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ARTICLE INFO ABSTRACT
Keywords: Background: The complex crossing-fiber characteristics in the dual-stream system have been ignored by tradi-
Fixel-based analysis tional diffusion tensor models regarding disconnections in post-stroke aphasia. It is valuable to identify micro-

Crossing fiber

Diffusion-weighted imaging with aphasia.
White matter P )

Aphasia Methods: This cross-sectional study collected magnetic resonance imaging data from 29 participants with post-

Stroke stroke aphasia in the subacute stage and from 33 age- and sex-matched healthy controls. Fixel-based analysis
was performed to examine microstructural fiber density (FD) and bundle cross-section alterations of specific fiber
populations in crossing-fiber regions. Group comparisons were performed, and relationships with language
scores were assessed.
Results: The aphasic group exhibited significant fixel-wise FD reductions in the dual-stream tracts, including the
left inferior fronto-occipital fasciculus (IFOF), arcuate fasciculus, and superior longitudinal fasciculus (SLF) IIT
(family-wise-error-corrected p < 0.05). Voxel- and fixel-wise comparisons revealed mismatched distributions in
regions with crossing-fiber nexuses. Fixel-wise correlation analyses revealed significant associations between
comprehension impairment and reduced FD in the temporal and frontal segments of the left IFOF, and also
mapped naming ability to the IFOF. Average features along the whole course of dominant tracts assessed with
tract-wise analyses attributed word-level comprehension to the IFOF (r = 0.723, p < 0.001) and revealed a trend-
level correlation between sentence-level comprehension and FD of the SLF III (r = 0.451, p = 0.021). The mean
FD of the uncinate fasciculus (UF) and IFOF correlated with total and picture naming scores, and the IFOF also
correlated with responsive naming subdomains (Bonferroni corrected p < 0.05).
Conclusions: FD reductions of dual streams suggest that intra-axonal volume reduction constitutes the micro-
structural damage of white matter integrity in post-stroke aphasia. Fixel-based analysis provides a comple-
mentary method of language mapping that identifies fiber-specific tracts in the left hemisphere language network
with greater specificity than voxel-based analysis. It precisely locates the precise segments of the IFOF for
comprehension, yields fiber-specific evidence for the debated UF-naming association, and reveals dissociative
subdomain associations with distinct tracts.

structural damage of crossing-fiber pathways and reveal accurate fiber-specific language mapping in patients

Abbreviations: AF, arcuate fasciculus; SLF, superior longitudinal fasciculus; IFOF, inferior fronto-occipital fasciculus; UF, uncinate fasciculus; FA, fractional
anisotropy; DTI, diffusion tensor imaging; DWI, diffusion-weighted imaging; ILF, inferior longitudinal fasciculus; MdLF, middle longitudinal fasciculus; FOD, fiber
orientation distribution; CSD, constrained spherical deconvolution; FBA, fixel-based analysis; FD, fiber density; FC, fiber-bundle cross-section; FDC, combined fiber
density and bundle cross-section; TOI, tract of interest; VBA, voxel-based analysis; FWE, family-wise error; TPJ, temporoparietal junction.
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1. Introduction

Ischemic stroke is the most common cause of acquired aphasia
(Berthier, 2005). White matter impairment is involved in most cerebral
infarction lesions, which is closely related to neurobehavioral and
cognitive disability, including aphasia (Corbetta et al., 2015). Post-
mortem research in patients with subcortical stroke lesions indicates
demyelination and disruption of white matter architecture as chief
hallmarks of white matter alterations after ischemic injury (Marin and
Carmichael, 2019). White matter fibers have emerged as pivotal struc-
tures in the contemporary language model.

In the prevailing dual-stream language model, the dorsal and ventral
tracts constitute two pathways between classical cortical language
centers, which are essential for sound-to-articulation and sound-to-
meaning mapping, respectively (Friederici, 2012; Hickok and Poeppel,
2007; Saur et al., 2008). To date, most diffusion imaging studies on post-
stroke aphasia have used traditional tensor-derived metrics as reported
by a recent review (Zhang et al., 2021). Their results constitute the
fundamental of the current dual-stream language model. For instance,
the left arcuate fasciculus (AF) and superior longitudinal fasciculus
(SLF) play a speech production role (Han et al., 2016; Marchina et al.,
2011; Pani et al., 2016), while the function of the left inferior fronto-
occipital fasciculus (IFOF) in semantic processing has been well-
established in numerous studies (Han et al., 2013; Harvey and Schnur,
2015; Harvey et al., 2013; Ivanova et al., 2016; Xing et al., 2017; Zhang
et al., 2018). However, the tract-linguistic correlates of specific tracts
such as the uncinate fasciculus (UF) are still disputed (Catani et al.,
2013; Ivanova et al., 2016). For these previous diffusion tensor imaging
(DTI) studies, the historical inconsistencies and inaccuracy of
anatomical-functional mapping might be attributed to the poor biolog-
ical plausibility and interpretability of the tensor model. The prevailing
voxel-wise metric fractional anisotropy (FA) cannot reflect the fiber-
specific white matter characteristics in regions containing crossing
fibers.

With diffusion-weighted imaging (DWI) developments, advanced
evidence has demonstrated that most white matter voxels contain
crossing-fiber populations, especially in the language pathways (Jeur-
issen et al., 2013; Raffelt et al., 2015). In the dorsal stream of language
pathways, the AF is characterized by a large proportion of crossing fibers
with high posterior curvature (Raffelt et al., 2015). The SLF traverses the
centrum semiovale along with the corpus callosum and corticospinal
tract (Jeurissen et al., 2013; Mito et al., 2018). Regarding the ventral
stream, the IFOF, inferior longitudinal fasciculus (ILF), and middle
longitudinal fasciculus (MdLF) run close together (Catani et al., 2002;
Duffau et al., 2013). For the UF, its posterior portion crosses the ILF (Hau
etal., 2017). The crossing-fiber problem of complex fiber tracts in above
language pathways poses a challenge to aphasia researchers.

To overcome the limitations of tensor-derived metrics, advanced
diffusion models have been developed to obtain fiber orientation dis-
tributions (FODs). Constrained spherical deconvolution (CSD) is one of
the most robust methods for FOD estimation (Tournier et al., 2007).
Based on CSD, fixel-based analysis (FBA) is utilized to extract metrics for
specific fiber populations within each voxel, defined as fixels (Raffelt
et al.,, 2017; Tournier et al., 2007). This approach introduces fixel-wise
metrics to investigate crossing fibers within voxels, including fiber
density (FD), fiber-bundle cross-section (FC), and the combined fiber
density and bundle cross-section (FDC).

FD measures the intra-axonal volume of axons in each voxel
compartment, capturing microstructural information of a specific fiber
population including the within-voxel number of axons and axon vol-
ume (Raffelt et al., 2017). FC measures the cross-sectional size of fiber
bundles as an index of macroscopic morphology. As a combined measure
accounting for both macroscopic and microscopic feature, FDC is
reflective of the total capacity to relay information (Raffelt et al., 2017).
Voxel-wise fiber-specific metrics, including complexity, can be derived
from the FD, thereby providing detailed within-voxel features (Riffert
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et al., 2014). Combining fixel-wise and fixel-derived metrics could help
to improve the delineation of comprehensive pathological white-matter
characteristics.

FBA studies have hitherto focused on neurodegenerative diseases
(Mito et al., 2018; Rau et al., 2019; Zarkali et al., 2020), preterm brain
development (Pannek et al., 2018; Pecheva et al., 2019), and traumatic
brain injury (Verhelst et al., 2019; Wallace et al., 2020). Cerebrovascular
diseases have received scant attention. One study on ischemic stroke at
the subacute stage reported that reduced FD and FC were not confined to
lesion-adjacent areas but extended beyond connected tracts (Egorova
et al., 2020). Previous research enrolled post-stroke aphasia patients at
the early stage to reduce the influence of heterogeneity from clinical
profiles and white matter integrity (Yang et al., 2017). Our study also
focused on the subacute stage, considering it is a critical time for neural
plasticity (Bernhardt et al., 2017), and should be a target time course for
identifying predictive biomarkers or disease progress (Egorova et al.,
2020). The relationship between fiber-specific white matter alterations
and advanced dysfunction after ischemic stroke remains unclear,
particularly in terms of language impairment.

In the first FBA study of post-stroke aphasia, we aimed to disentangle
crossing-fiber pathways and to investigate the fiber-specific language
associations in the dual-stream pathways. We hypothesized that fiber-
specific microstructural characteristics could lead to more precise
mapping of language subdomains in post-stroke aphasia.

2. Methods and materials
2.1. Participants

The patients in this study were recruited prospectively from the
Department of Neurology and Brain Medical Center of the First Affili-
ated Hospital of Zhejiang University School of Medicine between
October 2018 and December 2020. Eligibility criteria included a history
of initial left-hemisphere ischemic stroke during the early subacute stage
(7 days to 1 month), aphasia confirmed by the language scale, age
18-80 years, right-handedness, Chinese as a first language, and educa-
tion experience > 6 years. Subjects were excluded if they had pre-
existing neurological or psychiatric disorders, a history of psychoac-
tive medication or of alcohol use disorder, or magnetic resonance im-
aging contraindications. Age-, sex-, and education-matched healthy
volunteer controls were also recruited via local advertisements. We
chose subacute stroke patients to moderate the impact of cerebral edema
on diffusion imaging in the early stage and to avoid the confounding
effect of white matter alterations secondary to cortical lesions (e.g.,
Wallerian degeneration), and thus focused on the direct ischemic dam-
age to the white matter. We initially recruited 32 patients and 34 con-
trols. Three patients with poor imaging quality were excluded, while the
magnetic resonance imaging data of one healthy control were unavai-
lable due to incomplete volumes of the DWI sequence. The final cohort
consisted of 62 participants (29 patients, 33 healthy controls). All par-
ticipants provided written informed consent in accordance with the te-
nets of the Declaration of Helsinki. The study protocol and consent form
were approved by the Local Research Ethics Committee of the First
Affiliated Hospital, Zhejiang University School of Medicine.

2.2. Language assessment

The Aphasia Battery of Chinese was used to assess language perfor-
mance at the time of aphasia onset (Gao, 2006). The assessment was
conducted by a certified examiner (J.Y.), and the scores were checked
and documented by another blinded researcher (Y.Y.). Language do-
mains included spontaneous speech, repetition, comprehension,
naming, reading, writing performance, and overall aphasia severity, as
measured by the aphasia quotient. Subdomains of comprehension
(word- and sentence-level comprehension) and naming (picture, color,
and responsive naming) were also investigated.
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2.3. Image acquisition

Magnetic resonance imaging data were acquired using a 3-T Signa
HDxt 2.0 scanner (GE Healthcare, Chicago, IL). DWI was performed
using a spin-echo, single-shot, echo-planar imaging sequence with the
following parameters: 40 non-collinear diffusion-weighted directions (b
= 2000 s/mm?) and 3 interspersed b0 volumes; field of view = 256 mm
x 256 mm; acquisition matrix = 128 x 128; voxel size =2 x 2 x 3 mm;
repetition time = 5100 ms; echo time = 66.2 ms; 50 slices with no gap.
Structural T1-weighted imaging was performed using a high-resolution,
three-dimensional brain volume imaging sequence (voxel size =1 x 0.5
x 0.5 mm; repetition time = 7.8 ms; echo time = 3.0 ms; flip angle = 7°).

2.4. Image pre-processing

2.4.1. Structural image processing

The T1-weighted images were utilized to delineate ischemic lesions.
The lesion masks were drawn manually using ITK-SNAP by two expe-
rienced neurological researchers (J.Z. and S.Z.). All subject binary lesion
masks were normalized into the standard space (MNI152 template). The
map in Fig. 1. shows the distribution of lesion coverage. The Tissue
Volume module was used to compute the intra-cranial volume based on
segmented T1-weighted data using the Computational Anatomy
Toolbox 12 in SPM12 (https://www.fil.ion.ucl.ac.uk/spm/softw
are/spm12).

2.4.2. DWI pre-processing and CSD modelling

The DWI data were processed using a single-tissue CSD pipeline
(Tournier et al., 2007) that included multiple pre-processing steps in
MRtrix3 (v3.0.0) (www.mrtrix.org) (Tournier et al., 2019). The stan-
dardized steps included estimating the DWI noise level, denoising based
on random matrix theory, eddy current-induced distortion correction
and within-volume motion correction using scripts that interfaced with
the FMRIB Software Library (v6.0.2) (Andersson et al., 2017; Andersson
et al., 2016; Andersson and Sotiropoulos, 2016), bias field correction
using Advanced Normalization Tools (Avants et al., 2011), global in-
tensity normalization, and upsampling to an isotropic voxel size of 1.3

-60
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mm. Single-shell response functions were computed to represent single-
fiber white matter, and a group-averaged response function was ob-
tained to perform CSD of all subjects. The T1 lesion masks in the
structural space were linked to the diffusion space using FLIRT (FMRIB’s
Linear Image Registration Tool) (Greve and Fischl, 2009). Voxels of
lesioned areas were prevented from driving the registration process as
well as contributing to the resulting template. Lesioned areas of subjects
were excluded from aggregation, and an unbiased study-specific FOD
template including data of all subjects was then created. All subject FOD
images were registered to the FOD template and warped into the com-
mon template space after masking lesioned tissue.

2.5. Multi-level analytic strategies

Multi-level analytic strategies and metrics are summarized in Fig. 2
and are clarified as follows.

2.5.1. Fixel-wise metrics

To estimate the orientation and number of fixels in each voxel, each
FOD lobe was segmented; the apparent density value per fixel was then
obtained. The fixels in the template space were then reoriented in
accordance with the local transformation of the warps. The subject fixel
in the matching voxel was identified for each template fixel, and the FD
value of this corresponding subject fixel was assigned to that template
fixel. FD, FC, and FDC were then obtained to detect fiber-specific white
matter pathologies in crossing-fiber regions with greater sensitivity and
interpretability than tensor-derived metrics (Raffelt et al., 2017).

2.5.2. Voxel-wise metrics

Two categories of voxel-wise metrics were calculated to depict
detailed microstructure (see Supplemental Method 1). Fixel-derived
voxel-wise metrics included FDi and complexity. FDi is defined as the
FD of the i largest peak of the fiber orientation density function within
a voxel (Riffert et al., 2014). FD1, FD2, and FD3 measure the density of
the primary, secondary, and tertiary fiber populations, respectively,
while complexity compares relative density differences of distinct fiber
populations within a voxel. Tensor models were estimated to obtain

Fig. 1. Lesion overlay of all participants with post-stroke aphasia. The colors indicate the number of patients with lesions at each voxel, with warmer colors
indicating a greater extent of lesion overlap (the color bar ranges from 1 in purple to 17 in dark red). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 2. Multi-level analytic strategies and metrics for diffusion images. The strategies of this study include whole-brain analysis and tract-wise analysis, and each
analysis strategy uses fixel-wise and voxel-wise metrics. AD = axial diffusivity; AF = arcuate fasciculus; CX = complexity; CSD = constrained spherical deconvolution;
FA = fractional anisotropy; FC = fiber cross-section; FD = fiber density; FDC = fiber density and cross-section; FWE = family-wise error; IFOF = inferior fronto-
occipital fasciculus; ILF = inferior longitudinal fasciculus; MD = mean diffusivity; MALF = middle longitudinal fasciculus; RD = radial diffusivity; SLF = superior

longitudinal fasciculus; TOI = tract of interest; UF = uncinate fasciculus.

voxel-wise FA, axial diffusivity, radial diffusivity, and mean diffusivity.
Gaussian smoothing was applied to voxel-wise images explicitly with a
specified full-width at a half maximum of 3 mm.

FBA and voxel-based analysis (VBA) results were respectively
thresholded to produce the significant fixels and clusters. The significant
fixels of FBA and clusters of VBA results were binarized into fixel- and
voxel-wise masks. Fixel-wise masks were then transformed into voxel
level using the fixel2voxel command for further calculation between
images. FBA-VBA overlap and mismatch were respectively located by
multiplication and subtraction operations between FBA-VBA result
masks. For better visualization, the spatial correspondence was
compared by rendering FBA and VBA results in the same three-
dimensional space.

2.5.3. Tract-wise metrics

Given that most tracts in the language network consist of long-range
fibers, atlas-based tract-wise metrics were extracted to measure the
average features along the whole course of specific tracts of interest
(TOIs) and complement whole-brain analyses. CSD-derived whole-brain
probabilistic tractography was performed to obtain whole-brain tem-
plate tractogram based on the data from the current study. Streamlines
were seeded at random, and 20 million streamlines were selected. The
cut-off value of FOD amplitude for terminating tracks was 0.10, and the
maximum angle between successive steps was 22.5°. Spherical-
deconvolution informed filtering of tractograms was then used until 2

million streamlines remained (Smith et al., 2013). We chose seven dual-
stream tracts (the SLF III, AF, IFOF, UF, ILF, MdLF, and frontal aslant
tract) as TOIs defined by XTRACT, a novel automated tractography
protocol (see detailed techniques in Supplemental Method 2) (War-
rington et al., 2020). Fixel masks of TOIs aimed to identify more specific
changes in tract-wise metrics in crossing-fiber regions than traditional
voxel masks. For complementary information, we also extracted average
tensor-derived metric FA from voxel masks of TOIs for between-group
comparisons. We performed tract-wise correlation analyses for TOI
metrics of significant between-group differences.

2.6. Statistical analysis

For whole-brain FBA, connectivity-based fixel enhancement was
applied to conduct tract-specific smoothing and to enhance the statis-
tical map (Raffelt et al., 2015). For whole-brain VBA, threshold-free
cluster enhancement was used to produce the statistical map using the
mrclusterstats command in MRtrix3 (v3.0.0). Family-wise error (FWE)
correction was performed for whole-brain analyses using non-
parametric bootstrapping (5000 permutations). The general linear
models (GLMs), two-group difference adjusted for nuisance covariate
and single-group correlation with additional covariate, were used for
tests in whole-brain analyses. Statistical significance was set at FWE-
corrected p < 0.05.

For tract-wise analyses, within-TOI mean values were compared
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between patients and controls using GLMs in IBM SPSS Statistics for
macOS (v25; IBM, Armonk, NY). Considering the language scores were
not normal distribution, Spearman’s partial correlation analysis was
used to investigate the relationship between language scores and within-
TOI mean values in the stroke group. The significance threshold was
adjusted by the Bonferroni correction (p < 0.05/k, k = number of
multiple comparisons including selected tracts and evaluated metrics,
see details in Supplemental Method 2).

Age, sex, education level, whole-brain averaged values, lesion vol-
ume, and cortical involvement of lesion were considered as nuisance
covariates for the results. Motor dysfunction level was also included for
further sensitivity analysis. Intracranial volume was an added moder-
ator of FC and FDC to exclude the influence of head size.

3. Results
3.1. Demographic characteristics and behavioral findings

A total of 29 patients (59.2 + 12.3 years, 21 males) with post-stroke
aphasia and 33 healthy volunteers (54.6 + 13.1 years, 19 males) were
recruited. The mean time from stroke onset to enrollment was 13.2 (7.3)
days. No significant between-group differences in age, sex, education
level, or intracranial volume were observed (Table 1). Diverse behav-
ioral profiles of aphasia were collected (Supplemental Table 1).

3.2. Whole-brain FBA

3.2.1. Group-wise comparisons

Whole-brain FBA revealed reduced FD in aphasia patients compared
to the controls. As shown in Fig. 3A, most regions with fixels showing
significant FD reductions were located within dual-stream tracts (the left
SLF III, AF, IFOF, MdLF, and ILF), as well as the left anterior thalamic
radiation, splenium, and radiations of the corpus callosum (FWE-cor-
rected p < 0.05). By adding motor dysfunction level as a covariate, the
sensitivity analysis showed that reduced FD was mainly confined to
dual-stream tracts (Supplemental Fig. 1). The greatest FD reductions
occurred in the temporal stem and frontal segments of the left IFOF
(Fig. 3A, right panel). The FDC reduction showed a similar but smaller
distribution confined to the left ventral tracts (IFOF and ILF), the ante-
rior thalamic radiation, and corticospinal tract. Only the corticospinal
tract exhibited FC reductions and almost no FC changes after the
sensitivity analysis introducing the motor covariate (Supplemental
Fig. 1). Fig. 3B showed zoomed fixels of significant fiber-specific

Table 1
Demographic characteristics and medical information of participants (n = 62).
Aphasia Healthy Statistic
Patients Controls
n=29 n=33
Sex, male (%) 21 (72.49) 19 (57.6) Xz(l) =1.484, P
=0.223
Age, years (SD) 59.2 (12.3) 54.6 (13.1) t(60) = 1.442, P
= 0.155
Education, years (SD) 10.0 (3.7) 10.4 (4.2) Z =-0.512%,P =
0.609
Time post-stroke, days (SD) 13.2(7.3) - -
Handedness, right (%) 29 (100) 33 (100) -
ICV, cm® (SD) 1549.5 1482.2 t(60) = 1.822, P
(155.0) (136.2) =0.073
Lesion volume, mL (SD) 52.7 (48.8) - -
Cortical involvement of 53.8 (26.4) - -

lesion, % (SD)

Notes: Data are shown as mean (SD) or number (%). Reported P-values from two-
sample independent t-test for age and intracranial volume, Mann-Whitney U test
for the non-normal variable education year, and chi-squared test for male pro-
portion and handedness. ICV = intracranial volume; SD = standard deviation. *:
Z value was reported for Mann-Whitney U test.
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populations in crossing-fiber regions.

3.2.2. Fixel-language mapping

Fig. 4A shows a positive correlation between the total comprehen-
sion score and fixel-wise FD in the left IFOF and tapetum of the corpus
callosum of patients with aphasia (FWE-corrected p < 0.05). The IFOF
segment around the limen insulae showed the greatest correlation. A
positive correlation with word-level comprehension was also found in
the left IFOF and the corpus callosum, with a greatest correlation in the
frontal segment of the IFOF. The total naming score positively correlated
with FD in the left IFOF (Fig. 4B). The significant correlation between FD
and picture naming was located at the temporal segment of the left IFOF,
while color naming was mapped to the left IFOF and tapetum of the
corpus callosum. Positive associations between responsive naming and
FD were also concentrated at the temporal segment of the left IFOF
segment and tapetum of the corpus callosum. No correlations with FC or
FDC were found.

3.2.3. Whole-brain VBA-FBA mismatch

Detailed whole-brain VBA results are shown in Supplemental Fig. 2.
As shown in Fig. 5, some significant clusters of VBA and FBA results
overlapped, including the centrum semiovale through which the left SLF
III and AF pass. In the centrum semiovale, reduced FD, FA, and axial
diffusivity, as well as increased radial diffusivity, FD3, and complexity
were observed (Fig. 5, blue rectangle). We found mismatched regions in
terms of positive spatial distributions. The voxels in the left tempor-
oparietal junction (TPJ) showed reductions in FA, while the corre-
sponding regions exhibited no significant fixel-wise alterations (Fig. 5,
red rectangle). There was also decreased axial diffusivity and increased
complexity and FD3 in the left TPJ (Supplemental Fig. 2). Zoomed FOD
models showed that the TPJ contained crossing-fiber populations,
including the dorsal tract intersecting with the ventral tract and the
radiation of the corpus callosum.

3.3. Tract-wise analysis

3.3.1. Group-wise comparisons

Tract-wise analyses of left dual streams revealed reduced mean FDs
within the fixel masks of the AF (F =12.18, p = 0.001), IFOF (F = 19.29,
p < 0.001), and UF (F = 10.56, p = 0.002) in post-stroke aphasia (Fig. 6).
Of these, the IFOF had the highest reduction percentage (17.77%, 95%
CI 10.48-25.05%). Only the IFOF exhibited significant FDC decrease (F
=15.16, p < 0.001). No group difference of tract-wise FC was reported.
Regarding tensor-derived FA, we observed extensive reductions in AF (F
=52.40, p < 0.001), SLF III (F = 30.30, p < 0.001), IFOF (F = 28.80, p <
0.001), and MdLF (F = 30.72, p < 0.001).

3.3.2. Tract-wise language correlations

The tract-wise mean FD exhibited significantly positive correlations
with comprehension and naming domains (Fig. 7). The left IFOF (r =
0.646, p = 0.002) and SLF III (r = 0.524, p = 0.006) showed correlations
with the total comprehension score (Fig. 7A). Word-level comprehen-
sion subdomain significantly correlated with the IFOF (r = 0.723, p <
0.001), while sentence-level comprehension subdomain showed a trend-
level positive correlation with the SLF III (r = 0.451, p = 0.021). No
significant correlation between the mean FD of left UF and compre-
hension domain was reported. Regarding naming domain, we found that
the mean FDs of the left IFOF and UF were significantly associated with
the total naming score (IFOF: r = 0.671, p < 0.001; UF: r = 0.651, p =
0.001) and picture naming subdomain (IFOF: r = 0.656, p = 0.001; UF: r
= 0.646, p = 0.001; Fig. 7B). In addition, the mean FD of the IFOF was
also correlated with responsive naming subdomain (r = 0.600, p =
0.002), and exhibited trend-level positive correlation with a color
naming (r = 0.542, p = 0.007). Compared to the mean FD, the signifi-
cant correlations with tract-wise mean FA of the left IFOF were found
within naming domain (total naming score: r = 0.680, p < 0.001; picture
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Fig. 3. Significant fiber-specific reductions of whole-brain fixel-wise metrics in post-stroke aphasia compared to controls. A, Tract-specific streamlines represent
mapped fixels with significantly reduced fiber density (FD), fiber density and bundle cross-section (FDC), and fiber-bundle cross-section (FC) values on the
population-template, displayed as three-dimensional streamlines cropped from the template tractogram at FWE-corrected P < 0.05. B, Enlarged crossing-fiber areas
with significant fixels of FD reductions. Left panels: colors are encoded by fixel direction (green: anterior-posterior, blue: superior-inferior, red: left-right); right
panels: streamline points are colored by percentage reductions, and zoomed fixels are colored by FWE-corrected P-values. ATR = anterior thalamic radiation; CST =
corticospinal tract; SCC = splenium of the corpus callosum; Tap = tapetum of the corpus callosum. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

naming subdomain: r = 0.673, p < 0.001), and only a trend-level cor-
relation was reported with word-level comprehension (r = 0.540, p =
0.007). No significant correlation was found with mean FA of left SLF III,
AF, and MdLF.

4. Discussion

This study reports a reduced microstructural FD of fixels and reduced
tract-wise mean FD in the left SLF III, AF, and IFOF, indicating consistent
convincing evidence of extensive intra-axonal volume reduction of
axons in the dual-stream pathways of aphasic patients. We found that
the fixel-wise FD in the left IFOF was associated with comprehension
and naming. Tract-wise analyses revealed dissociative associations with
language subdomains, attributing word-level comprehension to the
IFOF and sentence-level comprehension to the SLF III. Our analyses also
yielded more fiber-specific evidence regarding the debate of the UF-
naming association. Comparing with conventional voxel-wise results,
FBA showed the advantages of greater specificity in mapping injured
fibers, and could locate more precise segments along the long-range
tracts.

4.1. Altered dual-stream microstructure in post-stroke aphasia

Considering that this study focused on subacute stroke within 4
weeks of the stroke event, the white matter impairment was mostly
caused by direct subcortical damage rather than long-term injury sec-
ondary to cortical lesions. The locations of extensive FD reduction (i.e.,

dual-stream pathways) agreed with the findings of previous tensor-
derived diffusion studies in aphasic patients: the dorsal stream SLF
(Han et al., 2016; Ivanova et al., 2016; Yang et al., 2017) and AF (Kim
and Jang, 2013; Marchina et al., 2011; Y. Zhang et al., 2010) and the
ventral stream dominated by the left IFOF (Han et al., 2013; Harvey and
Schnur, 2015; Harvey et al., 2013; Xing et al., 2017; Zhang et al., 2018)
were the most commonly affected. However, the high percentage of
crossing fibers in the language pathways is a critical issue that must be
considered. Although previous studies reported changes at the tract-wise
level, the mean FA of tracts is inaccurate because tensor-derived trac-
tography is not fiber-specific. Moreover, the biological plausibility and
interpretability of FA is poor because reduced FA can be caused by
multiple potential microstructural tissue characteristics including
decreased myelination, reduced axon density, and poor axon coherence
(Johansenberg and Behrens, 2013).

The FBA approach not only locates the accurate segment of fiber-
specific tracts but also attributes impaired white matter integrity to
microstructural intra-axonal volume reduction. Extensively reduced FD
suggests microstructural intra-axonal volume reduction of specific fiber
populations (e.g., axonal loss) as the pathological substrate of subacute
post-stroke aphasia. The absence of FC alterations indicates that
macroscopic cross-sectional change of fiber bundles is not obvious in the
subacute stage of stroke. As evidence indicates that dissociable FBA
metrics results from a stroke, fiber density reductions could precede
macroscopic fiber cross-section changes during different stages of neu-
rodegeneration (Egorova et al., 2020).
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A Total comprehension Word-level comprehension

Fig. 4. Whole-brain correlation mapping between language domains and fixel-wise fiber density (FD) in post-stroke aphasia. Streamlines are cropped from the
template tractogram to show significant fixels at family-wise error-corrected P < 0.05. A, Positive correlations between comprehension domain and FD. B, Positive
correlations between naming domain and FD. Left panels: colors are encoded by fixel direction (green: anterior-posterior, blue: superior-inferior, red: left-right); right
panels: streamline points are colored by t values of correlation analyses. sCC = splenium of the corpus callosum; Tap = tapetum of the corpus callosum. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Spatial distribution comparison of between fixel- and voxel-wise metrics results with zoomed fiber orientation distributions (FODs) in post-stroke aphasia
compared to controls. A, Spatial correspondence of dual-way tracts in the vicinity of the significant results. The zoomed rectangles show the regional crossing-fiber
nexuses of the left major tracts (magenta: AF, green: IFOF, turquoise: ILF, blue: MdLF, yellow: SLF III). B, Significant fixels of reduced fiber density (FD) (three-
dimensional streamlines colored by fixel direction, mainly in green and blue), and significant clusters of reduced fractional anisotropy (FA) (three-dimensional
streamlines colored in yellow). Zoomed rectangles exhibit regional crossing-fiber orientations within corresponding voxels (overlapped region in blue rectangle:
centrum semiovale; mismatched region in red rectangle: temporoparietal junction). CST = corticospinal tract; rCC = radiation of the corpus callosum. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Percentage differences of mean diffusion metrics within left tracts of
interest compared to controls. Solid lines indicate significant reduced mean
metrics of a specific tract (Bonferroni corrected p < 0.05). FA = fractional
anisotropy; FD = fiber density; FDC = fiber density and bundle cross-section.
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4.2. Typical crossing-fiber regions with VBA-FBA mismatch

To investigate the regional crossing-fiber configurations, we
compared the spatial patterns of significant clusters between VBA and
FBA. We also noted mismatched regions, such as the vicinity of left TPJ.
The mismatch showed significant VBA metric alterations with negative
FBA changes in the TPJ. Representative FOD patterns might account for
differences in local fiber populations. The TPJ belongs to the Geschwind
territory involved in phonological repetition (Forkel et al., 2020; Fri-
driksson et al., 2010) and high-level language processing (Carotenuto
etal., 2018). The TPJ may contain distinct cell populations and complex
crossing-fiber populations at the nexus of multiple processing streams,
thereby playing a broad integrative role (Carter and Huettel, 2013).
Therefore, it was difficult to identify the affected fiber bundle based on
the reduced FA of the voxels in the TPJ. Complexity is mostly inversely
proportional to FA, and higher complexity values in the TPJ of aphasic
patients appear to be caused by reduced density of primary fiber pop-
ulations or increased density of non-primary fiber populations (Grazio-
plene et al., 2018). In our study, the higher density of the tertiary fiber
population (i.e., radiation of the corpus callosum) was observed in the
left TPJ, suggesting potentially increased connectivity between bilateral
hemispheres. Recruitment of the right homologues after a left-
hemispheric stroke, as well as the association between language and
between-hemisphere connectivity of the corpus callosum, have been
previously observed (Crinion and Price, 2005; Kyeong et al., 2019).
Future longitudinal studies might reveal dynamic changes of language
specific fibers, and verify the prognosis of between-hemisphere con-
nectivity over time after the degeneration of primary pathways.

4.3. Language mapping with improved locations and dissociable
subdomains

Most of the present correlation results are in line with the docu-
mented relationship between dual-stream tracts and language.
Numerous studies have demonstrated the semantic role of the left IFOF
(Han et al., 2013; Ivanova et al., 2016; Xing et al., 2017; Zhang et al.,
2018), as well as the association between the left AF and repetition
ability involved in sound-to-motor mapping (Forkel et al., 2014;
Marchina et al., 2011; Zhang et al., 2010). However, compared to the
voxel-wise results, the FBA results provided more focused evidence. In
this study, FA showed extensive involvement of tracts in comprehension
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Fig. 7. Significant correlations between language scores and tract-wise fiber density (FD) in post-stroke aphasia (Bonferroni corrected p < 0.05). A, The scatter plots
depict the correlations with the comprehension domain. B, The scatter plots depict the correlations with the naming domain.
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processing, while fixel-wise FD correlations with comprehension
focused on the IFOF. In addition, FBA emphasizes the precise language-
tract mapping at a more subdivided level of the IFOF, and reveals
dissociable correlations with language subdomains.

The linguistic role of the left UF has been debated for decades despite
increasing evidence supporting its semantic associations (Han et al.,
2013; Harvey et al., 2013; Marchina et al., 2011; Xing et al., 2017; Zhang
et al., 2018). The linguistic role of the left UF was once regarded as being
misguided by the indistinct delineation of in vivo tractography of over-
lapping tracts, given that it was sometimes difficult to separate the IFOF
from the UF during post-mortem dissection (Peltier et al., 2010). With
the help of the fiber-specific tool, our study disentangled the crossing
fibers and yielded more convincing evidence for the controversial lan-
guage mapping. The UF-naming association revealed by our FBA
method is in accordance with the high-grade evidence obtained from
surgical removal and electrostimulation mapping (Papagno et al., 2011).
In addition, a recent diffusion spectrum imaging study also indicates
that the UF played a critical role in semantic processing for word pro-
duction (Hula et al., 2020).

4.4. Strengths and limitations

To the best of our knowledge, this is the first study to use a fiber-
specific tool for examining dual-stream pathways in post-stroke
aphasic patients. The strengths of this study include use of an
advanced diffusion model (CSD) to detect crossing-fiber populations of
dual-stream pathways. FBA-VBA mismatch interprets the underlying
configuration of specific crossing fibers. Compared with FA, FBA find-
ings provide more accurate localization and microstructural pathology
for language pathways. Tract-wise fixel metrics depict the characteris-
tics of average statistics along the whole course of a specific tract and
reveal dissociable subdomain correlations. Despite above promising
advantages, the present study was limited by the heterogeneity of the
symptoms of aphasia profiles. The relatively small sample size reduced
statistical power and precluded the investigation of subgroup differ-
ences. Template-based tractography may lead to insufficient capture of
inter-individual variability in tract morphology for the patients with
stroke. In addition, the quality of DWI data need to be improved
considering the diffusion direction number of this study were small.
Finally, this study did not include follow-up evaluations at the chronic
stage, and longitudinal changes were not addressed.

4.5. Future directions

A larger cohort would be useful to facilitate the understanding of the
fiber-specific associations of patients with different aphasic subtypes.
Follow-up studies are needed to detect the value of fixel-based
morphometry in predicting longitudinal behavioral changes. Further-
more, FBA might be a promising technique in mapping fiber-specific
white matter pathologies related to other post-stroke neurological def-
icits, such as sensory and cognitive impairment.

5. Conclusions

This study demonstrates fixel-based analysis in patients with post-
stroke aphasia can identify fiber-specific damage of dual streams in
crossing-fiber regions and indicates improved ability of fixel-based
metrics compared to conventional DTI metrics in language network
research. Fiber density reductions of dual streams suggest that fiber-
specific intra-axonal volume reduction is the microstructural damage
of white matter integrity. Fixel-based language mapping exhibits more
precise location than voxel-wise DTI metrics, mapping comprehension
associations at subdivided segments of the left IFOF. It also yields fiber-
specific evidence for the debated association between the left UF and
naming disability. Additionally, fixel-based language mapping reveals
dissociative associations, attributing different language subdomains to
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distinct tracts.
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