction (Catani et al., 2013). MD in the FAT
correlated with aphasia severity across our cohort, particularly in the
left hemisphere, and we observed abnormalities in this tract in patients
with PAA. In seminal works (Catani et al., 2013) which described the
role of FAT in nfvPPA the distinction between AOS and agrammatism
was not made. Those studies, and some novel intraoperative language
mapping reports (Dragoy et al., 2020), have related the FAT to reduced
verbal fluency but not found an association with agrammatism (Catani
et al., 2013). The fact that we did find a correlation between the FAT and
agrammatism may reflect differences in the cohorts or the clinical
measures. The FAT was abnormal in AOS-PAA which concurs with the
fact that this group has agrammatic aphasia. The PPAOS group also
showed involvement of the FAT, although to a lesser degree than PAA.
While PPAOS patients do not have agrammatism they do show reduced
speech fluency which could be related to degeneration of the FAT.
However, patients with PPAOS often go on to develop agrammatic
aphasia, and we have previously shown that these patients do show
subtle involvement of Broca’s area prior to the emergence of aphasia
(Whitwell et al., 2017). Hence, involvement of the FAT in PPAOS could
reflect the fact that agrammatic aphasia will develop over time in some
of the cohort, although longitudinal analysis will be needed to assess this
hypothesis. The fact that the PPAOS patients showed greatest abnor-
malities closest to the SMA fits with the explanation that spread of
degeneration from the SMA to Broca’s area results in the subsequent
development of aphasia. In addition to the FAT, the SMA-prefrontal tract
was abnormal in PAA and correlated with severity of aphasia. Damage to
both the FAT and SMA-prefrontal fibers was greatest furthest from the
SMA in the PAA patients, i.e., closest to Broca’s area and the prefrontal
ROI respectively. This is the opposite pattern to what was observed in
PPAOS and suggests a disease epicenter in the inferior and middle
frontal lobe in PAA with involvement of the SMA due to Wallerian
degeneration or spread of pathology from the disease epicenter. Indeed,
although the SMA can be atrophic in patients with PAA, the focus of
neurodegeneration is the prefrontal cortex and anterior temporal lobes
(Tetzloff et al., 2019).

The AOS-PAA group showed very similar patterns of tract abnor-
malities to PPAOS, although with greater involvement of the SMA-
prefrontal tract which fits with the presence of agrammatic aphasia.
There was a tendency for the FAT to show greater MD in AOS-PAA
compared to PPAOS, although the difference was not significant. Pa-
tients with AOS-PAA tend to show patterns of neurodegeneration like
those observed in PPAOS but with spread into the inferior frontal cortex,
but with patterns very different from PAA (Josephs et al., 2013; Tetzloff
et al,, 2019). Hence, one could postulate that the SMA is also the
epicenter of neurodegeneration in AOS-PAA but that greater involve-
ment of the SMA tracts to the prefrontal cortex and Broca’s area has
resulted in the development of agrammatism.

Asymmetry was assessed in the analysis of median FA and MD across
the tracts. We did not detect any differences in tract asymmetry across
groups for FA, although we found some weak evidence for greater
asymmetry in the AOS-PAA and PAA groups for MD, with greater MD
identified in the left hemisphere in these groups. This trend was
observed across all tracts but represented a significant difference for the
SMA-motor tract. The tendency for left-sided asymmetry in the groups
with aphasia concurs with the left-sided localization of language in these
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aphasic patients. We also observed stronger correlations between the
FAT and Token Test in the left hemisphere. Patients with PPAOS tend to
show bilateral degeneration of the SMA (Josephs et al., 2012). The lack
of statistical significance in the asymmetry values could reflect vari-
ability at the patient level and reduced power due to the small sample
size of the PAA group which tended to show the greatest degree of
asymmetry.

Differences across the disease groups in this study were more
apparent in the tract profile analysis than when assessing median met-
rics across the tracts, although the median FA and MD findings were
consistent with the profile results when the disease groups were
compared to controls. The streamline count analysis showed far fewer
significant differences between the disease groups and controls. The
improved sensitivity in the profile analysis may be because both FA and
MD vary spatially, and the profiles provide information on where
degeneration is happening, as opposed to the streamline count and
median metrics, which are sensitive to disruption at any point along the
tract. We also saw a tendency for more significant results using MD
rather than FA. Tracking may be imposing a selection effect on FA since,
despite the sophistication of PFT, it is difficult to propagate streamlines
through low FA regions. Unlike the analysis in (Jin et al., 2017), our
tract profiles are limited to detected streamlines, which is the conser-
vative choice but neglects accounting for missing streamlines. To reduce
the number of missed streamlines we used probabilistic tracking. The
field of tractography has not reached a definite consensus over whether
to use probabilistic or deterministic tracking (Petersen et al., 2017;
Sarwar et al., 2019; Schlaier et al., 2017), but it is generally agreed that
dense probabilistic tracking tends to find more connections at the risk of
also producing some spurious connections, meaning that which is
“better” depends on how the streamlines will be used. Many connectome
studies use counts of the streamlines apparently connecting regions over
the whole cortex without any a priori filtering, making false connections
a major concern. Our analysis, however, filtered the streamlines in two
ways (only selecting tracks passing through predefined regions, and
down-weighting ones farther from the tract centroid), and was not pri-
marily based on streamline counts, making probabilistic tracking the
clear choice. Additionally, unlike MD, FA is affected by the geometry
between crossing fibers, which can vary between individuals (and
motivated us to use tract-based registration) but is not clearly linked to
the disorders of interest to this study. We note that the uncertainty in the
number of streamlines for any given tract, roughly corresponding to its
volume, limits the analysis of their atrophy. We instead focus on their
cellular microstructure through FA and MD. FA and MD have their
limitations as microstructural probes, but more sophisticated measures
are not compatible with the single b shell acquisitions that were feasible
for this cohort during this period.

Strengths of our study include the large number of patients in the
PPAOS and AOS-PAA groups, the fact that we had a pure AOS and a pure
agrammatic group and the fact that all our patients were well charac-
terized and diagnosed by consensus by experienced speech-language
pathologists. Importantly, the strong phenotyping allowed us to make
homogeneous cohorts in which comparisons could be performed and
should be generalizable to other individuals with these diagnoses. The
number of patients in the PAA group is, however, small which reflects
how uncommon it is for patients to present with isolated agrammatism
in the absence of AOS (Croot et al., 2012; Harris et al., 2013; Ogar et al.,
2007; Tetzloff et al., 2019). The small sample size of the PAA group may
have limited statistical power, although we still identified significant
group differences despite these small samples in tracts that make bio-
logical sense for this syndrome. Additionally, because we examined
multiple groups across multiple regions with different AMRI measures
there is the potential for false positives. Still, our conclusions do not rest
on highly localized findings that are likely to be artifacts and so we do
not believe issues around multiple comparisons explain our findings.
Our approach of assessing tract profiles was highly novel and sensitive.
Our study design was focused only on SMA white matter tracts due to the
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role of the SMA in progressive AOS. However, there may be other tracts
that are important to the functional differences between these groups.
The lack of a “control” tract which is unaffected in these patient groups
and which could serve as a control for the method itself is also a limi-
tation. Additionally, focusing on where the tracts are neglects where
they are not, due to degeneration, although the effect of “missing” fibers
is reflected in the streamline counts. Finally, care is always needed when
speculating which biological processes are responsible for the changes in
material properties reported by dMRI. As noted above, FA can be
affected by the geometry of an individual’s tract layout, in addition to
processes relevant to degeneration such as demyelination and/or atro-
phy. MD is independent of the tract layout but can be even more sen-
sitive than FA to the demyelination vs. atrophy degeneracy in regions
where tissue loss would be filled in by CSF. The only tract in this study
which directly borders CSF is the commissural SMA, which in its middle
section runs along the superior surface of the ventricles. Although PFT
keeps the streamlines out of the ventricles, the voxels they pass through
are subject to partial volume contamination by CSF, in part due to the
relatively poor spatial resolution (2.7 mm) of the diffusion voxels. The
dip in FA and rise in MD in the center of the commissural SMA profiles
may reflect this CSF contamination, and a thicker corpus callosum in the
controls compared to the other groups. In general, the specific profiles of
FA and MD that we observed in each tract likely reflect the anatomy of
the tract and the tissue the tract passes through. For the FA profiles, the
tracts start in a grey matter ROI and hence directional diffusion is low.
FA then increases as we move to the middle of the tract and the diffusion
becomes directional. In contrast, for MD, the profiles are flatter because
diffusivity is more similar between grey matter and white matter,
compared to the stark difference observed in FA. Tract metrics will also
be affected by crossing fibers. The restricted cubic splines are not
imposing a particular shape to the curves. Hence, the tract profiles are
more likely to reflect underlying anatomy rather than due to limitations
of our modelling technique.

The findings from this study provide insight into the breakdowns in
structural connectivity that occur in patients with progressive AOS and
agrammatic aphasia and suggest that these two clinical symptoms are
associated with different patterns of structural breakdown in the brain.
While tractography using manually placed ROIs is time consuming,
automated methods could potentially provide patient-level tract data
that could aid in differential diagnosis of these syndromes, particularly
in differentiating PAA from PPAOS and AOS-PAA. Furthermore, un-
derstanding how the disease spreads through the brain, potentially via
disrupted white matter diffusivity, will be crucial for disease modelling
and for developing targeted disease biomarkers and therapies for these
patients.
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