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ARTICLE INFO ABSTRACT
Keywords: A disruption of white matter connectivity is negatively associated with language (recovery) in patients with
Post stroke aphasia aphasia after stroke, and behavioral gains have been shown to coincide with white matter neuroplasticity.
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Predicting language recovery
Spherical deconvolution tractography
Arcuate fasciculus

Inferior fronto-occipital fasciculus

However, most brain-behavior studies have been carried out in the chronic phase after stroke, with limited
generalizability to earlier phases. Furthermore, few studies have investigated neuroplasticity patterns during
spontaneous recovery (i.e., not related to a specific treatment) in the first months after stroke, hindering the
investigation of potential early compensatory mechanisms. Finally, the majority of previous research has focused
on damaged left hemisphere pathways, while neglecting the potential protective value of their right hemisphere
counterparts for language recovery. To address these outstanding issues, we present a longitudinal study of
thirty-two patients with aphasia (21 males and 11 females, M = 69.47 years, SD = 10.60 years) who were
followed up for a period of 1 year with test moments in the acute (1-2 weeks), subacute (3-6 months) and
chronic phase (9-12 months) after stroke. Constrained Spherical Deconvolution-based tractography was per-
formed in the acute and subacute phase to measure Fiber Bundle Capacity (FBC), a quantitative connectivity
measure that is valid in crossing fiber regions, in the bilateral dorsal arcuate fasciculus (AF) and the bilateral
ventral inferior fronto-occipital fasciculus (IFOF). First, concurrent analyses revealed positive associations be-
tween the left AF and phonology, and between the bilateral IFOF and semantics in the acute — but not subacute -
phase, supporting the dual-stream language model. Second, neuroplasticity analyses revealed a decrease in
connection density of the bilateral AF — but not the IFOF — from the acute to the subacute phase, possibly
reflecting post stroke white matter degeneration in areas adjacent to the lesion. Third, predictive analyses
revealed no contribution of acute FBC measures to the prediction of later language outcomes over and above the
initial language scores, suggesting no added value of the diffusion measures for language prediction. Our study
provides new insights on (changes in) connectivity of damaged and undamaged language pathways in patients
with aphasia in the first months after stroke, as well as if/how such measures are related to language outcomes at
different stages of recovery. Individual results are discussed in the light of current frameworks of language
processing and aphasia recovery.

Abbreviations: AF, Arcuate Fasciculus; AR, Autoregressive; CSD, Constrained Spherical Deconvolution; DTI, Diffusion Tensor Imaging; FA, Fractional Anisotropy;
FBC, Fiber Bundle Capacity; FLAIR, Fluid-Attenuated Inversion Recovery; HARDI, High Angular Resolution Diffusion Imaging; IFOF, Inferior Fronto-Occipital
Fasciculus; ILF, Inferior Longitudinal Fasciculus; NIHSS, National Institutes of Health Stroke Scale; PWA, Patient(s) With Aphasia; SLF, Superior Longitudinal
Fasciculus; UF, Uncinate Fasciculus.
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1. Introduction

In patients with aphasia after stroke, functional brain reorganization
coincides with behavioral improvement (Hartwigsen and Saur, 2019;
Kiran et al., 2019). However, little is known on structural reorganization
of white matter tracts supporting language, especially not in the first
months after stroke. Therefore, this study aims to fill this gap by
examining white matter plasticity during the first months post stroke,
and assessing its predictive value for later language outcomes.

Language is supported by large-scale networks made up of in-
teractions between several brain regions along two processing streams
(Fridriksson et al., 2016; Friederici, 2011; Hickok and Poeppel, 2004,
2007). More specifically, the dual-stream model states that in neuro-
typical adults, phonological processing is driven by a left-lateralized
dorsal stream, whereas semantic processing is driven by a bilateral
ventral stream (Hickok and Poeppel, 2004, 2007). At the structural
level, we can use diffusion-weighted magnetic resonance imaging to
non-invasively assess the main white matter tracts in the brain (Tournier
etal., 2011). Relying on this technique, it has been indicated that for the
dorsal stream the Arcuate Fasciculus (AF) is very important, especially
given that its long segment (which directly connects posterior temporal
and inferior frontal regions) seems to underlie phonological processing
(Duffau, 2008; Glasser and Rilling, 2008; Vandermosten et al., 2012).
For the connectivity within the ventral stream, the Inferior Fronto-
Occipital Fasciculus (IFOF) plays a key role and has typically been
linked with orthographic (Epelbaum et al., 2008; Vandermosten et al.,
2012) and multimodal semantic processing (Martino et al., 2013;
Turken and Dronkers, 2011). The white matter network for language is
more complex than these two tracts (Dick and Tremblay, 2012; Trem-
blay and Dick, 2016), given that the dorsal stream is actually composed
of several segments of the AF (and/or Superior Longitudinal Fasciculus
[SLF]) and the ventral stream consists of other tracts in addition to the
IFOF, such as the Inferior Longitudinal Fasciculus (ILF) and the Uncinate
Fasciculus (UF) (Dick and Tremblay, 2012; Nakajima et al., 2020;
Tremblay and Dick, 2016). However, the long AF segment and the IFOF
are crucial as they directly connect inferior frontal (Broca’s) and pos-
terior temporal (Wernicke’s) regions.

In persons with aphasia, several diffusion-derived measures of both
white matter pathways have been related to concurrently measured
language impairments after stroke, mostly in the chronic phase (for
exceptions, see Kiimmerer et al., 2013; Zhang et al., 2021a). A recent
systematic review and meta-analysis of such studies (Zhang et al.,
2021b) showed that, across studies, properties of the left ventral tracts —
but not the dorsal tracts — significantly correlated with general aphasia
severity, language comprehension, naming and reading ability, with the
strongest correlations for the left IFOF. In contrast, the properties of the
left dorsal AF significantly correlated with repetition — mainly involving
phonological processing — and syntactic processing, while the IFOF did
not. The latter converges with the dual-stream model presented above
(Hickok and Poeppel, 2004, 2007). However, the observed concurrent
correlations between the dual-stream pathways and language behavior
were almost all obtained in the chronic phase, hence they could also be
the result of neural reorganization during language recovery.

Language intervention studies have indeed demonstrated that the
brain is plastic after stroke, with especially evidence for the dorsal AF
(Breier et al., 2011; van Hees et al., 2014; Schlaug et al., 2009; Wan
et al., 2014; Zipse et al., 2012). However, these neuroplasticity studies
have again mainly been carried out in the chronic phase and have all
studied neuroplasticity in an intervention context, while information on
white matter plasticity during “spontaneous” language recovery, i.e.,
not deliberately induced by a specific treatment in a research context, is
missing (Cocquyt et al., 2017). Neuroplasticity patterns might be qual-
itatively different depending on the time post stroke and depending on
experience, learning, and training (Gerstenecker and Lazar, 2019; Kiran
and Thompson, 2019). In the acute and subacute phase, neural repair
mechanisms, including resolution of diaschisis, are assumed to operate
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along neuroplastic processes adaptable to environmental input, such as
highly targeted language interventions (Kleim, 2011). In the chronic
phase, repair processes have more or less reached a stable state, whereas
neuroplastic processes underlying the dynamic reorganization of the
language network can continue for the duration of the patient’s life
(Gerstenecker and Lazar, 2019; Kiran and Thompson, 2019). Thus, also
in the field of white matter plasticity, studies in the acute and subacute
phase after stroke are needed to complement the chronic results, in
addition to studies on spontaneous language recovery.

Connectivity information has also been studied in a predictive
context, in which diffusion-derived measures of bilateral dual-stream
pathways are used to predict later language outcomes (Hope et al.,
2013, Hope et al., 2018). In the left hemisphere, disruption (preserva-
tion) of the dorsal AF has been shown to be negatively (positively)
associated with naming recovery (Bonilha et al., 2016; Hillis et al.,
2018). This corresponds with previous findings that the degree to which
the left AF can be reconstructed shortly after stroke (reflecting AF-
specific damage) is related to language outcomes 6 months later (Kim
and Jang, 2013) and that the loss of leftward asymmetry of the AF in
acute stroke patients with left middle cerebral artery infarcts is related
to the presence of aphasia at hospital discharge (Hosomi et al., 2009). In
another study, diffusion-derived measures of the left ventral IFOF have
been related to naming treatment success, over and above lesion volume
(Meier et al., 2019).

Although most predictive studies have focused on left hemisphere
predictors related to the brain damage, diffusion-derived measures of
intact right-hemispheric tracts might carry information on the
compensatory potential of a person (Osa Garcia et al., 2020). Forkel and
colleagues (Forkel et al., 2014; Forkel and Catani, 2018) showed that the
acute volume of the long segment of the right AF was an important
positive predictor for language outcomes 6 months after stroke. The role
of both hemispheres in aphasia recovery remains up for debate (Cocquyt
et al., 2017; Saur et al., 2006), with the exact interactions between both
hemispheres presumably depending on factors such as the time post
stroke, premorbid language lateralization, the nature of the language
task, aphasia severity, lesion size and lesion location (Cocquyt et al.,
2017; Hartwigsen and Saur, 2019; Kiran and Thompson, 2019). Clearly,
more research is needed to define the — possible protective — role of
intact right-hemispheric tracts in aphasia recovery.

An important methodological limitation of the existing body of work
is the use of the diffusion tensor model (DTI) (Basser et al., 1994) to
investigate white matter tracts. This can lead to erroneous conclusions in
regions of crossing fibers because only one fiber direction per voxel can
be estimated (Jones, 2009). This is particularly so for research on the AF
and the IFOF, two long association fibers which cross several other
pathways along their length. In addition, although fractional anisotropy
(FA) is the most commonly derived tensor-based metric, it cannot
disentangle microstructural (e.g., axon density, myelination) and
macrostructural (e.g., axon architecture) tissue properties (Jones et al.,
2013). By combining advanced non-tensor methods, such as multi-shell
multi-tissue Constrained Spherical Deconvolution (CSD), with anatom-
ically and microstructurally informed tractography algorithms, multiple
fiber directions can be successfully disentangled within one voxel
(Jeurissen et al., 2014; Tournier et al., 2004) and reliable and valid
metrices can be derived to quantify connection density of a given
pathway (Smith et al., 2020; Smith et al., 2012).

In summary, there remain quite a few knowledge gaps. Concerning
aphasia-related neuroplasticity, most structural connectivity studies
have been carried out in patients with chronic aphasia and have inves-
tigated intervention-related plasticity. Hence, we do not know what
happens in earlier phases post stroke and during “spontaneous” (vs.
treatment-related) aphasia recovery. Moreover, while the available
studies have focused on the left AF, connectivity and neuroplasticity in
the ventral IFOF and the right-hemispheric counterparts during lan-
guage recovery are understudied. In this study, we aimed to address
these shortcomings. By using a longitudinal design, we first investigated
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concurrent brain-behavior associations in the acute and subacute phase
post stroke. We hypothesized that connectivity of the left dorsal AF is
related to the phonological deficit, while connectivity of the bilateral
IFOF is related to the semantic deficit. Second, we assessed early
“spontaneous” neuroplasticity patterns in the dorsal AF and ventral IFOF
and if/how these changes are related to language outcomes. Because to
our knowledge, this has not been investigated yet, we did not formulate
specific hypotheses. Third, we investigated the role of acute connectivity
of the bilateral AF and IFOF in the prediction of later language out-
comes. We expected a negative role of the damaged left AF and a posi-
tive role of the intact right AF in the prediction of later language
outcomes, but no specific hypotheses were formulated regarding the
IFOF. To address these outstanding issues, we used multi-shell multi-
tissue CSD, which is optimized to quantify connectivity density in re-
gions with crossing white matter fibers, as is the case in the language
regions under investigation.

2. Materials and methods
2.1. Participants

This project was approved by the Medical Ethical Committee of the
University Hospitals and University of Leuven (registration number
B322201731747). Informed consent was obtained from all patients and/
or their relatives. Details on patient recruitment are provided in Sup-
plementary Information. A flowchart of patient recruitment is shown in
Supplementary Fig. 1. Patients with a stroke lesion in the left hemi-
sphere and a confirmed language deficit were followed from the acute
phase post stroke (1-2 weeks post stroke, n = 65) to the chronic phase
(9-12 months post stroke, n = 43), with an extra measurement in the
subacute phase (3-6 months post stroke, n = 42). In the present longi-
tudinal study, a subset of 32 patients with acute diffusion MRI and at
least one behavioral follow-up moment was included. 27 of these pa-
tients also had a follow-up diffusion MRI scan. Table 1 shows the
participant characteristics for this group.

2.2. Procedure

In the acute phase, the ScreeLing (Visch-Brink et al., 2010) was
administered to measure patients’ language impairment, and MRI data
was acquired. The ScreeLing has been validated in an acute stroke
population (Doesborgh et al., 2003; El Hachioui et al., 2012, 2017) and
is specifically designed to assess language functioning on three linguistic
domains: semantics, phonology and syntax. Each domain is assessed
with four tasks that each contain six test items. To assess dual-stream
processing, only the subscores assessing phonological and semantic
processing were considered. In the subacute phase, the ScreeLing (Visch-
Brink et al., 2010) was readministered and follow-up MRI data were
collected. Patients further completed a custom-made demographic
questionnaire. Other measures collected, such as statistical learning
measures, are outside the scope of this study and are reported elsewhere
(Schevenels et al., 2022). In the chronic phase, the ScreeLing (Visch-
Brink et al., 2010) was again readministered. Due to COVID-19, data
collection in the acute phase was stopped prematurely, and follow-up
moments were spread over a period of three months (subacute: 3-6
months post stroke, chronic: 9-12 months post stroke) instead of the
foreseen 1 month (subacute: 3-4 months post stroke, chronic: 9-10
months post stroke).

2.3. Neuroimaging

2.3.1. Data acquisition

Image data were acquired on a 3-Tesla MRI system (Achieva
dStream, Philips Medical Systems, Best, The Netherlands) using a 32-
channel head coil. A multi-shell diffusion-weighted image series was
acquired using a single-shot spin echo echo-planar imaging (EPI)

Neurolmage: Clinical 36 (2022) 103271

Table 1

Characteristics of the group of patients with aphasia under study.
Variable N = 322 Median (Range) NAP
Age (years) 69.5 (10.6) 70.5 (41.0-86.0)

Sex (female/male) 11/21
Handedness (right-handed/other) 28/4

Education (years) 13.8 (3.1) 14.0 (8.0-22.0) 1
Stroke type (ischemia/ 29/3
hemorrhage)

Stroke laterality (left/bilateral) 27/5

History of stroke (no/yes) 29/3

Affected circulation area

ACM/ACP/Avert/Abas/multifocal 22/5/1/1/3

Acute lesion volume (cm®) 44.49 28.84
(41.37) (1.12-149.51)

0ld lesion load (cm®) 20.28 14.91 (1.46-55.67)
(16.84)

Acute NIHSS total score 7 (6) 4 (0-30)

Days post stroke (acute)® 5(6) 3 (0-29)

Days post stroke (subacute)® 117 (28) 108 (85-185)

Days post stroke (chronic)® 287 (10) 286 (272-315)

N is reported for categorical variables; M (SD) is reported for continuous var-
iables.

>N indicates the number of participants for which the corresponding data are
missing.

“For behavioral language testing.

Note. ACM = arteria cerebri media, ACP = arteria cerebri posterior, Avert =
arteria vertebralis, Abas = arteria basilaris, NIHSS = National Institutes of
Health Stroke Scale (a higher score corresponds to a more severe stroke).

sequence consisting of 20, 32 and 60 diffusion-sensitisation directions at
b = 700, b = 1000 and b = 2000 s/mmz, respectively, with 7 b =
0 volumes. Other scan parameters were: 62 transverse slices, acquisition
voxel size = 2.2 mm isotropic, reconstruction voxel size = 2.14 x 2.14 x
2.2 mm, TR/TE = 3593/88 ms, flip angle = 90°, multi-band factor = 2,
EPI factor = 43, acquisition time = 7:38 min. In all but 2 patients, an
additional pair of b = 0 images with reversed phase encoding was ac-
quired immediately following the previous scan for estimation of the
inhomogeneity field (Andersson et al., 2003). A T1-weighted anatomical
contrast image for the purpose of tissue segmentation was acquired
using a CS-SENSE TFE sequence with the following parameters: 240
sagittal slices, acquisition voxel size = 0.9 mm isotropic, reconstruction
voxel size = 0.67 mm isotropic, TR/TE = 9.1/4.2 ms, acquisition time =
3:30 min. Finally, for the purpose of lesion segmentation, an additional
diffusion-weighted sequence (1 b0 volume and 3 b1000 volumes) was
acquired, as well as a Fluid-Attenuated Inversion Recovery (FLAIR)
sequence. The FLAIR image was only acquired during the research scan
if it had not been acquired clinically. For one patient, images were ac-
quired on a different scanner (3-Tesla Philips Ingenia). A resting-state
fMRI scan was additionally acquired but is outside the scope of this
study and is not reported here.

2.3.2. Lesion segmentation

We created two lesion masks for every patient: an acute lesion mask
and a full lesion mask. First, acute stroke lesions were manually delin-
eated (by KS) in MRIcron (v. 02092019, available via https://www.nit
rc.org/projects/mricron) and visually checked twice by a resident in
neurology. Manual delineations were drawn on the FLAIR image (axial
slices), guided by the diffusion-weighted image (b1000 and ADC
[apparent diffusion coefficient]) for ischemic lesions. The acute lesion
mask was used to determine acute lesion volume (in cm?) and to exclude
recently damaged tissue from the tracts of interest (see further). Fig. 1
presents a lesion overlay image for the acute lesion masks.

Second, we created a full lesion mask covering all burden of cere-
brovascular disease. To do so, all FLAIR hyperintense lesions (acute
stroke lesions, old stroke lesions as well as leukoaraiosis) were
segmented using the Lesion Prediction Algorithm (Schmidt, 2017) as
implemented in the Lesion Segmentation Toolbox version 3.0.0
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(available via https://www.statistical-modelling.de/Ist.html) for Sta-
tistical Parametric Mapping (SPM). The resulting map was then merged
with the (manually drawn) acute lesion mask from the previous step,
and manual delineations of old (FLAIR) hypointense stroke lesions
where necessary. By subtracting the acute lesion mask from the full
lesion mask, old lesion load (in cm3) was obtained.

2.3.3. Processing of anatomical images

T1-weighted images were used to anatomically inform the tractog-
raphy algorithm. To achieve this, Virtual Brain Grafting (available via
https://github.com/KUL-Radneuron/KUL_VBG) was run to generate
lesion free T1-weighted images, which were subsequently fed to Free-
Surfer’s recon-all (v. 6.0.0, available via https://surfer.nmr.mgh.harvar
d.edu/) (Fischl, 2012). We used the fully automated workflow provided
by Virtual Brain Grafting (Radwan et al., 2021) to prevent FreeSurfer
failure (Reid et al., 2016; Zhang et al., 2017) and to ensure reliable tissue
parcellations in the presence of heterogeneous stroke lesions and leu-
koaraiosis (Dadar et al., 2021).

2.3.4. Processing of diffusion images

Multi-shell HARDI data were acquired to delineate the fibers of the
bilateral dual-stream pathways under study. Diffusion images were first
denoised (Cordero-Grande et al., 2019; Veraart et al., 2016a, Veraart
et al., 2016b) and unringed (Kellner et al., 2016) in MRtrix3 (Tournier
et al., 2019). Subsequently, images were corrected for (b0-paired) EPI
distortions, BO-field inhomogeneities, eddy currents and inter-volume
motion using topup and eddy tools in FMRIB Software Library (FSL, v.
6.0.1) (Jenkinson et al., 2012; Smith et al., 2004), called by MRtrix3's
preprocessing tool (Andersson et al., 2003; Andersson and Sotiropoulos,
2015; Bastiani et al., 2019; Holland et al., 2010; Smith et al., 2004).
Finally, the images were corrected for bias fields (Tustison et al., 2010)
and a brain mask was derived. The mean relative RMS value of the
translational and rotational movement parameters was calculated by
eddy (S)QUAD (Bastiani et al., 2019). This measure did not exceed 0.55
mm for any patient, for which reason no diffusion data was excluded
from further analysis (Satterthwaite et al., 2012) (acute phase: M = 0.26
mm, SD = 0.07 mm; subacute phase: M = 0.24 mm, SD = 0.06 mm).

Following these preprocessing steps, fiber orientation distributions
were computed using multi-shell multi-tissue CSD (default parameters)
(Jeurissen et al., 2014; Tournier et al., 2004), with group averaged
response functions for white matter, gray matter, and cerebrospinal fluid
(Dhollander et al., 2016, Dhollander et al., 2019). To correct for global
intensity differences between scans, intensity normalisation was per-
formed (Dhollander et al., 2021; Raffelt et al., 2017b). Finally, to create
the whole-brain tractogram, 10 million streamlines were generated
using the probabilistic Second-order Integration over Fiber Orientation
Distributions (iFOD2) algorithm (Tournier et al., 2010) with dynamic
seeding and backtracking. We incorporated the anatomically-
constrained tractography framework (Smith et al., 2012) (details in
Supplementary Information) to improve biological plausibility of
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streamline generation. In addition, to ensure that streamline counts
reliably reflect the underlying anatomical fiber density information, we
performed Spherical deconvolution Informed Filtering of Tracts (SIFT2),
resulting in a weight for every streamline (Smith et al., 2015).

2.3.5. Manual delineation of tracts of interest

To quantify connection density of the bilateral dorsal AF and the
ventral IFOF, all four tracts were manually delineated in Trackvis (v
0.6.1.) according to Wakana’s protocol (Wakana et al., 2007). For each
tract, two inclusion regions were drawn on the acute FA image (for
details see tract #6 and tract #8 in Wakana et al., 2007). Because
tractography in our study was based on a probabilistic algorithm using
the underlying fiber orientation distributions, instead of a deterministic
algorithm using the simpler diffusion tensor model (as in Wakana’s
protocol), a maximum length threshold was specified for the AF (130
mm) and the IFOF (200 mm) to exclude spurious streamlines. To further
exclude implausible streamlines, extra NOT regions were added. An
overview of all inclusion and exclusion regions used for manual delin-
eation of the tracts is provided in Supplementary Fig. 2. Importantly, the
acute lesion mask was additionally used as an exclusion region (at both
time points) for all tracts of interest (Gleichgerrcht et al., 2017). This
was done because at the time of scanning, the patients varied in time
post stroke from 1 day to 31 days, implying that there was some vari-
ability in whether damaged fibers already had degenerated. In the
subacute phase, the acute lesion mask was again excluded to keep results
between time points comparable, except for three patients (including
two patients with hemorrhagic stroke), for whom a (newly delineated)
subacute lesion mask was excluded because of considerable changes in
their lesion.

To quantify connectivity, the streamline weights of the tracts of in-
terest were summed and scaled with a patient-specific coefficient, which
centered the distribution of weights around unity and consequently
enabled comparison across patients. We will refer to this derived mea-
sure of connectivity throughout the paper as Fiber Bundle Capacity
(FBC) (Smith, 2022). In short, FBC specifically addresses the limitations
of raw streamline count as a metric of connectivity in the context of
quantitative tractography. Ideally, FBC represents the total fiber intra-
axonal cross-sectional area of a pathway, which should be a reason-
able proxy of its information transfer capacity (Smith, 2022). In our
dataset, FBC was highly correlated with the number of streamlines (r
=0.96) and tract volume (r =0.97), but less with fractional anisotropy (r
= — .33). Eventually, we ended up with four FBC measures per patient
per time point (2 tracts x 2 hemispheres).

2.4. Statistical analysis

All statistical analyses were performed in R (v. 4.1.1) (R Core Team,
2021). A matrix representing pairwise correlations between all
(dependent and independent) variables under study is provided in
Supplementary Fig. 3. Prior to the statistical analyses, missing

Fig. 1. Acute lesion overlay image (maximum overlap = 14) for the included participants (n = 32). Axial slices are shown in neurological orientation.
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behavioral data were imputed for three variables: acute phonology score
(1 data point missing), chronic phonology score (1 data point missing)
and chronic semantics score (1 data point missing). Data were consid-
ered to be Missing At Random (details in Supplementary Information)
and imputed using multivariate imputation by chained equations
(MICE) as implemented in the mice package (Azur et al., 2011; van
Buuren and Groothuis-Oudshoorn, 2011).

To characterize the patients’ behavioral recovery patterns, im-
provements in phonology and semantics over time were first investi-
gated. Then, the main aims of this study were addressed. The first aim,
‘concurrent analyses’, was to assess concurrent associations between
FBC of the dual-stream pathways under study and behavioral measures
targeting phonological and semantic processing in the acute and sub-
acute phase. To address this aim, we assessed to what extent acute (resp.
subacute) language subscores could be explained by the acute (resp.
subacute) FBC. Functional selectivity of the observed brain-behavior
associations was further investigated with linear mixed effect models
with random intercepts for patients and fixed effects for FBC, language
component (semantics or phonology) and the interaction between both.
The second aim, ‘neuroplasticity analyses’, was to assess early sponta-
neous neuroplasticity in the bilateral dorsal AF and ventral IFOF and its
relation to language outcomes. To address this aim, we compared FBC of
each tract between the acute and subacute phase, and assessed how the
change in FBC was related to subacute and chronic language outcomes,
controlling for acute language outcomes. By taking into account the
initial language scores, we controlled for the autoregressive effect, i.e.,
the effect of an initial measurement on itself measured at a later time
point. In this way, we could rule out that a possible predictive effect of
change in FBC on later language outcomes was simply due to correla-
tions between change in FBC and acute language subscores (Selig and
Little, 2012). The third aim, ‘early prediction analyses’, was to assess the
role of early connectivity of the bilateral dual-stream pathways under
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study in the prediction of later language outcomes. To address this aim,
we assessed whether subacute or chronic language outcomes could be
predicted by acute FBC. As in aim two, we again controlled for acute
language outcomes to take into account the autoregressive effect.

All significant results were checked for their robustness when con-
trolling for age, acute lesion volume, old lesion load and days post stroke
at which the dependent (behavioral) variable was collected. To avoid
overfitting, all four covariates were separately added to the corre-
sponding model. The contribution of the variable of interest was then
assessed over and above all significant covariates.

2.5. Data availability

The pseudonymized study data and code to reproduce the figures and
findings of this study are publicly available at https://github.com/ksch
evenels/pwawm. Please note that the MRI data cannot be shared under
any circumstance, as lesioned MRI data are person-specific and therefore
cannot be considered anonymous.

3. Results
3.1. Language recovery over time

Fig. 2 provides the data on the phonology and semantics measures in
the acute, subacute and chronic phase. Recovery of phonology and se-
mantics over time was investigated with a linear mixed effect model
with random intercepts for patients, two categorical main effects (lan-
guage component and time point) as well as the interaction between
both. There was a main effect of time point (F(2, 155) = 42.72,p < .001)
and language component (F(1, 155) = 11.44, p = .001), but the inter-
action between both was not significant (F(2, 155) = 0.06, p = .947). For
both language components, patients improved significantly from the
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acute to the subacute phase (t1-t2 = -4.95, 95% CI [-6.50, —3.40], t
(155) =-7.55, p < .001), but not from the subacute to the chronic phase
(t2-t3 = -0.56, 95% CI [-2.12, 1.00], t(155) = -0.85, p = .674). The
semantic score was significantly higher than the phonology score across
all time points (mean difference = -1.81, 95% CI [-2.87, —0.75], t(155)
=-3.38, p = .001).

3.2. Aim 1: Concurrent analyses

Concurrent analyses were performed with robust iterated re-
weighted least squares regression to diminish the influence of extreme
values in our modest sample, using the rlm function from the MASS
package in R (Venables and Ripley, 2002). Concurrent regressions in the
acute phase (Table 2, Fig. 3) indicated that the FBC of the left dorsal AF
significantly contributed to the phonological model, but not the se-
mantic model. The FBC of the right dorsal AF did neither significantly
contribute to the phonological model, nor to the semantic model. On the
other hand, the FBC of the left and right ventral IFOF significantly
contributed to the semantic model, but not to the phonological model.
The found concurrent effects in the left hemisphere disappeared when
acute lesion volume - the only significant covariate — was added to the
models (left AF — phonology: g = 0.23, SE = 0.18, p = .210; left IFOF —
semantics: # = 0.22, SE = 0.19, p = .262), while the effect in the right
hemisphere trended (right IFOF — semantics: f = 0.33, SE = 0.16, p =
.056).

The functional selectivity of the observed association in the acute
phase between left AF and phonology, and between bilateral IFOF and
semantics was further investigated with three linear mixed effect
models. In the model for the left AF, a significant interaction effect be-
tween FBC and language component (F(1, 30) = 10.30, p = .003) indi-
cated that the relationship between the left AF and phonology was
significantly stronger than the relationship between the left AF and se-
mantics (fon-sem = 4.87,95% CI [1.77, 7.96], t(30) = 3.21, p = .003). In
contrast, in the models for the IFOF, the interaction terms were not
significant (left IFOF: F(1, 30) = 0.33, p = .569; right IFOF: F(1, 30) =
0.18, p = .678), indicating that the relationship between the IFOF and
semantics was not significantly stronger than the relationship between
the IFOF and phonology (left IFOF: fon-sem = -7.73, 95% CI
[-35.10, 19.65], t(30) = -0.58, p = .569; right IFOF: fon-sem = -5.56,
95% CI [-32.66, 21.55], t(30) = -0.42, p = .678).

In the subacute phase, we found no significant concurrent contri-
butions of FBC of the dual-stream pathways under study to the semantic
or phonological models (Table 3).

3.3. Aim 2: Neuroplasticity analyses

Fig. 4 shows the FBC of all four dual-stream pathways under study in
the acute and subacute phase after stroke. Paired Wilcoxon signed-rank
tests indicated that FBC of the left (W = 278, p = .002, Wilcoxon effect
size r = 0.61) and right dorsal AF (W = 303, p = .005, Wilcoxon effect
size r = 0.53) significantly decreased over time, while FBC of the
bilateral ventral IFOF did not significantly change over time (left IFOF:
W =178, p = .230, Wilcoxon effect size r = 0.29; right IFOF: W = 208, p
=.662, Wilcoxon effect size r = 0.09). For this reason, we only assessed

Table 2

Robust regression results of the concurrent analyses in the acute phase (without
covariates). Standardized beta coefficients, corresponding standard errors and
(uncorrected) p-values are reported.

Phonology Semantics
p SE P B SE P
AF Left .37 0.18 .049 .00 0.19 .986
Right -.05 0.19 779 -27 0.18 .149
IFOF Left .34 0.18 .066 .40 0.17 .029
Right .35 0.18 .063 .37 0.17 .037
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how the change in FBC was related to subacute and chronic language
outcomes for the bilateral dorsal AF.

With robust regression analyses (such as for the concurrent analyses
presented above), we did not find a significant contribution of an early
(i.e., from acute to subacute) change in FBC of the left or right dorsal AF
to subacute phonology or semantics scores, over and above the autore-
gressive effect. However, the effect of the FBC change in the right AF on
subacute phonology scores trended (p = .054) (Table 4, Fig. 5). There
were no significant covariates for the latter model. Similarly, in the
chronic phase, the early change in FBC of the AF did not significantly
predict chronic phonology or semantics scores, over and above the
autoregressive effect (Table 5).

3.4. Aim 3: Early prediction analyses

The results of the robust regression analyses indicated that the acute
FBC of the dual-stream pathways under study could not significantly
predict neither subacute (Table 6), nor chronic (Table 7) phonology or
semantic scores, over and above the autoregressive effect of acute lan-
guage scores.

4. Discussion

We present a longitudinal study on concurrent and predictive re-
lations as well as neuroplasticity of the bilateral dorsal AF and ventral
IFOF in post stroke aphasia recovery. A main step forward is that we
investigated longitudinal brain-behavior associations within the first
months after stroke, and not in the chronic phase like most previous
studies. Patients with aphasia were followed up from the acute phase
(1-2 weeks) to the subacute (3-6 months) and chronic phase (9-12
months) after stroke, with MRI acquisition in the acute and subacute
phase. In our group of patients, we found positive concurrent associa-
tions in the acute phase — but not the subacute phase — between
connection density of the left dorsal AF and phonological performance,
and between the bilateral ventral IFOF and semantic performance.
Whereas connection density of the bilateral IFOF did not significantly
change in the first months post stroke, a decrease was observed in
bilateral AF, of which larger decreases in the right hemisphere tended to
cohere with worse subacute phonological scores when controlling for
the autoregressive effect. Acute connectivity of none of the dual-stream
pathways predicted later language performance when controlling for the
autoregressive effect.

As to the concurrent analyses, at first sight our results in the acute
phase are in line with previous literature investigating brain-behavior
associations (Zhang et al., 2021b) in the context of the dual-stream
framework of language processing (Hickok and Poeppel, 2004, 2007),
i.e., connectivity of the left dorsal AF was positively associated with
phonology performance, while connectivity of the bilateral ventral IFOF
was positively associated with semantic performance. In the subacute
phase, we found no significant concurrent brain-behavior associations,
probably caused by the decrease in variability (i.e., ceiling effects) of the
language scores over time as patients recover (part of) their language
abilities. To test the functional specificity of the concurrent correlations
in the acute phase, we conducted extra analyses that showed that the
relationship between the left AF and phonology was significantly
stronger than the relationship between the left AF and semantics, con-
firming the specialization of left AF for phonological processing. How-
ever, the relationship between the bilateral IFOF and semantics was not
significantly stronger than the relationship between the bilateral IFOF
and phonology, hence we can not conclude that the association between
the ventral IFOF and semantics was very specific. Other studies in acute
stroke patients within 1 month post stroke (Boukrina et al., 2015; Zhang
et al., 2018) indeed suggest a broader role of the IFOF in language
processing, including semantic processing but possibly also extending to
phonological processing. Given that in our study the associations be-
tween IFOF and phonology did not reach significance, the (lack of)
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Fig. 3. Concurrent relations in the acute phase in both hemispheres (gray = left hemisphere, black = right hemisphere). Robust regression lines with corresponding

95% confidence intervals are shown on the plot.

Table 3

Robust regression results of the concurrent analyses in the subacute phase
(without covariates). Standardized beta coefficients, corresponding standard
errors and (uncorrected) p-values are reported.

Phonology Semantics
p SE P p SE P
AF Left -.01 0.15 .955 -11 0.10 .282
Right -.10 0.16 531 -17 0.10 111
IFOF Left .16 0.16 .323 .20 0.10 .066
Right 11 0.15 .481 .09 0.10 .358

functional specialization of the IFOF remains to be further investigated
in larger samples. As to the right dorsal AF, we did not find a clear role of
this tract in language processing, similar to several reports on residual
language processing in the chronic phase (Breier et al., 2008; Geva et al.,
2015; Ivanova et al., 2016, 2021; Meier et al., 2019; but see Kourtidou
et al., 2021 for different results) and two studies in the acute phase
(Forkel et al., 2014; Osa Garcia et al., 2020). Overall, our concurrent
findings are in line with the dual-stream model showing left dorsal-
phonological and bilateral ventral-semantic associations, although the
specificity of this relation could only be confirmed for the left dorsal AF.
Different from previous studies that used classic DTI, we used multi-shell
multi-tissue CSD and a state-of-the-art workflow optimized for lesioned
images to obtain reliable and biologically-relevant measures of con-
nectivity strength, such as FBC. Although FBC is a relatively novel
measure, the confirmation of the dual route correlations in our study
validates its use.

Note that in the left hemisphere, the observed concurrent brain-

behavior associations in the acute phase disappeared when lesion size
was taken into account (Meier et al., 2019). This is not unexpected
because the acute lesion mask was used as an exclusion region during
tract segmentation. As FBC is proportional to the number of streamlines
in the segmentation, lesioned tracts have a lower connection density.
Previous studies have similarly demonstrated associations between
structural damage to specific left-hemispheric tracts and language def-
icits after stroke (Geller et al., 2019; Meier et al., 2019; Yang et al.,
2017). In the right hemisphere, there was still a marginally significant
positive association between connectivity of the right IFOF and semantic
performance after controlling for lesion size. To the best of our knowl-
edge, this is the first study to suggest a possible immediate protective
role for the right IFOF in acute aphasia after stroke. With our study, we
have extended the traditional focus in aphasia research from the left
arcuate fasciculus only to the inclusion of ventral and right-hemispheric
tracts. This not only allowed us to examine associations and neural (re)
organization in damaged tracts, but additionally in intact tracts that can
assist in language function and recovery.

As to the neuroplasticity analyses, we found that connectivity of the
bilateral AF decreased in the first months after stroke. It is known that
tract volume tends to decrease with age later in life (Lebel et al., 2012).
However, it seems unlikely that the connectivity decrease was caused by
increasing age as it was only present for AF (not IFOF), and we observed
no negative correlation between age and FBC of the AF (see Supple-
mentary Fig. 3). The maximum lesion overlap in our patient group was
localized in and around the insula, i.e., adjacent to the AF. Therefore, the
FBC decrease could be related to post stroke white matter degeneration
in areas adjacent to or (structurally or functionally) connected to the
lesion (i.e., diaschisis) (Carrera and Tononi, 2014; Egorova et al., 2020).
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Fig. 4. Connection density in the bilateral dorsal AF and ventral IFOF throughout the acute and subacute phase after stroke (a.u. = arbitrary units).

Table 4

Robust regression results of the predictive (change in connectivity to subacute
language) analyses (without covariates), corrected for the autoregressive effect.
Standardized beta coefficients, corresponding standard errors and (uncorrected)
p-values are reported.

Phonology Semantics
p SE P p SE P
AF Left -.09 0.08 .246 .06 0.10 .561
Right 13 0.06 .054 .16 0.10 147

A recent article even demonstrated remote white matter atrophy in close
proximity to the AF specific to patients with aphasia (Egorova-Brumley
et al., 2022). In the future, it might be interesting to further explore this
connectivity decrease with fixel-based analyses, which can disentangle
microscopic intra-axonal changes from macroscopic cross-sectional
changes (Raffelt et al., 2017a). A smaller connectivity decrease of the
right AF was marginally related to better subacute phonology scores
over and above the autoregressive effect, however, this effect remains to
be validated in larger patient samples. We are aware of only two recent
(DTI) studies that investigated early structural neuroplasticity in bilat-
eral white matter tracts during language recovery (Bae et al., 2022;
Blom-Smink et al., 2020). Bae et al. (2022) demonstrated a decrease in
FA of the bilateral AF in a group of 35 patients with aphasia from 1
month to 6 months after stroke, with a decrease in the left AF being
associated with worse language outcomes. Blom-Smink et al. (2020)
investigated treatment-related FA changes within a 1-month interval
across dorsal and ventral tracts and found no significant change in FA
between scanning sessions, but decreased FA in the right ILF was asso-
ciated with limited naming improvement or a slight decline (Blom-
Smink et al., 2020). The results of these studies converge with ours in
that in the subacute phase, in the majority of patients, there is a

reduction in tract integrity, possibly reflecting (remote) white matter
degeneration, and this tends to be associated with less behavioral
improvement individually. Importantly, the direction of change is vastly
different from intervention studies conducted in the chronic phase
(Breier et al., 2011; van Hees et al., 2014; Schlaug et al., 2009; Wan
et al., 2014; Zipse et al., 2012), which underlines the importance of also
including the early stages of recovery and of investigating plasticity
patterns which are representative of day-to-day clinical practice (i.e.,
independently from highly targeted interventions with high intensity
and frequency).

As to the early prediction analyses, we found no specific contribution
of acute connectivity of the dual-stream pathways under study to the
prediction of later language outcomes, over and above information on
the initial language deficit. This was against our expectations, because a
few previous studies have demonstrated an early role for the left
(Hosomi et al., 2009; Keser et al., 2020; Kim and Jang, 2013) and right
AF (Forkel et al., 2014; Forkel and Catani, 2018) in the prediction of
language outcomes 6 months after stroke. However, these studies did
not control for the autoregressive effect of the initial language deficit,
hence they did not predict the degree of change but rather the absolute
language outcomes which are very dependent on the initial language
deficit. For comparison purposes, we ran the same models without
correcting for initial language scores (reported in Supplementary In-
formation). These exploratory analyses showed a significant contribu-
tion of the left ventral IFOF to subacute semantics, i.e., the stronger the
acute connectivity of the left IFOF, the higher the subacute semantic
scores. This probably reflects a lagged effect of tract-specific lesion load,
which was already demonstrated in our concurrent findings of the acute
phase. In addition, we found a significant contribution of the right dorsal
AF to subacute semantics, i.e., the stronger the acute connectivity in the
right AF, the lower the subacute semantic scores. In our concurrent
analyses, there was no significant association between the right AF and
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Fig. 5. Predictive relations between the connectivity change in the bilateral AF and subacute language outcomes corrected for the autoregressive (AR) effect (gray =
left hemisphere, black = right hemisphere). Robust regression lines with corresponding 95% confidence intervals are shown on the plot.

semantics in the acute phase, but the standardized regression coefficient
(B = -.27, medium effect size) indicates that both measures shared at
least some variance. The fact that the found predictive effect of the right
AF for subacute semantic scores disappeared when we controlled for
initial semantic scores, suggests that it was confounded by the shared
variance of both measures in the acute phase. Hence, this demonstrates
the importance of controlling for the autoregressive effect even when
concurrent correlations are not significant. In sum, our results suggest
that, similar to the findings in the study by Osa Garcia et al. (2020),
connectivity information does not improve the prediction of later lan-
guage outcomes when acute language scores have been accounted for
(Osa Garcia et al., 2020).

Some limitations of this study should be recognized. Despite the
large-scale screening of stroke patients admitted to the stroke unit of our
university hospital during a 1.5 year period (n = 400), the number of
included patients with aphasia who underwent an MRI scan twice (i.e.,
in the acute and subacute phase) was relatively modest (n = 27). Despite
our best efforts, we mainly recruited patients with minor and moderate
stroke and aphasia severity (as measured by the NIHSS), and only a few
patients with severe stroke and aphasia. In order to not discard these
difficult to collect and interesting data points, robust regression methods
were applied to decrease the weight assigned to these relatively extreme
data points in the analyses. Furthermore, longitudinal clinical data
frequently suffer from ceiling effects, because the measurements have to
be administered to patients with a wide range of language abilities who
are recovering over time to different extents (Bowman et al., 2021). As
previously mentioned, this has caused a decrease in variability espe-
cially at later follow-up moments, possibly inflating model output. We
acknowledge this issue, which could be addressed in the future by
creating behavioral scales with more sensitive upper ends or unbounded

Table 5

Robust regression results of the predictive (change in connectivity to chronic
language) analyses (without covariates), corrected for the autoregressive effect.
Standardized beta coefficients, corresponding standard errors and (uncorrected)
p-values are reported.

Phonology Semantics
p SE P p SE P
AF Left .06 0.12 614 .03 0.13 .809
Right .09 0.13 .498 11 0.12 .343

upper limits (Bowman et al., 2021).

In addition, due to the onset of the COVID-19 pandemic during data
collection, follow-up moments were spread out over a period of three
months instead of the planned one month. To consider this extra vari-
ability, the exact timing of those moments was also entered (but ulti-
mately not retained, due to non-significance) in the analyses. In the
same vein, compared to other studies, our inclusion criteria were less
strict, including patients with ischemic as well as hemorrhagic lesions,
left-handed and right-handed individuals, and patients with first-ever
stroke as well as history of stroke. We made this choice to ensure that
the longitudinal research carried out was clinically valid and the pop-
ulation under study was representative for patients seen in the daily
clinical environment. Note that, although the heterogeneity of the le-
sions in our sample can make the interpretation of the data more com-
plex, we have performed the latest MRI processing tools to carefully
handle the presence of brain lesions in the brain images (Radwan et al.,

Table 6

Robust regression results of the predictive (acute connectivity to subacute lan-
guage) analyses (without covariates), corrected for the autoregressive effect.
Standardized beta coefficients, corresponding standard errors and (uncorrected)
p-values are reported.

Phonology Semantics
p SE P p SE P
AF Left -.02 0.07 .805 -.07 0.09 465
Right -.07 0.07 .329 -12 0.10 .218
IFOF Left .01 0.07 928 .09 0.09 335
Right .03 0.07 677 -.08 0.10 460

Table 7

Robust regression results of the predictive (acute connectivity to chronic lan-
guage) analyses (without covariates), corrected for the autoregressive effect.
Standardized beta coefficients, corresponding standard errors and (uncorrected)
p-values are reported.

Phonology Semantics
p SE 14 p SE P
AF Left -.06 0.12 .621 .04 0.12 707
Right -13 0.11 244 -.10 0.11 411
IFOF Left .05 0.12 .683 .01 0.12 .951

Right .08 0.12 .504 -.20 0.11 .069
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2021; Smith et al., 2012), which is often lacking in previous aphasia
studies. Due to the relatively small sample size, we were not able to
study different patient subgroups separately. Although the covariate
“old lesion load” (including old stroke lesion load) did not significantly
contribute to any of the regression models, future (larger-scale) inde-
pendent studies are crucial to validate our findings (Poldrack et al.,
2020) and could check whether the found effects hold or differ in
various subgroups of patients (Wilson et al., 2022), such as patients with
and without stroke history, patients with different stroke types or lan-
guage lateralization patterns.

Finally, a variety of other associative fronto-temporal, parieto-tem-
poral, occipito-temporal and fronto-frontal white matter connections
are somehow involved in language processing, including (ventrally) the
ILF and UF and (dorsally) the different segments of the AF/SLF and the
Frontal Aslant Tract. One could also argue that, next to these cortical-
cortical connections, the cortical-subcortical circuitry should also be
considered as part of the language network (Cahana-Amitay and Albert,
2014; Dick and Tremblay, 2012). Nevertheless, it was beyond the scope
of this study to provide a complete mapping of the language network.
Instead, we decided to focus on two specific white matter pathways, i.e.,
the AF and the IFOF, that connect Broca’s and Wernicke’s area dorsally
and ventrally, and that have been most consistently linked with the dual-
system account of language processing (Dick and Tremblay, 2012).

5. Conclusion

Our longitudinal study provides new insights on early (neuro-
plasticity in) connectivity of dual-stream pathways in patients with post
stroke aphasia, as well as if/how such measures are related to language
outcomes at different stages of recovery. The concurrent analyses
showed brain-behavior correlations in accordance with dual-stream
models of language processing, but driven by lesion size in the left
hemisphere. Our neuroplasticity analyses revealed connectivity de-
creases in the bilateral AF, possibly related to post stroke white matter
neurodegeneration. When controlling for the autoregressive effect, the
early prediction analyses showed no specific contribution of acute
connectivity of the AF or IFOF to the prediction of later language out-
comes. With a state-of-the-art methodology that addresses important
limitations of classic DTI (i.e., interpretability and validity in crossing-
fiber regions), we have paved the way towards a better understanding
of early brain-behavior associations after stroke. Eventually, such
knowledge is necessary to inform neuroimaging-based prediction of
long-term language outcomes in patients with aphasia.
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