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A B S T R A C T   

Purpose: Progressive apraxia of speech (PAOS) is a neurodegenerative disorder affecting the planning or pro-
gramming of speech. Little is known about its magnetic susceptibility profiles indicative of biological processes 
such as iron deposition and demyelination. This study aims to clarify (1) the pattern of susceptibility in PAOS 
patients, (2) the susceptibility differences between the phonetic (characterized by predominance of distorted 
sound substitutions and additions) and prosodic (characterized by predominance of slow speech rate and seg-
mentation) subtypes of PAOS, and (3) the relationships between susceptibility and symptom severity. 
Methods: Twenty patients with PAOS (nine phonetic and eleven prosodic subtypes) were prospectively recruited 
and underwent a 3 Tesla MRI scan. They also underwent detailed speech, language, and neurological evalua-
tions. Quantitative susceptibility maps (QSM) were reconstructed from multi-echo gradient echo MRI images. 
Region of interest analysis was conducted to estimate susceptibility coefficients in several subcortical and frontal 
regions. We compared susceptibility values between PAOS and an age-matched control group and performed a 
correlation analysis between susceptibilities and an apraxia of speech rating scale (ASRS) phonetic and prosodic 
feature ratings. 
Results: The magnetic susceptibility of PAOS was statistically greater than that of controls in subcortical regions 
(left putamen, left red nucleus, and right dentate nucleus) (p < 0.01, also survived FDR correction) and in the left 
white-matter precentral gyrus (p < 0.05, but not survived FDR correction). The prosodic patients showed greater 
susceptibilities than controls in these subcortical and precentral regions. The susceptibility in the left red nucleus 
and in the left precentral gyrus correlated with the prosodic sub-score of the ASRS. 
Conclusion: Magnetic susceptibility in PAOS patients was greater than controls mainly in the subcortical regions. 
While larger samples are needed before QSM is considered ready for clinical differential diagnosis, the present 
study contributes to our understanding of magnetic susceptibility changes and the pathophysiology of PAOS.   
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1. Introduction 

Apraxia of speech (AOS) is a motor speech disorder affecting the 
planning or programming of speech. While AOS can result from left 
hemisphere stroke, it can also be a symptom of neurodegenerative dis-
ease where it is referred to as progressive apraxia of speech (PAOS) 
(Duffy and Josephs, 2012). PAOS is strongly associated with a 4-repeat 
tauopathy with the underlying pathology of progressive supranuclear 
palsy (PSP) or corticobasal degeneration (CBD) (Josephs et al., 2021; 
Josephs et al., 2006). Apraxia of speech can be the sole presenting 
feature of PAOS (referred to as primary progressive apraxia of speech, or 
PPAOS) (Josephs et al., 2012) or PAOS patients can present with both 
AOS and agrammatic aphasia in which case they may also meet criteria 
for the non-fluent/ agrammatic variant of primary progressive aphasia 
(Gorno-Tempini et al., 2011). Most PAOS patients eventually develop 
clinical features of PSP or corticobasal syndrome (CBS) (Josephs et al., 
2014; Seckin et al., 2020). Interestingly, the underlying pathology is also 
associated with two clinically distinguishable PAOS subtypes called 
phonetic (characterized by predominance of distorted sound sub-
stitutions and additions) and prosodic (characterized by predominance 
of slow speech rate and segmentation) (Utianski et al., 2018a); phonetic 
PAOS is more often associated with CBD while prosodic PAOS is more 
often associated with PSP (Josephs et al., 2021). 

Over the past couple of decades, neuroimaging studies have assessed 
patterns of neurodegeneration in patients with PAOS. The involvement 
of supplementary motor area and premotor cortex have been detected as 
gray-matter (GM) and white-matter (WM) atrophy on structural MRI, 
WM degeneration on diffusion tensor imaging, and hypometabolism on 
[18F] fluorodeoxyglucose PET in patients with PPAOS (Josephs et al., 
2013; Josephs et al., 2012). The additional involvement of Broca’s area 
and WM tracts connecting to Broca’s area have been observed in patients 
with concomitant agrammatic aphasia (Catani et al., 2013; Gorno- 
Tempini et al., 2004; Josephs et al., 2013; Valls Carbo et al., 2022). 
Atrophy in subcortical regions, including basal ganglia and midbrain, 
have also been observed (Josephs et al., 2021; Josephs et al., 2014; 
Josephs et al., 2006; Whitwell et al., 2013a). Recent studies also reveal 
that these regions are differentially affected between phonetic and 
prosodic subtypes (Utianski et al., 2018a) and largely overlap with re-
gions affected in PSP (Whitwell et al., 2013a) and CBD, reflecting the 
associations with underlying pathology (Josephs et al., 2021; Josephs 
et al., 2006). 

Quantitative susceptibility mapping (QSM) is a relatively new MRI 
technique to estimate the magnetic susceptibilities of biological tissues 
(Wang and Liu, 2015). The tissues include paramagnetic substances 
(positive susceptibility coefficients) like iron-containing molecules and 
diamagnetic substances (negative susceptibility coefficients) like myelin 
lipids (Liu et al., 2015). Hence, QSM can detect abnormal deposition or 
loss of these substances associated with several diseases (Wang et al., 
2017). QSM has played an important role in the better understanding of 
neurodegenerative diseases as it provides novel insights on abnormal 
iron deposition or demyelination associated with degeneration (Rav-
anfar et al., 2021). Indeed, many studies on Alzheimer’s disease (Acosta- 
Cabronero et al., 2013; Kim et al., 2017), Parkinson’s disease (Acosta- 
Cabronero et al., 2017; Guan et al., 2019), and PSP (Sjostrom et al., 
2017) have demonstrated susceptibility increases in several subcortical 
and cortical regions. Considering the large amount of cortical damage in 
CBD (Josephs et al., 2008) and subcortical iron deposition in PSP 
(Ravanfar et al., 2021), we would expect susceptibility to also increase 
in several brain regions of PAOS patients. However, to our knowledge no 
studies have accessed susceptibility changes in PAOS patients or the 
relationship between susceptibility and AOS severity in PAOS. 

This study assessed brain susceptibility patterns in PAOS patients by 
using QSM. Our hypothesis is that susceptibility is increased in several 
subcortical and cortical regions. To address our aims, we examined (1) 
the regions of greater susceptibility in PAOS patients than controls, (2) 
the susceptibility difference between phonetic and prosodic subtypes in 

the extracted regions, and (3) the relationships between susceptibility 
and AOS feature severity. 

2. Methods 

2.1. Participants 

Twenty patients diagnosed with PAOS (nine with the phonetic and 
eleven with the prosodic subtype) were prospectively recruited by the 
Mayo Clinic, Neurodegenerative Research Group (NRG), between July 
2020 and March 2022 (Josephs et al., 2013). They underwent detailed 
speech, language, and neurological evaluations, and a 3 Tesla (3-T) MRI 
scan. The speech and language evaluation included the Apraxia of 
Speech Rating Scale- version 3 (ASRS-3) and its phonetic and prosodic 
sub-scores (Strand et al., 2014; Utianski et al., 2018a), the Western 
Aphasia Battery Aphasia Quotient (WAB AQ) (Kertesz, 2007), the Boston 
Naming Test Short Form (BNT) (Lansing et al., 1999), and a nonverbal 
oral apraxia scale (NVOA) (Botha et al., 2014). The neurological eval-
uation included the Montreal Cognitive Assessment (MoCA) (Nasred-
dine et al., 2005), the Frontal Assessment Battery (FAB) (Dubois et al., 
2000), the Movement Disorders Society-sponsored revision of the Uni-
fied Parkinson’s Disease Rating Scale Part III (MDS-UPDRS III) (Goetz 
et al., 2008), PSP rating scale (Golbe and Ohman-Strickland, 2007), and 
PSP Saccadic Impairment Scale (PSIS) (Whitwell et al., 2011). 
Sixty-seven cognitively normal participants (48 females) who did not 
have any complaints of cognitive, motor, or behavioral abnormalities 
and met the criteria of MoCA ≥ 23 (Carson et al., 2018) were also 
recruited by NRG over approximately the same time period, and un-
derwent the same MRI scans. The median MoCA score in the controls 
was 27 (standard deviation: 1.7). 

2.2. MRI protocol 

All participants underwent a standardized MRI protocol on closed- 
bore 3-T scanners (Magnetom Prisma, Siemens AG, Healthineers, 
Erlangen, Germany). A 3D Magnetization Prepared Rapid Acquisition 
Gradient-Echo (MPRAGE) was acquired with TR of 2300 ms, TE of 3 ms, 
T1 of 945 ms, flip angle of 9◦, and 0.8 mm isotropic resolution. For QSM 
analysis, 3D multi-echo gradient echo sequence was acquired with TR of 
28.0 ms, TE of 6.7, 10.6, 14.5, 18.4, and 22.4 ms, flip angle of 15◦, a 20- 
cm field of view, acquisition in-plane matrix of 384 × 269, slice number 
of 88, slice thickness of 1.8 mm, GRAPPA acceleration factor (phase- 
encode direction) of 2.0, and scan time of 6 min 37 s. 

2.3. Image processing 

The T1-weighted images from the MPRAGE scan were segmented 
into GM and WM using the templates and settings from the Mayo Clinic 
Adult Lifespan Template (MCALT: https://www.nitrc.org/projects/mc 
alt/). Atlases for several regions of interest (ROIs) were nonlinearly 
registered from MCALT space to each subject space using Advanced 
Normalization Tools (ANTs: https://stnava.github.io/ANTs/). The QSM 
images were reconstructed from the multi-echo gradient echo images 
using MATLAB (The MathWorks Inc., Natick, Massachusetts, USA) and 
STI suite (https://people.eecs.berkeley.edu/~chunlei.liu/software.ht 
ml). The reconstruction process includes a Laplacian-based method to 
unwrap each phase image (Schofield and Zhu, 2003), phase summing to 
combine all-echo unwrapped phase images (Chen et al., 2021), variable- 
kernel sophisticated harmonic artifact reduction for phase data method 
(Wu et al., 2012) for background field removal, and iterative least 
squares decomposition method (Li et al., 2015) for dipole inversion. The 
reconstructed QSM images were then rigidly registered to the T1 
weighted images from the MPRAGE scan using statistical parametric 
mapping (SPM12: https://www.fil.ion.ucl.ac.uk/spm/software/spm12/ 
) to apply the atlases for QSM images. 

The susceptibility values were obtained in left and right subcortical 
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and frontal ROIs using the brain atlases. The ROIs were selected based 
on the many neuroimaging studies that have reported abnormalities in 
PAOS in the subcortical and frontal regions (Josephs et al., 2021; 
Josephs et al., 2013; Josephs et al., 2012; Josephs et al., 2006; Utianski 
et al., 2018b; Whitwell et al., 2013b). The eight subcortical ROIs were 
defined in the basal ganglia (caudate, putamen, pallidum, and sub-
thalamic nucleus), thalamus, midbrain (substantia nigra and red nu-
cleus), and cerebellar dentate. The 12 frontal ROIs included the 
precentral gyrus, superior frontal gyrus (dorsolateral), superior frontal 
gyrus (orbital part), middle frontal gyrus, middle frontal gyrus (orbital 
part), inferior frontal gyrus (opercular part), inferior frontal gyrus 
(triangular part), inferior frontal gyrus (orbital part), rolandic opercu-
lum, supplementary motor area, superior frontal gyrus (medial), and 
superior frontal gyrus (medial orbital). GM and WM were separated in 
each frontal ROI because they have different compositions of magnetic 
susceptibility sources in cortex (Stuber et al., 2014). The MCALT atlas 
(originally from the automated anatomical labeling atlas (Tzourio- 
Mazoyer et al., 2002)) was used for four subcortical (caudate, putamen, 
pallidum, and thalamus) and all frontal ROIs; the Deep Brain Stimula-
tion Intrinsic Template atlas (Ewert et al., 2018) for three subcortical 
ROIs (subthalamic nucleus, substantia nigra, and red nucleus); and an 
in-house developed atlas (Whitwell et al., 2017) for cerebellar dentate 
ROI. The susceptibilities in each subcortical ROI were averaged in 
summed regions of GM and WM masks, and the susceptibilities in each 
frontal ROI were separately averaged in GM and WM masks respectively. 
The total number of ROIs was 64 including the left and right subcortical 
ROIs (2 × 8) and the left and right and GM and WM masked frontal ROIs 
(2 × 2 × 12). 

2.4. Statistical analysis 

To correct for the influence of normal aging on susceptibility 
(Acosta-Cabronero et al., 2016), susceptibility in each ROI was con-
verted to the W-score. The conversion process included (1) linear re-
gressions in the control group (n = 67) to obtain slopes, intercepts, and 
residuals, and (2) application of the linear model to all participants’ 
susceptibility values (χ) by using the following equation. 

W =
χ − (α • age + β)

σ ,

where α, β, and σ were the slope, intercept, and standard deviation of 
residuals of the linear model. The obtained W-scores were interpreted as 
age-corrected normalized susceptibility values. All 67 controls were 
used to obtain the linear model to estimate the age effects as accurately 
as possible, while 19 controls were selected from the 67 to make com-
parisons between controls and patients with matched age. 

To extract the regions with elevated susceptibility of the PAOS pa-
tients, Mann-Whitney U test was used to compare susceptibility in each 
ROI between the PAOS (n = 20) and the age-matched control (n = 19) 
groups. A false discovery rate (FDR) test (Benjamini and Hochberg, 
1995) was then applied to correct for the multiple comparisons of the 64 
ROIs. Then, Dunn’s test with Bonferroni correction was used to compare 
among three groups (control, phonetic, and prosodic groups) in the ROIs 
where susceptibility was greater in PAOS. Finally, Pearson’s correlation 
coefficients were calculated for the PAOS group to assess the relation-
ship between susceptibilities and AOS severity (phonetic sub-score, 
prosodic sub-score, and total score of the ASRS-3). The categorical 
variables in the demographic table (sex, handedness, and number of 
aphasia present) were compared between any two groups using Fisher’s 
exact test. The continuous variables in the demographic table were 
compared between any two groups using Mann-Whitney U test. All 
statistical analyses except for Dunn’s test were conducted by using 
MATLAB Statistics and Machine Learning Toolbox (The MathWorks Inc., 
Natick, Massachusetts, USA, https://www.mathworks.com/help/stats/ 
). Dunn’s test was performed by using R software. 

This study was approved by the Mayo Clinic Institutional Review 
Board, and informed consent was obtained from all participants. 

3. Results 

The demographic features are shown in Table 1. There were no 
significant differences in sex, education, age, or handedness between the 
PAOS and control groups. Regarding the comparison of phonetic and 
prosodic groups, there were no significant differences in sex, education, 
handedness, age at MRI scan, age at disease onset, or disease duration. 
There were also no significant differences between the subtypes in 
MoCA, FAB, MDS-UPDRS III, PSP rating scale, PSIS, ASRS-3 total score, 
WAB AQ, BNT, or NVOA scores. Aphasia was present in 6 out of the 9 

Table 1 
Demographics and clinical findings for phonetic and prosodic subtypes of PAOS 
and age-matched control group.   

Phonetic 
(n = 9) 

Prosodic 
(n = 11) 

Control 
(n =
19) 

P-value 
(PAOS 
vs. 
control) 

P –value 
(phonetic 
vs. prosodic) 

Female, n (%) 3 (33%) 7 (64%) 9 
(47%)  

1.00  0.37 

Education, y 16 (16, 
18) 

18 (15, 
18) 

16 (15, 
18)  

0.59  0.84 

Handedness, 
Left (%) 

0 (0%) 2 (18%) 3 
(16%)  

0.66  0.48 

Age at scan, y 68 (61, 
75) 

75 (71, 
79) 

70 (66, 
74)  

0.22  0.16 

Age at onset, y 66 (57, 
70) 

71 (67, 
74)    

0.11 

Disease 
duration from 
onset to scan, 
y 

3.8 (2.4, 
6.6) 

4.3 (2.6, 
5.2)    

0.97 

MoCA (/30) 21 (16, 
23) 

24 (20, 
27) 

26 (25, 
27)  

<0.01  0.12 

FAB (/18) 16 (15, 
17) 

14 (13, 
17) a    

0.53 

MDS-UPDRS III 
(/132) 

11 (7, 20) 15 (12, 
20)    

0.42 

PSP rating scale 
(/100) 

12 (6, 18) 14 (8, 
17) b    

0.76 

PSIS (/5) 1 (0, 1) 1 (0, 1) b    0.89 
Aphasia 

present, yes 
(%) 

6 (67%) 6 (55%)    0.67 

AOS severity 
(/4) 

2 (1.5, 
2.5) 

2 (1, 3)    1.00 

ASRS-3 total 
score (/52) 

22 (17, 
29) 

23 (15, 
31)    

0.85 

ASRS-3 
phonetic sub- 
score 

9 (7, 14) 6 (3, 8)    <0.05 

ASRS-3 
prosodic sub- 
score 

6 (3, 8) 10 (6, 
13)    

<0.05 

WAB AQ (/100) 83.9 
(75.7, 
98.6) 

97.2 
(93.0, 
98.6)    

0.12 

BNT (/15) 13 (12, 
15) 

15 (13, 
15)    

0.33 

NVOA (/32) 27 (18, 
31) 

27 (23, 
29)    

0.85 

Results are shown as median (first and third quartiles) for all continuous values. 
a FAB was evaluated on nine prosodic patients. b PSP rating scale and PSIS were 
evaluated on ten prosodic patients. 
Abbreviations: MoCA = Montreal Cognitive Assessment; FAB = Frontal 
Assessment Battery; MDS-UPDRS III = Movement Disorders Society-sponsored 
revision of the Unified Parkinson’s Disease Rating Scale Part III; PSP = Pro-
gressive supranuclear palsy; PSIS = PSP Saccadic Impairment Scale; AOS =
Apraxia of speech; ASRS = Apraxia of Speech Rating Scale; WAB AQ = Western 
Aphasia Battery Aphasia Quotient; BNT = Boston Naming Test Short Form; 
NVOA = nonverbal oral apraxia scale. 
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patients in the phonetic group and 6 out of the 11 patients in the pro-
sodic group (p = 0.67). As expected, the ASRS-3 phonetic and prosodic 
sub-scores differed between two subtypes (p < 0.05). 

Table 2 shows the regions with greater susceptibility in PAOS 
compared to controls (p < 0.05). The p-values were calculated by Mann- 
Whitney U test, and the asterisks in Table 2 show the regions that sur-
vived FDR correction (FDR < 0.05). In the subcortical regions, the left 
putamen, left subthalamic nucleus, bilateral substantia nigra, bilateral 
red nucleus, and bilateral cerebellar dentate showed greater suscepti-
bility in PAOS compared to controls. In the frontal regions, no ROIs were 
identified for the GM mask, and one ROI (left precentral gyrus) was 
identified for the WM mask with greater susceptibilities in PAOS 
compared to controls. Among these regions, three subcortical ROIs (left 
putamen, left red nucleus, and right cerebellar dentate) were significant 
after FDR correction. These results overall showed that PAOS had 
greater susceptibility in the subcortical regions than controls. The cor-
rected p-values for all 64 ROIs were shown in the Supplementary table. 

Boxplots comparing susceptibilities among phonetic, prosodic and 
control groups in the three subcortical ROIs that showed greater sus-
ceptibility to PAOS are shown in Fig. 1(a). Boxplots in the left precentral 
gyrus are also shown in Fig. 1(b). The corresponding W-scores in each 
group and p-values in pairwise comparison are shown in Table 3. In the 
three subcortical regions (left putamen, left red nucleus, and right 
cerebellar dentate, Fig. 1(a)), median susceptibility values were in the 
descending order of prosodic, phonetic, and control groups. In these 
regions, there were significant differences between prosodic and con-
trols (p < 0.01) but not between phonetic and controls. In the left pre-
central gyrus (Fig. 1(b)), the prosodic group susceptibility was greater 
than controls (p < 0.05), but there were no significant differences be-
tween control and phonetic groups and phonetic and prosodic groups. 

Table 4 shows Pearson’s correlation coefficients between suscepti-
bilities and ASRS-3 (phonetic sub-score, prosodic sub-score, and total 
score). As shown in Table 4 and Fig. 2, the left red nucleus showed a 
positive correlation between susceptibility and prosodic sub-scores (r =
0.50, p < 0.05), with greater susceptibility associated with greater 
prosodic speech disturbance severity. The left WM precentral gyrus also 
showed a positive correlation between susceptibility and prosodic sub- 
scores (r = 0.47, p < 0.05) and between susceptibility and total scores 
(r = 0.49, p < 0.05). There were no significant correlations between any 
susceptibility measure and phonetic sub-scores (Table 4). 

4. Discussion 

In this study, we examined the spatial pattern of greater magnetic 
susceptibility in patients with PAOS than controls using QSM. We found 
greater susceptibility coefficients in subcortical regions (putamen, red 
nucleus, and cerebellar dentate) and left precentral WM, although only 
the subcortical regions survived correction for multiple comparisons. 
These results are topographically similar to those in previous studies 
using structural MRI, tractography, and FDG-PET (Josephs et al., 2021; 
Josephs et al., 2012; Josephs et al., 2006; Utianski et al., 2018a), further 

supporting the idea that PAOS is associated with involvement of the 
premotor cortex and subcortical regions. 

There are several explanations for the causes of greater susceptibility 
in the subcortical and precentral WM regions (Wang et al., 2017). Given 
that many histological studies have shown that subcortical susceptibility 
is strongly linked to iron concentration (Langkammer et al., 2012; Sun 
et al., 2015), greater susceptibility likely reflects abnormal iron depo-
sition in the subcortical regions. In the precentral WM, both iron 
deposition and demyelination are the main possible causes of greater 
susceptibility (Ravanfar et al., 2021). Given that the fractional anisot-
ropy is reduced in this same region in PAOS patients (Josephs et al., 
2013; Josephs et al., 2012; Whitwell et al., 2013a), demyelination is 
presumably one of the factors contributing to the greater susceptibility 
(Liu et al., 2011). In summary, our results suggest that PAOS is associ-
ated with abnormal iron deposition in the midbrain, basal ganglia, and 
dentate nucleus, and demyelination in the precentral WM. Further 
studies including histological validation will be needed to confirm these 
hypotheses. 

In the subcortical regions, susceptibility values were in the 
descending order of prosodic, phonetic, and control groups. Given that 
the prosodic subtype is more often associated with PSP (Josephs et al., 
2021) and that PSP has greater susceptibility in the subcortical regions 
(Mazzucchi et al., 2022; Sjostrom et al., 2017; Sjostrom et al., 2019), our 
results may reflect the magnetic susceptibility changes of the underlying 
pathology. For the correlation analysis, the susceptibilities in the left red 
nucleus were correlated with the prosodic sub-scores of ASRS-3. The left 
precentral gyrus was also correlated with the prosodic sub-scores. 
Interestingly, the red nucleus is the region where susceptibility promi-
nently increases in PSP (Mazzucchi et al., 2022), and the precentral 
gyrus is the region where atrophy in PAOS and PSP characteristically 
coincide (Whitwell et al., 2013a). Therefore, the results of the correla-
tion analysis suggest that the commonly affected regions in PSP and 
prosodic patients are associated with the worsening of prosodic 
symptoms. 

The three subcortical ROIs that survived the FDR correction in the 
PAOS group were the putamen, red nucleus, and cerebellar dentate. The 
putamen is connected to the supplementary motor area, the central area 
in PAOS, and we previously showed that this WM connection correlated 
to AOS severity (Valls Carbo et al., 2022). The present results again 
suggest that the putamen is affected in PAOS. The red nucleus is 
involved in motor control with input from the cerebellum and motor 
cortex. Additionally, a few MRI studies have shown that it is also 
involved in speech production (Soros et al., 2006) and developmental 
stuttering (Watkins et al., 2008). The results of our correlation analysis 
indicate that degeneration of the red nucleus was related to severity of 
prosodic symptoms, although the underlying mechanisms are uncertain. 
The cerebellar dentate showed strong evidence (p < 0.01) of higher 
susceptibility in prosodic patients. This finding is consistent with the 
previous study (Josephs et al., 2021) showing that the baseline and rate 
of atrophy in the cerebellar dentate is greater in PAOS-PSP than in 
PAOS-CBS patients. In the frontal regions, however, only one ROI was 
identified with greater susceptibilities in PAOS, and we did not observe 
significant differences in the supplementary motor area although this 
region is consistently associated with PAOS. This may indicate that 
changes in iron or demyelination in these areas were relatively small and 
therefore not detectable. This may also be related to the relatively small 
dynamic range of susceptibility in the cortex (Cogswell et al., 2021). 
Although the cause of this discrepancy requires further investigation, it 
suggests that QSM is better suited to assess abnormalities in subcortical 
structures in PAOS. 

The strengths of the present study are the novelty of studying PAOS 
using QSM and the careful evaluations and diagnosis of PAOS based on 
detailed clinical and comprehensive biomarkers. There were also some 
limitations to this study. First, the numbers of phonetic and prosodic 
patients were relatively small which may have influenced results of 
statistical comparisons between the phonetic and prosodic groups. 

Table 2 
The regions with greater age-corrected susceptibility (W-score) in PAOS patients 
compared with controls (p < 0.05). The p-values were calculated by Mann- 
Whitney U test. Asterisks (*) shows the regions that survived FDR correction.  

Area Region P-value 

Basal ganglia Left putamen <0.01*  
Left subthalamic nucleus 0.05 

Midbrain Left substantia nigra <0.01  
Right substantia nigra 0.05  
Left red nucleus <0.01*  
Right red nucleus 0.02 

Cerebellar Left cerebellar dentate 0.02  
Right cerebellar dentate <0.01* 

Frontal lobe (WM) Left precentral gyrus 0.02  
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Second, this study did not address individual patterns, but rather group 
level differences. Finally, susceptibility anisotropy in WM was not 
analyzed in this study. WM susceptibility when calculated as the scalar 

value may be affected by the fiber orientation (Lancione et al., 2017; 
Sibgatulin et al., 2021). Correcting for these effects using multiple ac-
quisitions or diffusion methods may improve accuracy of WM suscep-
tibility estimation. 

In conclusion, the results from this study show that magnetic sus-
ceptibility was greater in PAOS patients than controls mainly in the 
subcortical regions. These regions are qualitatively consistent with those 
detected in previous neuroimaging studies, supporting previous findings 
of subcortical damage. The results also show that greater susceptibility 
in these subcortical regions was more strongly related to the prosodic 
than phonetic subtype. While a larger sample is required before QSM is 
considered ready for clinical differential diagnosis, the present study 
contributes to our understanding of magnetic susceptibility changes and 
the pathophysiology of PAOS. 

CRediT authorship contribution statement 

Ryota Satoh: Formal analysis, Investigation, Methodology, Writing 

Fig. 1. The age-corrected susceptibilities (W-score) of phonetic subtypes, prosodic subtypes, and controls in the (a) subcortical and (b) WM precentral ROIs. In each 
boxplot, the center line shows the median, the box shows the interquartile range, and the whiskers extend to the minimum and maximum values except for outliers. 
The p-values were calculated by using the Dunn’s test with Bonferroni correction. 

Table 3 
The comparison results among control, phonetic, and prosodic groups. W-scores (medians and interquartile ranges) and p-values for each pairwise comparison are 
shown in the three subcortical regions and one frontal region.  

Area Region Control Phonetic Prosodic p (control vs 
phonetic) 

p (control vs 
prosodic) 

p (phonetic vs 
prosodic) 

Basal 
ganglia 

Left putamen − 0.29 (− 0.85, 
0.34) 

0.53 (− 0.45, 
1.56) 

1.74 (0.33, 
2.59)  

0.11  <0.01  0.38 

Midbrain Left red nucleus − 0.39 (− 0.93, 
0.57) 

0.50 (− 0.43, 
1.25) 

1.91 (0.80, 
2.20)  

0.31  <0.001  0.10 

Cerebellar Right cerebellar 
dentate 

− 0.16 (− 0.65, 
0.30) 

0.34 (− 0.08, 
0.86) 

1.12 (0.35, 
2.71)  

0.21  <0.01  0.19 

Frontal WM Left precentral gyrus − 0.16 (− 0.37, 
0.79) 

1.36 (− 0.01, 
1.53) 

0.98 (0.37, 
1.61)  

0.21  <0.05  0.73  

Table 4 
Pearson’s correlation coefficients between age-corrected susceptibility (W- 
score) and apraxia of speech rating scale (phonetic sub-score, prosodic sub- 
score, and total score) in PAOS patients (n = 20).  

Area Region Phonetic sub- 
score 

Prosodic sub- 
score 

Total 
score 

Basal 
ganglia 

Left putamen  0.06  − 0.01  0.02 

Midbrain Left red nucleus  − 0.06  0.50*  0.26 
Cerebellar Right cerebellar 

dentate  
− 0.27  0.26  − 0.03 

Frontal 
WM 

Left precentral 
gyrus  

0.25  0.47*  0.49* 

*p < 0.05. 
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