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A B S T R A C T   

While previous studies have found that white matter damage relates to impairment severity in individuals with 
aphasia, further study is required to understand the relationship between white matter integrity and treatment 
response. In this study, 34 individuals with chronic post-stroke aphasia underwent behavioral testing and 
structural magnetic resonance imaging at two timepoints. Thirty participants within this sample completed 
typicality-based semantic feature treatment for anomia. Tractography of bi-hemispheric white matter tracts was 
completed via Automated Fiber Quantification. Associations between microstructural integrity metrics and 
behavioral measures were evaluated at the tract level and in nodes along the tract. Diffusion measures of the left 
inferior longitudinal, superior longitudinal, and arcuate fasciculi were related to aphasia severity and diffusion 
measures of the left inferior longitudinal fasciculus were related to naming and treatment response. This study 
also found preliminary evidence of left inferior longitudinal fasciculus microstructural changes following 
treatment.   

1. Introduction 

Stroke is a leading cause of disability. In the United States alone, 
more than 7.6 million adults have had a stroke (Virani et al., 2021) and 
approximately 30 % of ischemic strokes or mixed ischemic-hemorrhagic 
strokes result in aphasia (Flowers et al., 2016). Aphasia affects social 
relationships and life participation. Understanding the neural un
derpinnings of aphasia provides insight into the underlying nature of 
impairment and ultimately how best to achieve optimal rehabilitation 
outcomes. In particular, individuals with aphasia often present with 
gray and white matter damage which both contribute to impairment. 

Identifying white matter tracts (hereafter also referred to as “tracts”) 
implicated in language processing in neurotypical individuals is key to 

understanding how structural damage relates to language processing in 
individuals with aphasia. Language processing in healthy individuals is 
structurally and functionally subserved by a left-lateralized network of 
frontal, temporal, and parietal gray matter cortical regions connected by 
white matter tracts (Binder et al., 2009; Friederici, 2002, 2011, 2012; 
Price, 2010, 2012; Turken & Dronkers, 2011). The dual-stream model of 
speech processing provides a framework for understanding this network 
(Hickok & Poeppel, 2004, 2007). In the dual-stream model, through left- 
lateralized dorsal stream processes, phonological representations are 
mapped to articulatory motor representations (Hickok & Poeppel, 2004, 
2007). Along with gray matter cortical regions, white matter fiber 
bundles of the superior longitudinal fasciculus (SLF) and arcuate 
fasciculus (AF) support these processes (Saur et al., 2008). In 
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complement, through more bilateral ventral stream processes, phono
logical representations are mapped to lexical-semantic representations 
(Hickok & Poeppel, 2004, 2007). White matter fiber bundles of the 
inferior longitudinal fasciculus (ILF), inferior fronto-occipital fasciculus 
(IFOF), and potentially the uncinate fasciculus (UF) support these pro
cesses (Saur et al., 2008; Turken & Dronkers, 2011). The corpus cal
losum (CC) connects the two hemispheres and contributes to a number 
of language functions (Friederici et al., 2007). This knowledge of neu
rotypical structural connectivity provides a guide for white matter re
gions to examine in individuals with aphasia. 

In individuals with post-stroke aphasia, converging evidence has 
shown reduced macrostructural (i.e., related to macroscopic anatomy) 
and microstructural (i.e., related to microscopic anatomy) integrity of 
white matter tracts important for language (Mori, 2009). Importantly, in 
terms of macrostructural integrity, individuals with aphasia exhibit 
reduced number of fibers (van Hees et al., 2014) and in some cases an 
inability to delineate left-hemisphere tracts as a result of the stroke 
lesion (Kim & Jang, 2013; Tak & Jang, 2014). This inability to delineate 
tracts is thought to be due to more severe damage or degeneration and 
has been associated with more severe language impairment (Tak & Jang, 
2014). 

Additionally, multiple studies have shown reduced microstructural 
integrity of left-hemisphere tracts compared to right-hemisphere ho
mologues and left-hemisphere tracts in neurotypical controls (Ivanova 
et al., 2016; McKinnon et al., 2017; van Hees et al., 2014). These studies 
have examined several microstructural integrity metrics given different 
underlying mechanisms represented by each (Alexander et al., 2008; Tae 
et al., 2018). Two commonly used measures, fractional anisotropy (FA) 
and mean diffusivity (MD), index changes thought to occur post-stroke. 
FA measures restriction of water molecule diffusion (Pierpaoli et al., 
1996) and is considered to be a marker of axonal integrity (Geva et al., 
2011; Tae et al., 2018). In general, higher FA values are indicative of 
greater microstructural integrity. MD gives information related to 
average magnitude of water displacement and is thought to be partic
ularly sensitive to edema and necrosis (Campbell & Pike, 2014; Soares 
et al., 2013; Tae et al., 2018). In general, lower MD values are indicative 
of greater microstructural integrity. 

This reduced macrostructural (e.g., lesion load, number of fibers, 
presence or absence of delineated tracts) and microstructural (e.g., DTI 
scalars such as FA and MD values) integrity relates to behavioral per
formance. Table 1 shows that white matter integrity has been associated 
with different aspects of language performance in dorsal and ventral 
left-hemisphere structures, including the AF (Hula et al., 2020; Ivanova 
et al., 2016; Keser, Meier, Stockbridge, & Hillis, 2020a; Kim & Jang, 
2013; J.-K. Lee et al., 2021; S. Lee et al., 2020; Tak & Jang, 2014; Zhang 
et al., 2021), SLF (Han et al., 2016; J.-K. Lee et al., 2021; McKinnon 
et al., 2018; Ramsey et al., 2017; Yang et al., 2017), ILF (Harvey & 
Schnur, 2015; Ivanova et al., 2016; Keser, Meier, Stockbridge, & Hillis, 
2020a; McKinnon et al., 2018; Meier, Johnson, Pan, & Kiran, 2019b; 
Xing, Lacey, Skipper-Kallal, Zeng, & Turkeltaub, 2017; Zhang et al., 
2018, 2021), IFOF (Harvey & Schnur, 2015; Hula et al., 2020; Ivanova 
et al., 2016; J.-K. Lee et al., 2021; Meier et al., 2019b; Xing et al., 2017; 
Yang et al., 2017; Zhang et al., 2018, 2021) and UF (Hula et al., 2020; 
Xing et al., 2017; Zhang et al., 2018, 2021). Limited studies have shown 
a correlation between diffusion metrics in the right hemisphere and 
language in individuals with aphasia (Forkel et al., 2014; Hartwigsen 
et al., 2020; Osa García et al., 2020; Pani et al., 2016). 

In addition to the relationship with single-timepoint language skills, 
white matter structural integrity metrics have also been correlated to 
aphasia treatment gains. Overall, results from studies evaluating 
behavioral recovery over time suggest that pre-treatment or initial 
timepoint left-hemisphere white matter integrity relates positively to 
treatment response or language outcomes (Bonilha, Gleichgerrcht, 
Nesland, Rorden, & Fridriksson, 2016; Keser, Meier, Stockbridge, & 
Hillis, 2020a; Meier, Johnson, Pan, & Kiran, 2019b; van Hees et al., 
2014). In addition, initial reports evaluating white matter plasticity 

following behavioral treatment in individuals with chronic post-stroke 
aphasia suggest that bilateral tracts undergo changes during recovery 
and that changes in white matter correlate with behavioral changes 
(Blom-Smink et al., 2020; Jang et al., 2017; Keser, Sebastian, et al., 
2020; McKinnon et al., 2017; Schlaug et al., 2009; van Hees et al., 2014; 
Wan et al., 2014). For example, McKinnon and colleagues found a 
relationship between change in mean kurtosis (MK4) of the left ILF and 
reduction in semantic paraphasias in individuals who completed 
intensive language action therapy (ILAT) when evaluating subsections 
of the ILF (McKinnon et al., 2017). Because white matter tracts traverse 
larger areas of the brain, different areas of the tract may show different 
levels of microstructural abnormality, as shown by McKinnon and col
leagues. Potential reasons for along-tract differences in microstructural 
abnormality include varying susceptibility to damage and varying dis
tance from the lesion. Overall, further investigation is required given the 
limited number of studies with behavioral and neural data at two 
timepoints. Detailed examination of macrostructural and microstruc
tural tract properties, including subsections of tracts, will better char
acterize fine-grained post-stroke changes in microstructural integrity 
and provide clarity to variable results in the literature. 

As Table 1 shows, there is notable variability in methodology and 
results across studies examining relationships between white matter 
metrics and language in aphasia. Options such as choice of method (e.g., 
tractography vs atlas-based methods); choice of approach within the 
method (e.g., deterministic vs probabilistic tractography); parameters; 
which portions of tracts to evaluate; and microstructural integrity metric 
impact results and should be considered as a source of variability when 
interpreting inter-study findings. 

The current study examined the relationship between microstruc
tural integrity of specific white matter tracts (as indexed by FA and MD 
values in whole tracts and tract segments) and naming skills, aphasia 
severity, and treatment response. Particular attention was given to 
documenting the number of tracts delineated at two selected thresholds. 
A crucial assumption of this paper was that careful tract delineation 
would reveal nuanced relationships between integrity of specific tracts 
and language performance. This study evaluated the same group of 
participants analyzed by Meier and colleagues (Meier et al., 2019b), 
with the following analytical choices: (a) use of pre- and post-treatment 
longitudinal neuroimaging data, (b) use of tractography, (c) evaluation 
of white matter tract subsegments, and (d) inclusion of multiple DTI 
scalars. Our research questions were:  

1. Question 1: In individuals with chronic post-stroke aphasia, what is 
the relationship between white matter tract integrity and language 
skills? Specifically:  
a. What is the relationship between macrostructural integrity (i.e., 

white matter tract delineation) and aphasia severity? We expected 
to find that presence of tract delineation in the left hemisphere 
would be related to better language performance.  

b. Does white matter microstructural integrity (i.e., FA and MD 
values) relate to aphasia severity? We hypothesized that greater 
white matter tract microstructural integrity of left-hemisphere 
dorsal and ventral delineated tracts would be related to milder 
aphasia at Timepoint 1.  

c. Does white matter microstructural integrity (i.e., FA and MD 
values) relate to naming ability? We hypothesized that greater 
white matter tract microstructural integrity of left-hemisphere 
dorsal and ventral delineated tracts would be related to greater 
naming ability at Timepoint 1.  

2. Question 2: Does white matter microstructural integrity (i.e., FA and 
MD values) relate to naming treatment response? We hypothesized 
that greater white matter tract microstructural integrity of left- 

4 Mean kurtosis is thought to index microstructural complexity (Lätt et al., 
2013). 
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hemisphere dorsal and ventral delineated tracts at pre-treatment 
would be related to more favorable behavioral response to anomia 
treatment.  

3. Question 3: Does white matter microstructural integrity (i.e., FA and 
MD values) change following naming treatment? We hypothesized 
that delineated left-hemisphere dorsal and ventral tracts would show 
increased microstructural integrity from pre- to post-treatment in 
individuals who completed anomia treatment. Successful treatment 
completion engages semantic and phonological processing necessary 
for retrieval and production and, as such, we expected both dorsal 
and ventral tracts to show changes. 

We did not expect right-hemisphere tract microstructural integrity to 
be associated with language performance or treatment gains. 

2. Methods 

2.1. Participants 

Participants were 34 individuals (24 males) with chronic post-stroke 
aphasia with mean age 62 years (SD = 10.8) and mean time post-stroke 
onset 62 months (SD = 86) (see Supplementary Table 1 for individual 
demographic data). Exclusion criteria were premorbid neurological 
disease, history of multiple left-hemisphere strokes, and contraindica
tions for MRI. Written informed consent was obtained from all partici
pants prior to participation. The study was approved by the institutional 
review boards of Boston University, Massachusetts General Hospital, 
and Northwestern University. Thirty-two participants completed the 
study through the Aphasia Research Laboratory at Boston University 
and two participants completed the study through the Aphasia and 
Neurolinguistics Research Laboratory at Northwestern University. The 

Table 1 
Studies correlating white matter metrics with language in individuals with aphasia.  

1st Author Year Sample Size Method Metric  Left Right 

other AF/SLF ILF IFOF UF AF/SLF ILF 

Dresang 2021 14 connectometry connectome matrix ✓2 ✓ ✓ ✓    
Hula 2020 42 connectometry connectome matrix ✓3 ✓  ✓ ✓   
Lee, J.-K. 2021 64 tractography FA  ✓  ✓    
Blom-Smink 2020 10 tractography FA       * 
Lee, S. 2020 68 tractography LI-AD, LI-FD, delineation  ✓      
Osa García 2020 20 tractography FA      ✓  
Yu1 2019 20 tractography delineation        
McKinnon 2018 32 tractography AWF  ✓ ✓     
Zhang 2018 14 tractography; TBSS FA   ✓ ✓ ✓   
McKinnon 2017 8 tractography MK   *     
Jang 2017 16 tractography volume  *      
Harvey & Schnur 2015 15 tractography FA   ✓ ✓    
Bonilha 2014 8 tractography; connectome # of lesioned fibers ✓4       

van Hees 2014 8 tractography GFA  *      
Forkel 2014 16 tractography volume      ✓  
Tak & Jang 2014 25 tractography volume, delineation  ✓      
Kim & Jang 2013 25 tractography delineation  ✓      
Harvey 2013 10 tractography FA     ✓   
Hosomi 2009 13 tractography # of fibers  ✓5      

Schlaug 2009 6 tractography # of fibers      *6  

Hartwigsen 2020 12 TBSS FA      ✓  
Yang 2017 18 TBSS FA  ✓  ✓    
Xing 2017 40 TBSS FA, MD, AD, RD   ✓ ✓ ✓   
Geva 2015 15 tractography; atlas-based; TBSS delineation  ✓      
Keser 2020b 24 atlas-based FA      *7  

Keser 2020a 28 atlas-based FA, RD  ✓ ✓ ✓    
Meier 2019b 34 atlas-based FA   ✓* ✓*    
Han 2016 69 atlas-based FA, lesion load  ✓      
Ivanova 2016 37 atlas-based FA  ✓ ✓ ✓    
Pani 2016 33 atlas-based FA, lesion load ✓8 ✓      
Rosso 2015 23 atlas-based FA  ✓  ✓    
Wan 2014 11 atlas-based FA *9       

Han 2013 83 atlas-based FA ✓10   ✓ ✓   
Papoutsi 2011 14 atlas-based FA, MD ✓11 ✓      
Rolheiser 2011 24 atlas-based FA ✓11 ✓      
Hillis 2018 19 + 159 atlas-based lesion load  ✓*      
Ramsey 2017 13212 atlas-based lesion load  ✓      
Kümmerer 2013 100 atlas-based lesion load ✓13 ✓      
Wang 2013 50 atlas-based lesion load  ✓      
Marchina 2011 30 atlas-based lesion load  ✓      
Meinzer 2010 10 individual ROIs FA *14       

✓white matter (WM) measures corelated with language task performance; *WM measures or change in WM measures correlated with change in behavioral measures; 
Abbreviations: axial diffusivity (AD), radial diffusivity (RD), fiber density (FD), Laterality index (LI), mean kurtosis (MK), generalized FA (GFA), tract-based spatial 
statistics (TBSS), left hemisphere (LH); 1no statistically significant results; 2cortico-subcortical projection pathways; 3limbic pathways, middle longitudinal fasciculi; 
4left cingulum (hippocampus), exploratory analysis; 5loss of leftward asymmetry; 6trend toward correlation between change in AF number of fibers and change in 
CIUs/minute; 7negative correlation between changes in right arcuate fasciculus and recovery rate in naming; 8white matter underlying right MTG, right precentral 
gyrus, and right IFG pars opercularis; corpus callosum connecting left and right supplementary motor areas; 9improvements in CIUs/minute correlated with reductions 
in FA in WM underlying right IFG; 10anterior thalamic radiation; 11extreme capsule; 1240 participants excluded for various reasons; 13composite left-hemisphere dorsal 
and ventral streams; 14hippocampus adjacent white matter. 
atlas-based: either (a) information from structural scans (typically diffusion-weighted) overlaid onto atlases of canonical white matter tracts or (b) lesion overlay 
approach (lesion maps intersected with canonical tracts to determine how percentage of tract damage (i.e., lesion load) relates to language function). 
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study included 34 unique participants, of which 30 participants received 
treatment and 11 served as no-treatment natural history control par
ticipants.5 Previous publications reported behavioral (Gilmore et al., 
2020) and neuroimaging (Johnson et al., 2019, 2020; Meier et al., 2018, 
2019a, 2019b) findings for this group of participants. 

2.2. Behavioral assessment and treatment 

Participants completed standardized assessment of aphasia severity 
via the Western Aphasia Battery – Revised Aphasia Quotient (WAB-R 
AQ) (Kertesz, 2007) and naming via the Boston Naming Test – Second 
Edition (BNT-2) (Goodglass et al., 2001). This testing was completed at 
two timepoints approximately 12 weeks apart, corresponding to pre- 
and post-treatment for participants who underwent treatment. Treated 
participants also completed study-specific confrontation naming probes 
for 36 trained items (18 items each from two semantic categories out of 
birds, vegetables, clothing, and furniture) at pre- and post-treatment 
timepoints. Treated participants (N = 30) completed up to 24 two- 
hour sessions of typicality-based semantic feature treatment with the 
goal of improved naming through targeting semantic processing. In this 
treatment, intervention included steps aimed to strengthen lexical- 
semantic representations (i.e., sorting items by category, verifying 
whether particular semantic features apply to a noun, and confrontation 
naming) (Gilmore et al., 2020). Some participants were trained with 
atypical category exemplars and generalization to more typical category 
exemplars was assessed. This approach is based on the Complexity Ac
count of Treatment Efficacy, which asserts that training of more complex 
items will generalize to related less complex items (Kiran & Thompson, 
2003). Treatment response was measured by proportion of potential 
maximal gain (PMG) for trained items (post-treatment naming score – 
baseline naming score)/(number of trained items – baseline naming 
score) (Gilmore et al., 2019; Lambon Ralph et al., 2010). This approach 
allows for calculating treatment gains while taking into account pre- 
treatment performance. When possible, each treatment group partici
pant also served as a natural history control (i.e., two baselines taken 
over a period of approximately 12 weeks were collected prior to treat
ment onset). 

2.3. Image acquisition 

Participants underwent MR imaging on either a Siemens 3 T Skyra at 
the Athinoula A. Martinos Center in Charlestown, MA (n = 32) or on a 
Siemens 3 T Prisma Fit at the Center for Translational Imaging in Chi
cago, IL (n = 2).6 T1-weighted sagittal imaging was collected (TR/TE =
2300/2.98 ms, TI = 900 ms, flip angle = 9◦, FOV = 256x256 mm2, voxel 
size = 1x1x1 mm3, 176 sagittal slices) along with a high-resolution 
whole-brain, cardiac-gated7 DTI sequence (TReff ~ 900 ms, TE = 92 
ms, flip angle = 90◦, FOV = 230x230 mm2, voxel size =

1.983x1.983x2.000 mm3, 72 interleaved slices with 60 gradient 

directions and 10 non-diffusion weighted (b = 0) volumes, b value =
1500 s/mm2). 

2.4. Data pre-processing 

Pre-processing was completed through the Advanced Diffusion Pre
processing Pipeline developed in the Kurani AI & Neuroimaging Labo
ratory (Kurani, 2020) and processed via the Northwestern University 
Neuroimaging Data Archive (NUNDA) (Alpert et al., 2016). Steps 
included (1) denoising using principal components and creation of a b0 
reference image from the mean of the non-diffusion weighted scans; (2) 
skull stripping of the T1 structural image; (3) rigidly aligning a pseudo- 
T2 image (created by inverting the T1 image contrast) to the b0; (4) 
nonlinear distortion correction; (5) eddy current correction and appli
cation of the b-vector file to yield rotated b-vectors; (6) concatenation of 
eddy current corrected parameters with the b0 distortion field that was 
then applied to the diffusion scans; and (7) calculation of the diffusion 
tensor using the nonlinear weighted positive definite tensor-fitting al
gorithm from Camino (Cook et al., 2006). For data from three scans not 
processed in the above pipeline,8 data were processed using FSL 5.0.9 
and SPM8. Specifically, for the diffusion-weighted data, steps included 
(1) creation of a brain mask using FSL’s Brain Extraction Tool (bet2); (2) 
eddy current correction; and (3) calculation of diffusion tensors. For the 
T1 structural image, AC-PC alignment and skull stripping were 
completed. Subsequently, the processed diffusion-weighted data and the 
T1 structural image in native space were co-registered. The tensor files 
were used as inputs for Automated Fiber Quantification (AFQ). 

2.5. Automated fiber quantification (AFQ) 

AFQ, an open-source MATLAB-based tractography software that 
generates microstructural integrity metrics along white matter tracts, 
was then used for tractography and quantification of tract profiles. This 
included FA and MD of the CC major, CC minor, and bilateral AF, SLF, 
ILF, IFOF, and UF (Yeatman et al., 2012) (with use of MATLAB Version 
2017a and SPM8). AFQ has been used to study white matter micro
structural integrity in neurotypical adults (Angelopoulou et al., 2020; 
Zhou et al., 2018) as well as in a variety of brain disorders in adults and 
children, including dyslexia (Banfi et al., 2019), mild traumatic brain 
injury (Goodrich-Hunsaker et al., 2018) and aphasia (McKinnon et al., 
2017, 2018; Zhang et al., 2018). Briefly, as detailed in Yeatman et al. 
(2012), AFQ completes deterministic tractography via the following 
steps: 

a. Fiber tract identification via three steps: (1) “fiber tractography… 
using a deterministic streamlines tracking algorithm…seeded with a 
white matter mask defined as all voxels with FA greater than 0.3”; (2) 
waypoint region-of-interest (ROI)-based fiber tract segmentation, with 
waypoint ROIs drawn in MNI space and transformed into the in
dividual’s native space; and (3) fiber tract refinement based on com
parison to a probabilistic fiber tract atlas with fiber tract probability 
maps transformed into the individual’s native space. 

b. Fiber tract cleaning for removal of fibers that deviate excessively 
from others in the same tract (i.e., more than 4 standard deviations 
above the mean fiber length or more than 5 standard deviations from the 
fiber tract core). Furthermore, additional manual tract cleaning was 
completed to eliminate implausible streamlines using QUENCH, a tool 
that allows for viewing and editing of tracts (Agrawal et al., 2011). This 
process was aided by visual comparison to tracts from healthy in
dividuals in the freely-available AFQ browser (Yeatman et al., 2018). 
When delineated tracts were not neurobiologically plausible after 
automated cleaning and manual cleaning, these tracts were also elimi
nated from the analyses and treated as missing data (see Supplementary 

5 For the 11 no-treatment natural history control participants, four never 
received treatment and seven served as treated participants following their 
natural history measurement period. One natural history control participant 
dropped out of the study before post-testing.  

6 Data collection parameters were matched as closely as possible across 
scanners and sites to promote similar image quality. For participants at the 
Center for Translational Imaging, T1-weighted parameters differed as follows: 
TE = 2.94 ms.  

7 Cardiac gating was employed using the pulse sensor to reduce the pulsatile 
motion which is more prevalent in elderly and stroke participants due to the 
increased amount of CSF. The effective TR (TReff) is based on the total time to 
collect a single direction which varied within and across subjects but was suf
ficiently long that T1 relaxation effects were not an issue (TR set to beat to beat 
interval of ~900 ms allowing 6 slices to be collected per heartbeat which 
required ~12 concatenations (heartbeats) to collect all 72 slices; effective TR =
12*0.9 s = 10.8 s). 

8 P26 Timepoint 1 and 2 and C4 Timepoint 1 did not run in the above- 
mentioned pipeline due to temporary failure of supercomputer hardware. 
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Table 2). 
c. Fiber tract clipping to include the central portion of the tract be

tween ROIs (i.e., fibers that extend beyond the defining ROIs are 
removed); 

d. Fiber tract quantification through resampling fibers to 100 equi
distant nodes along each tract. DTI scalars (i.e., MD and FA) for each 
node were calculated by taking a weighted average of diffusion prop
erties for each fiber at that particular node (Yeatman et al., 2012). For 
the SLF, ILF, and IFOF, node 1 corresponds to the posterior part of the 
tract core and node 100 to the anterior part of the tract core. For the AF, 
node 1 corresponds to the frontal part of the tract core and node 100 
corresponds to the temporal part of the tract core. For the UF, node 1 
corresponds to the anterior temporal end of the tract core and node 100 
corresponds to the frontal end of the tract core. The CC forceps major 
refers to the part of the corpus callosum connecting bi-hemispheric oc
cipital regions and the CC forceps minor refers to the part of the corpus 
callosum connecting bi-hemispheric anterior frontal regions. For both 
CC tracts, node 1 corresponds to the end of the left-hemispheric part of 
the tract core and node 100 corresponds to the end of the right- 
hemispheric part of the tract core. 

In addition to the procedures described above, two thresholds were 
evaluated to detect damaged tracts. For tract identification in AFQ, the 
default minimum tract length is 50 mm and individual streamlines are 
terminated when (a) FA < 0.2 and (b) the minimum angle between the 
last path segment and the next step direction is greater than 30⁰ (Yeat
man et al., 2012) (subsequently referred to as “Threshold 1”). These 
standard tractography parameters resulted in missing data in the left 
hemisphere for several of the participants. Thus, the minimum tract 
length was reduced to 20 mm and streamline termination criteria were 
reduced to FA < 0.1 and minimum angle greater than 35⁰ in the left 
hemisphere to include a larger participant sample (subsequently 
referred to as “Threshold 2”). As mentioned in the introduction, these 
termination criteria vary across studies. The termination criteria 
selected here for both Threshold 1 and Threshold 2 have been used in 
previous work in people with aphasia (see McKinnon et al., 2018 for use 
of Threshold 2 parameters; see Zhang et al., 2018 for use of Threshold 1 
FA termination criterion). 

To evaluate the effect of lesion volume on brain-behavior correla
tions, lesion maps were manually drawn by a trained technician blinded 
to the behavioral data. Lesion maps were delineated from T1 structural 
data in native space using MRIcron software (Rorden & Brett, 2000). The 

lesion tracing was based on the T1 image viewed in three orthogonal 
views simultaneously to improve accurate identification of the lesion. 
Frankly-damaged tissue was included while other structural abnormal
ities were excluded from the manual lesion identification. The lesion 
maps were then non-linearly warped to 1x1x1 mm3 MNI space (McGill’s 
MNI 2009c symmetric template) using the Advanced Diffusion Pre
processing Pipeline (Kurani, 2020) and processed via the Northwestern 
University Neuroimaging Data Archive (Alpert et al., 2016). Lesion 
volumes for all participants were then calculated using in-house MAT
LAB scripts (as described in (Meier et al., 2019b)). 

2.6. Statistical analysis 

For each tract, fractional anisotropy (FA) (ranging from 0 [diffuse] to 
1 [coherent]) and mean diffusivity (MD) ((λ1 + λ2 + λ3)/3); average of 
the three eigenvalues where lower values indicate lower water move
ment) were indexed by: (1) pointwise statistics of 100 equidistant nodes 
along the tract core (yielding 100 FA and MD values per tract) and (2) 
average values across all 100 nodes for each tract (yielding one FA and 
MD value per tract). R Version 3.6.2 was used for statistical analysis. 
Prior to independent samples t-tests, F-tests were completed to deter
mine whether equal variances could be assumed. 

For Question 1a, evaluating the relationship between tract delinea
tion and language skills, independent samples t-tests were used to 
compare aphasia severity between participants with and without tracts 
delineated across the five left-hemisphere tracts at Threshold 1 and 
Threshold 2. For Questions 1b and 1c, regression models were used to 
determine whether microstructural integrity (i.e., average FA and MD 
values) across the 12 tracts of interest were related to WAB-R AQ and 
BNT-2 proportion correct at Timepoint 1. For prediction of BNT-2 pro
portion correct, given a bimodal distribution of this dataset via visual 
inspection, scores were binarized at a cutoff of 0.4 and logistic regres
sion was completed. Pearson’s correlations were used to examine the 
relationship between pointwise microstructural integrity (i.e., FA and 
MD) and aphasia severity (i.e, WAB-R AQ) as well as pointwise micro
structural integrity and naming impairment (i.e., BNT-2 proportion 
correct). 

For Question 2, regression models were used to evaluate the rela
tionship between average microstructural integrity (i.e., FA and MD) 
and treatment gains as measured by PMG (described in Section 2.2; for 
N = 30 participants who underwent treatment). Pearson’s correlations 

Table 2 
Linear regressions predicting WAB-R AQ for averaged white matter tract metrics at Threshold 2.   

Tract Na FA  MD  

R2 pb qc  R2 pb qc  

CC major 27 0.012 0.582 –  0.033 0.365 –  
CC minor 33 0.049 0.213 –  0.005 0.689 –           

Left AF 10 0.563 0.012^ 0.074  0.559 0.013^ 0.078 
SLF 21 0.235 0.026^ 0.104  0.079 0.218 – 
ILF 29 0.422 <0.001^ 0.002*  0.359 <0.001^ 0.007* 

IFOF 14 0.189 0.12 –  0.265 0.060 – 
UF 14 0.001 0.91 –  <0.001 0.967 –           

Right AF 30 0.017 0.491 –  <0.001 0.963 – 
SLF 34 0.026 0.358 –  0.014 0.501 – 
ILF 34 0.001 0.844 –  0.002 0.826 – 

IFOF 34 0.002 0.782 –  0.005 0.679 – 
UF 33 0.01 0.571 –  0.001 0.856 – 

^statistically significant at p <.05. 
*statistically significant at q < 0.05. 
left hemisphere and corpus callosum forceps major and minor processed at Threshold 2 (lowered threshold); right hemisphere processed at Threshold 1 (standard AFQ 
threshold). 

a sample size based on delineated tracts for each of 12 tracts of interest. 
b unadjusted p-values. 
c q-values after FDR correction for 12 comparisons (depicted for items with significant p-values only); Note: none significant after controlling for lesion volume. 
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were used for pointwise comparisons between DTI scalars and PMG. For 
Question 3, pre- to post-treatment changes in average and pointwise 
white matter microstructural integrity were evaluated with paired 
samples t-tests (for N = 30 participants who underwent treatment and 
separately for N = 10 no-treatment natural history control participants). 

For all questions, correction for multiple comparisons was completed 
using the False Discovery Rate (FDR) procedure in R (Benjamini & 
Hochberg, 1995).9 Analyses with average measures were corrected for 
multiple comparisons using FDR correction applied for five comparisons 
for the question of tract delineation and 12 comparisons for each set of 
regression models relating neural data to language. Correlations with 
pointwise measures were corrected for multiple comparisons within 
each tract evaluated (i.e., 100 comparisons each). Results were consid
ered significant below an alpha level of 0.05 (after FDR correction). 
Significant correlations and regression predictors were followed up with 
partial correlations accounting for lesion volume. 

3. Results 

Participants had a mean WAB-R AQ of 62.7 (SD = 24.8), mean BNT-2 
score of 25/60 (SD = 20), mean pre-treatment baseline confrontation 
naming probe scores of 28.2 % (SD = 21.8), mean post-treatment 
confrontation naming probe scores of 52.9 % (SD = 35.3), and mean 
PMG of 0.43 (SD = 0.36) (see Supplementary Table 1 for individual 
evaluation and confrontation naming probe scores and Supplementary 
Fig. 1 for lesion overlays). 

3.1. Question 1 

3.1.1. Question 1a 
At Threshold 1, left-hemisphere tracts could not be delineated for 

some participants due to tract damage (left AF 8/34, left SLF 20/34, left 
ILF 19/34, left IFOF 9/34, and left UF 9/34; see Supplementary Table 2 
for complete list). Individuals with the left AF delineated showed 
significantly higher WAB-R AQ (M = 84.5, SD = 10.0) than those 
without the left AF delineated (M = 56.0, SD = 24.3, FDR-corrected q < 

0.001). No other WAB-R AQ comparisons by left-hemisphere tract 
delineation were statistically significant at Threshold 1 (see Supple
mentary Table 4 and Supplementary Fig. 2). This result confirms the 
premise that individuals without delineated left-hemisphere tracts have 
more severe aphasia. 

At Threshold 2, an increased number of left-hemisphere tracts could 
be delineated (left AF 10/34, left SLF 21/34, left ILF 29/34, left IFOF 14/ 
34, left UF 14/34; see Supplementary Table 2 for complete list). T-tests 
comparing WAB-R AQ at Timepoint 1 for participants with and without 
tracts delineated showed significantly higher WAB-R AQ for those with 
tracts delineated vs not delineated for the left AF, IFOF, and UF (see 
Supplementary Table 4). No other WAB-R AQ comparisons by left- 
hemisphere tract delineation were statistically significant at Threshold 
2. 

3.1.2. Question 1b 

3.1.2.1. Average measures. Regression models evaluating prediction of 
WAB-R AQ from average FA and MD across the 12 tracts of interest at 
Timepoint 1 showed no significant results after correction at Threshold 1 
(see Supplementary Table 5). With the left-hemisphere tracts evaluated 
at Threshold 2, higher average FA of the left ILF was associated with 
higher WAB-R AQ (see Table 2 and Fig. 1a for full statistical results). 
Similar to FA, also for Threshold 2, lower average MD of the left ILF was 
significantly associated with higher WAB-R AQ (see Table 2 and Fig. 1b 
for full statistical results). When lesion volume was added as a covariate, 
no tract metrics were significant predictors. 

3.1.2.2. Pointwise measures. At Threshold 1, Pearson’s correlations 
showed that higher WAB-R AQ was associated with higher FA of the left 
SLF nodes 4–34 (FDR-corrected q < 0.05, r range = [0.534, 0.597], n =
20; see Figure panel 2b). These did not remain significant with a partial 
correlation accounting for lesion volume. At Threshold 2, Pearson’s 
correlations showed that higher WAB-R AQ was associated with higher 
FA values of the left AF (nodes 1–68 and 76–82 with FDR-corrected q <
0.05, r range = [0.674, 0.869], n = 10), left SLF (nodes 5–33 and 82–95 
with FDR-corrected q < 0.05, r range = [0.5, 0.592], n = 21), and left ILF 
(nodes 1–95 with FDR-corrected q < 0.05, r range = [0.376, 0.627], n =
29; see Figure panel 2c; none significant with partial correlation ac
counting for lesion volume). 

With regard to pointwise MD measures, at Threshold 1, higher WAB- 

Fig. 1. Scatterplots of average diffusion measures of the left ILF and WAB-R AQ scores with regression lines and 95 % confidence intervals at Timepoint 1 for 
Threshold 2 for (a) FA and (b) MD (n = 29 with tracts delineated at Threshold 2). 

9 For thoroughness, permutation-based multiple comparison correction 
(Nichols & Holmes, 2002; Yeatman et al., 2012) was also completed for ana
lyses in Question 1 and Question 2 involving pointwise comparisons. The 
largely similar results are outlined in Supplementary Table 3. 
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R AQ was associated with lower MD of the left IFOF nodes 69–71 and 
75–87 (FDR-corrected q < 0.05, r range = [-0.958, 

-0.813]; see Figure panel 2d), which remained significant in a partial 
correlation accounting for lesion volume (FDR-corrected q < 0.05, r 
range = [-0.986, -0.847]). At Threshold 2, Pearson’s correlations showed 
that higher WAB-R AQ was associated with lower MD values of the left 
AF (nodes 1–82 with FDR-corrected q < 0.05, r range = [-0.804, -0.673], 
n = 10) and left ILF (nodes 1–53, 67–69, and 74–91 with FDR-corrected q 
< 0.05, r range = [-0.591, -0.392], n = 29; see Figure panel 2e). None of 
these correlations were significant in partial correlations accounting for 
lesion volume. 

3.1.3. Question 1c 

3.1.3.1. Average measures. For average FA and MD, no tracts were 
significant predictors of binarized BNT score at either Threshold 1 or 
Threshold 2. 

3.1.3.2. Pointwise measures. For Threshold 1, there were no significant 
correlations between pointwise measures and BNT proportion correct. 
At Threshold 2 in the left hemisphere, for pointwise FA across the 12 
tracts of interest at Timepoint 1, higher BNT-2 scores were associated 
with higher FA values of the left ILF (nodes 1–25, 30–50 with FDR- 
corrected q < 0.05, r range = [0.421, 0.542], n = 29; see Fig. 3a for 
pointwise plots). For pointwise MD across the 12 tracts of interest at 
Threshold 2, higher BNT-2 scores were associated with lower MD values 
of the left ILF (nodes 1–45 with FDR-corrected q < 0.05, r range = [-0.59, 
-0.429], n = 29; see Fig. 3b for pointwise plots; not significant after 
partial correlation accounting for lesion volume). 

3.2. Question 2 

3.2.1. Average measures 
For average FA and MD in the 12 tracts of interest at Timepoint 1, no 

tracts were significant predictors of treatment change for either 
Threshold 1 or Threshold 2. 

3.2.2. Pointwise measures 
For pointwise FA and MD at Threshold 1, there were no significant 

correlations between microstructural integrity metrics and treatment 
response. At Threshold 2, greater treatment response (i.e., PMG) was 
negatively associated with MD values of the left ILF at Timepoint 1 
(nodes 1–43 with FDR-corrected q < 0.05, r range = [-0.614, -0.459], n =
29; see Fig. 3c for pointwise plots). 

3.3. Question 3 

3.3.1. Average measures 
For average FA and MD in the 12 tracts of interest, there were no 

significant differences from pre- to post-treatment at Threshold 1. At 
Threshold 2, paired samples t-tests showed that average FA value was 
significantly higher post-treatment (M = 0.33, SD = 0.07) vs pre- 
treatment for the left ILF (M = 0.31, SD = 0.07, FDR-corrected q =

0.017, n = 23; see Fig. 4a for boxplot). As discussed above, a smaller 
group of no-treatment natural history controls (N = 1010) were included 
and paired samples t-tests showed no significant differences between 

Fig. 2. (a) Sample tract rendering with along-tract fractional anisotropy at Threshold 2 for 1 participant; Pointwise along-tract measures for tracts with significant 
correlations across participants for (b) FA at Threshold 1, (c) FA at Threshold 2, (d) MD at Threshold 1, and (e) MD at Threshold 2. Nodes in teal are significantly 
correlated with WAB-R AQ, with positive correlations for FA (higher FA values associated with higher WAB-R AQ score) and negative correlations for MD (higher MD 
values associated with lower WAB-R AQ score). Error bars indicate +/- standard deviation. Abbreviations: A (anterior), P (posterior). 

10 One no-treatment natural history control dropped out of the study before 
the post-treatment testing. 
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Timepoint 1 and Timepoint 2 for averaged measures in any of the 12 
tracts of interest at either Threshold 1 or Threshold 2 (see Fig. 4b for 
boxplot). 

3.3.2. Pointwise measures 
There were no significant changes from Timepoint 1 to Timepoint 2 

for pointwise measures in the treated group at Threshold 1 or Threshold 
2. 

See Supplementary Table 6 for average FA and MD values at 
Threshold 1 and 2 across tracts and timepoints. 

4. Discussion 

This study evaluated microstructural and macrostructural integrity 
of white matter tracts and their relationship with language impairment 
and treatment response in individuals with chronic post-stroke aphasia. 
Along with average tract measures, the study also evaluated pointwise 
measures, which few previous studies in individuals with aphasia have 
done. Question 1 showed that individuals with fewer tracts delineated 
presented with more severe language impairment. With this finding as a 

backdrop, there were several noteworthy results once the threshold of 
tract delineation was lowered with the goal of including data from tracts 
with more damage than allowed by the standard threshold. 

The following were the main findings when considering the data 
evaluated at Threshold 2 (with a larger number of tracts delineated): 
First, average FA and MD in the left ILF were significant predictors of 
aphasia severity (i.e., WAB-R AQ). Additionally, pointwise FA of select 
tract nodes in the left AF, SLF, and ILF and pointwise MD for select nodes 
in the left AF and ILF were correlated with aphasia severity. For naming 
via the BNT-2, no average DTI scalars were significant predictors. 
Pointwise measures in select nodes of the left ILF were significantly 
correlated with naming (FA and MD) and treatment response (MD only). 
These results suggest that individuals with greater microstructural 
integrity of left-hemisphere tracts, and in particular the posterior left 
ILF, tend to have milder aphasia, greater naming skills, and more 
favorable response to treatment. Finally, participants in the treatment 
group, but not the no-treatment control group, showed a pre- to post- 
treatment increase in FA of the left ILF which suggests that typicality- 
based semantic feature treatment may have the capacity to alter the 
microstructural integrity of ventral stream tracts. 

Fig. 3. Tract profiles for the left ILF including pointwise FA and MD across participants correlating with language scores at Threshold 2 for (a) FA along the left ILF 
and BNT-2 (n = 29 tracts delineated), (b) MD along the left ILF and BNT-2 (n = 29 tracts delineated), and (c) MD along the left ILF and treatment response (i.e., PMG) 
(n = 25 tracts delineated). Nodes in teal are significantly correlated with language scores at Threshold 2, with positive correlations for FA (higher FA values 
associated with higher language scores) and negative correlations for MD (higher MD values associated with lower language scores). Error bars indicate +/- standard 
deviation. Abbreviations: A (anterior), P (posterior). 

Fig. 4. Boxplots for pre- and post-treatment average FA at Threshold 2 with lines connecting paired datapoints in the (a) treatment group (n = 25 delineated at pre- 
treatment; n = 25 delineated at post-treatment; n = 23 available for paired statistical test) and (b) control group (n = 8 delineated at pre-treatment; n = 7 delineated 
at post-treatment; n = 7 available for paired statistical test). 
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The first result, showing the difference in aphasia severity between 
participants with and without delineation of the left AF, aligns with 
previous reports that tract delineation of the left AF positively correlates 
with performance for global measures (Kim & Jang, 2013; Tak & Jang, 
2014). Consequently, including FA or MD values from delineated tracts 
using typical tractography parameters may exclude individuals with 
more severe aphasia and more extensive left-hemisphere damage, 
making results less representative of the entire sample. Variability in 
tract delineation further complicates this matter (e.g., at Threshold 1, 9/ 
34 tracts in the left UF were delineated versus 19/34 in the left ILF). 
From a statistical standpoint, this vast difference presents challenges to 
building comprehensive predictive models that incorporate micro
structural integrity metrics from multiple tracts. In order to include data 
from more damaged tracts, and subsequently more participants, lowered 
tractography thresholds were used in the left hemisphere. However, 
further work needs to be completed to determine optimal thresholds and 
this caveat should be considered in interpreting subsequent results. 

Findings that both average and pointwise measures for the left AF, 
SLF, and ILF relate to WAB-R AQ align with previous studies correlating 
language performance to integrity of dorsal (e.g., Ivanova et al., 2016; 
Keser, Meier, Stockbridge, & Hillis, 2020a; Kim & Jang, 2013; J.-K. Lee 
et al., 2021; S. Lee et al., 2020; McKinnon et al., 2018; Yang et al., 2017; 
Zhang et al., 2021) and ventral tracts (e.g., Ivanova et al., 2016; 
McKinnon et al., 2018; Meier et al., 2019b; Xing et al., 2017; Zhang 
et al., 2018). These results also align with the dual-stream theory 
(Hickok & Poeppel, 2004, 2007), given that both dorsal and ventral 
stream integrity are important for a global measure of language function 
that incorporates many different linguistic skills. As noted above, 
interpretation of findings should be in consideration of the small number 
of tracts delineated for the left AF, even at Threshold 2. In terms of 
treatment response, the finding that Timepoint 1 MD values of the left 
ILF negatively correlate with treatment response suggests that pre- 
treatment microstructural integrity of this ventral stream tract may be 
able to provide prognostic information; namely, lower MD values (i.e., 
suggestive of lower diffusion and thus higher microstructural integrity) 
predict greater response to semantically-based anomia treatment. 

Overall, evidence in the current study for relationships between left- 
hemisphere microstructural integrity and language performance verifies 
and also extends previous findings in individuals with aphasia by 
providing fine-grained information about integrity of specific tract 
nodes that relate to behavior. Across analyses, the posterior left ILF 
emerged as a key predictor in this dataset. The middle and superior 
temporal gyri and structural connectivity provided by the ILF have 
previously been implicated in semantic processing (Turken & Dronkers, 
2011). It may be the case that structural connections from the posterior 
ILF are a particularly important part of the ventral stream for support of 
lexical-semantic processing (e.g., due to occipito-temporal structural 
connectivity needed for integration of visual and semantic information 
(Panesar et al., 2018)). Nonetheless, information provided about the 
role of the ILF from this analysis may be incomplete given that the 
current approach does not account for anatomically-based subdivisions 
of the tract, such as dorsal and ventral sub-fascicles (Panesar et al., 
2018) or multiple branches with differing gray matter connections 
(Mandonnet et al., 2018). Review of these anatomical subdivisions in 
future work could provide additional insight. 

Pre- to post-treatment increases in average FA in the left ILF suggest 
that the left ILF may undergo changes in response to semantically-based 
treatment. While studies evaluating microstructural changes in in
dividuals with chronic post-stroke aphasia have focused on the AF, there 
is some evidence to suggest microstructural plasticity of the left ILF 
(McKinnon et al., 2017) and left-hemisphere gray matter ventral stream 
regions (Chang et al., 2021). In the current study, a connection between 
semantically-based treatment and ILF integrity changes may indicate 
that a lexical-semantic treatment targeting skills presumably supported 
by the ILF relates to changes in the ILF. Nonetheless, these results should 
be interpreted with caution given the smaller sized control group. 

Furthermore, the larger amount of data available for the left ILF 
compared to other left-hemisphere tracts also may have contributed to 
the disparities in statistical significance. However, it should be noted 
that properties of right-hemisphere tracts, for which there were little 
missing data, were consistently not significant predictors of language 
performance. This is in contrast to a few other studies in the literature 
which have found evidence of a relationship between integrity of right- 
hemisphere white matter microstructural integrity and language skills 
(Forkel et al., 2014; Hartwigsen et al., 2020; Osa García et al., 2020). 
This discrepancy could be due to methodological differences between 
studies or differences in sample characteristics. 

Across analyses, associations did not remain after accounting for 
lesion volume. This confirms the strong relationship of lesion size with 
aphasia severity and treatment prognosis (Meier et al., 2019a). Even so, 
as others have pointed out, information about tract integrity and its 
relationship to behavioral measures potentially provides additional in
formation beyond just overall predictive power, including for develop
ment of treatments that target particular areas of the brain (Jang et al., 
2017; McKinnon et al., 2017). In the future, treatments could be selected 
to improve structural and functional integrity of a particular brain re
gion. For example, a semantically-based treatment such as semantic 
feature analysis might be used to target improved lexical-semantic ac
cess through improvement of underlying left ILF structure and function. 

Several limitations of this study should be mentioned. First, DTI 
presents inherent limitations. One critical problem with a DTI model for 
the purposes of tractography is the inability to distinguish crossing fi
bers. The method used in the current study can only predict a single fiber 
population per voxel, and thus errors may occur when there are crossing 
fibers within a voxel (Jeurissen et al., 2019), particularly if there is a mix 
of damaged and undamaged fibers within a voxel. Researchers have 
started to address this issue in recent literature with more sophisticated 
data acquisition and processing techniques such as multi-shell diffusion 
models (Konieczny et al., 2021). Furthermore, FA and MD are indirect 
measures from which one infers microstructural properties. In partic
ular, FA is susceptible to error due to the presence of edema in injured 
tissue. Previous work has also pointed out that considering higher FA 
and lower MD as indicative of better microstructural integrity may be 
overly simplistic, given that these measures vary within and between 
healthy tracts (Soares et al., 2013). In future studies, comparison to an 
age-matched neurotypical control group could help determine which 
tracts’ metrics differ from typical values. This will be particularly 
important to confirm whether tract and tract segment metrics that 
correlate with language performance tend to have higher microstruc
tural abnormality. 

Next, the current investigation did not use lesion masks to remove 
lesioned voxels from the analysis. While removal of lesioned voxels from 
fMRI data is standard, removal of lesioned voxels from DTI data has 
varied in the literature. One methodological investigation found that FA 
values gathered from tract-based spatial statistics (TBSS) for the bilat
eral corticospinal tract and SLF were similar when comparing the pro
cedure done with and without lesion masking, concluding that 
performing TBSS without lesion masks may be sufficient (Koyama et al., 
2019). While not specifically examining use of lesion masks for trac
tography, this result suggests that methods designed to gather FA values 
may inherently filter out lesioned voxels, although this requires further 
investigation. This study was also limited by small sample size. This is an 
ongoing challenge with clinical populations and should continue to be 
addressed with multi-site studies and data sharing among research 
groups. 

Last, some of the research questions yielded statistically significant 
results in pointwise measures only, some in averaged measures only, and 
some in both. It is possible that average measures (indexing overall tract 
integrity) are more informative in relation to evaluating neural changes 
and that pointwise measures (indexing integrity at precise location on 
the tract) may be more informative for relating neural structure to 
behavioral performance. Future work should examine these issues. 
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5. Conclusions 

Overall, this study showed that left-hemisphere white matter 
microstructural integrity metrics from diffusion tensor imaging relate to 
aphasia severity, naming, and treatment response in individuals with 
chronic post-stroke aphasia both for averaged tract measures and in 
pointwise measures in nodes along tracts. The study also found pre
liminary evidence of improved microstructural integrity of the left ILF 
following anomia treatment. These results suggest that white matter 
microstructural integrity of left-hemisphere dorsal and ventral stream 
tracts should be considered in the future as potential features for models 
predicting aphasia severity and treatment response post-stroke, along 
with other previously studied measures of white matter function such as 
white matter hyperintensities (e.g, Varkanitsa et al., 2020; Wilmskoetter 
et al., 2019). 
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