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A B S T R A C T

Patients with stroke offer a unique window into understanding human brain function. Mapping stroke lesions
poses several challenges due to the complexity of the lesion anatomy and the mechanisms causing local and
remote disruption on brain networks. In this prospective longitudinal study, we compare standard and advanced
approaches to white matter lesion mapping applied to acute stroke patients with aphasia. Eighteen patients with
acute left hemisphere stroke were recruited and scanned within two weeks from symptom onset. Aphasia as-
sessment was performed at baseline and six-month follow-up. Structural and diffusion MRI contrasts indicated
an area of maximum overlap in the anterior external/extreme capsule with diffusion images showing a larger
overlap extending into posterior perisylvian regions. Anatomical predictors of recovery included damage to
ipsilesional tracts (as shown by both structural and diffusion images) and contralesional tracts (as shown by
diffusion images only). These findings indicate converging results from structural and diffusion lesion mapping
methods but also clear differences between the two approaches in their ability to identify predictors of recovery
outside the lesioned regions.

1. Introduction

Stroke imaging has greatly contributed to our current understanding
of the anatomy of higher cognitive functions, including language. Most
stroke studies are conducted in the chronic stage for practical reasons,
but also to reduce the effect of clinical fluctuations, anatomical and
metabolic changes, and possible functional reorganisation occurring
between the acute and subacute phase (Baldo et al., 2016; Dronkers,
2000; Fridriksson et al., 2010; Price, 2012, 2000; Price and Friston,
2002; Turken and Dronkers, 2011b; Hillis et al., 2000). In recent times,
the increased availability of magnetic resonance imaging (MRI) scan-
ners with clinically feasible acquisition sequences has led to an in-
creasing number of studies focusing on acute stroke (Forkel et al., 2014;
Hillis and Heidler, 2002; Hillis et al., 2001; Saur et al., 2006). Com-
pared to chronic stroke, acute stroke imaging offers several advantages
(Karnath and Rorden, 2012). For example, inter-individual differences
in structural anatomy and cognitive functioning can be best studied in
the acute stage, as the lesion has not yet caused full degeneration of
anatomical structures and patients have yet to develop their own cog-
nitive strategies to overcome their deficits. Additionally, some condi-
tions such as anosognosia for hemiplegia and visuospatial neglect are

more prominent in the acute stages and their clinical progression can be
better studied in early post-stroke days (Besharati et al., 2014, 2016;
Cutting, 1978; Orfei et al., 2009). Perhaps the most important ad-
vantage of acute stroke imaging lies in the possibility of identifying
early anatomical predictors of recovery, especially in longitudinal stu-
dies (Forkel et al., 2014).

The most widely used imaging modality in stroke is computerised
tomography (CT) owing to its ability to quickly determine the presence
of haemorrhage or ischemia and inform individualised treatment
pathways (Fig. 1A). While this makes CT a very feasible imaging
technique in the clinical routine, its low spatial resolution and reduced
sensitivity to early ischemic changes has progressively favoured the use
of MRI for research studies (Wall et al., 1982). Structural (T1-weighted,
T2-weighted, fluid attenuated inverse recovery; FLAIR, etc.), perfusion,
and diffusion imaging are the most common MRI modalities currently
applied in stroke research and to some extent in clinical practice.
Structural MRI sequences provide high anatomical resolution, which
helps to optimise lesion identification and delineation (Fig. 1B) (Bates
et al., 2003; Dronkers et al., 2004; Fiez et al., 2000). In contrast, per-
fusion MRI provides low spatial but high temporal resolution images,
which makes it highly sensitive to early blood flow changes (Fig. 1C)
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(Hillis et al., 2001; Hillis and Heidler, 2002).
Similarly to perfusion, diffusion MRI has a low spatial resolution

compared to structural sequences but good temporal resolution, which
improves the sensitivity to acute lesion detection to over 95%
(Birenbaum et al., 2011). Diffusion can, therefore, visualise early

ischemic changes that may not otherwise be detectable with CT or more
conventional structural MRI and shows a high accuracy in predicting
final infarct size (Brant-Zawadzki et al., 1985; Schellinger et al., 2010).
However, spatial and temporal resolutions of different diffusion mod-
alities vary widely according to the choice of acquisition parameters

Fig. 1. Structural, perfusion, and diffusion images acquired in a single patient with acute stroke and aphasia. The arrows indicate a large ischemic lesion in the left
parieto-occipital region and smaller ischemic lesion in the frontal lobe. A. Non-contrast computerised tomography (CT) scan on admission that shows altered signal
only in posterior lesion. B. Conventional structural MRI sequences where - similarly to the CT scan - the frontal lesion is barely visible on these contrasts. C. Pulsed
continuous arterial spin labelling (pCASL) shows reduced cortical and subcortical blood perfusion in both posterior and anterior regions of the left hemisphere. D.
Mean apparent diffusion coefficient (ADC) map and multishell (b-value = 0/500/1500/3000 s/mm2) diffusion weighted imaging (DWI) maps. The boundaries of the
lesions vary according to the value of the diffusion weighting. A lower b-value (i.e. less diffusion-weighting) is more sensitive to fast diffusion and therefore to very
early ischemic changes, for example due to oedema, but it is also affected by partial volume effects from cerebrospinal fluid. Higher b-value images are more sensitive
to slow diffusion and better tissue contrast, for example, between grey and white matter or different white matter tracts. E. Diffusion tensor imaging permits for the
generation of maps with additional anatomical information not available from structural MRI images. The fractional anisotropy (FA) map encodes scalar values
between zero (indicating diffusion isotropy) and 1 (high degree of diffusion anisotropy). Low FA is typical of voxels containing fluid, cortex, or crossing fibres. The
red-green-blue (i.e. RGB) colour-coded map indicates the main orientation of the tensor and therefore the average orientation of the fibres contained in each voxel. By
convention red identifies a medial-to-lateral orientation (i.e. commissural pathways), green a longitudinal orientation (i.e. long association pathways), and blue a
vertical orientation (i.e. projection pathways). F. Anisotropic power (AP) maps quantify the absolute amount of anisotropic information present in any measured
High Angular Resolution Imaging (HARDI) signal profile and is more robust to noise compared to other anisotropy maps. With a higher b-value the anatomical detail
encoded in the AP maps increases with better differentiation between lesioned and healthy tissue.
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(Fig. 1D). Mean apparent diffusion coefficient (ADC) images are the
most widely used in clinical routine for their high sensitivity to early
ischemia and fast acquisition time (i.e. only three diffusion-encoding
directions are necessary), yet their spatial resolution is rather low (Le
Bihan et al., 1986; Warach et al., 1995) (Fig. 1D). Acquiring diffusion
images along at least six directions permits the calculation of the dif-
fusion tensor and the generation of fractional anisotropy (FA), mean
diffusivity (MD) and colour-coded (i.e. RGB maps) maps (Pajevic and
Pierpaoli, 1999). Similar to ADC, all diffusion tensor-based maps are
very sensitive to the early ischemic changes and reorganisation occur-
ring during subacute and chronic stages (Moseley et al., 1990). FA and
RGB maps offer additional information on white matter organisation,
such as degree of cohesiveness of fibres (i.e. FA maps) or fibre or-
ientation (i.e. RGB maps). Compared to structural MRI images, diffu-
sion maps based on the tensor model have low spatial resolution, which
makes them unsuitable for lesion delineation. FA values are also sig-
nificantly reduced in regions containing fibre crossing, in which it is
difficult to distinguish between normal and pathological tissue. To
overcome the problems of tensor-based diffusion maps, anisotropic
power (AP) maps have been recently proposed (Dell'Acqua et al., 2014,
Fig. 1F). These maps are based on High Angular Resolution Diffusion
Imaging (HARDI) methods that can be applied to diffusion data ac-
quired at higher b-values (e.g.> 1500) and with a higher number of
directions (Dell'Acqua et al., 2010, Dell’Acqua 2012). The AP maps
offer the advantage of combining the high sensitivity to early ischemia
typical of the diffusion sequences with an increased signal in regions
with fibre crossing and a spatial resolution similar to clinical T1-
weighted images. Finally, all tensor and HARDI methods can be used to
generate three-dimensional representations of white matter pathways
using tractography algorithms (for a general review see Dell’Acqua and
Catani, 2012), which allows for the study of remote lesion effects on the
connectional anatomy within the ipsilesional and contralesional hemi-
spheres (Catani and ffytche, 2005; Catani et al., 2005).

The availability of the above imaging modalities has widened our
ability to map the complexity of stroke lesions and extend the clinical-
anatomical correlation to both the cortex and white matter pathways
(Catani et al., 2012). The importance of including white matter, espe-
cially in the analysis of stroke recovery studies, has been recently
highlighted by several groups (Forkel et al., 2014; Corbetta et al., 2015;
Bartolomeo and Thiebaut de Schotten, 2016; Yourganov et al., 2016;
Marewba et al., 2017; Foulon et al., 2018). Structural MRI is tradi-
tionally used for lesion delineation and provides an estimate of the
lesion location, size, and extent to both cortical and subcortical regions.
However, it is often difficult to use structural MRI to identify damage to
individual pathways and quantify their degree of disconnection. This
information can be indirectly derived by combining lesion delineation
based on structural MRI with white matter atlases derived from either
histological studies or diffusion imaging (Eikhoff et al., 2007; Catani
and Thiebaut de Schotten, 2008; Hua et al., 2008; Mori et al., 2005;
Rojkova et al., 2015; Wakana et al., 2004; Thiebaut de Schotten et al.,
2011). However, a direct estimate of white matter changes and damage
to specific tracts can only be obtained using diffusion imaging tracto-
graphy.

Two main approaches to mapping white matter damage with dif-
fusion data are available. Similar to structural MRI, diffusion images
can be analysed using a voxel-based approach. A method specifically
developed for group-level analysis of diffusion data is tract-based spa-
tial statistics (TBSS, Smith et al., 2004, 2007), which despite the name,
is a voxel-based approach with most of the limitations that affect all
voxel-based methods (Jones and Cercignani, 2010). The other approach
to diffusion data is tractography, which permits to reconstruct the
trajectory of individual white matter pathways in single patients
(Catani et al., 2002; Catani and Thiebaut, 2008).

Two possible mechanisms have been suggested to explain the con-
tribution of white matter pathways to recovery. First, the number of
tracts affected by the stroke is highly correlated with the severity of

deficits in multiple behavioural domains and functional recovery
(Corbetta et al., 2015; Umarova et al., 2017; Yourganov et al., 2016;
Marewba et al., 2017, Thiebaut de Schotten and Fouloun, 2018).
Second, the individual anatomy of white matter pathways in the con-
tralesional hemisphere is an important predictor for aphasia recovery,
suggesting the possibility of some functions being partially taken over
or compensated by a contralateral language network (Forkel et al.,
2014). Due to the high anatomical variability of the contralateral lan-
guage pathways in the general population (Catani et al., 2007), these
recovery mechanisms may occur only in a subgroup of patients and may
contribute to explain the high heterogeneity in stroke recovery in pa-
tients with similar demographics and lesion characteristics (Forkel
et al., 2014)

In this study, we perform lesion-symptom correlations using struc-
tural and diffusion maps and employ standard voxel-based approaches
based on lesion overlay (i.e. voxel-based lesion symptom mapping,
VLSM) and diffusion specific methods such as TBSS and tractography.
Our aim is to provide preliminary evidence of the advantages and
limitations of a quantitative approach to mapping white matter damage
in acute stroke and its impact on language recovery.

2. Methods

2.1. Patients

18 aphasic stroke patients with a first-ever left hemisphere lesion
(mean age: 63.39 ± 18.44 years, range 28 – 89 years, 6 females) were
consecutively recruited from the hyperacute stroke unit at King's
College Hospital in London between 2009 and 2012. The detailed de-
mographics of this cohort are reported in Table 1.

Patients were assessed on admission using the revised Western
Aphasia Battery (WAB-R; Kertesz, 2007), which provides an estimate of
aphasia severity (aphasia quotient, AQ). 16 patients were available for
follow-up assessments six months after symptom onset. Inclusion cri-
teria were: (i) right-handedness based on Edinburgh Handedness In-
ventory (Oldfield, 1971); (ii) first ever left middle cerebral artery stroke
with no previous presence of brain infarction; (iii) presence of aphasia
as confirmed by the WAB-R bedside screening; (iv) no previous neu-
rological or psychiatric diagnoses; (v) medically stable to tolerate am-
bulance transport; (vi) absence of MRI contraindications; and (vii)
English native speaker. All patients or their next of kin gave written
informed consent. The study was approved by the Wandsworth Ethical
Research Committee (09/H0803/95) and the local review board
(KCH1700).

2.2. Neuroimaging acquisition and processing

Baseline MRI data was acquired within two weeks from symptom
onset using a 3 T HDx GE scanner (General Electric) equipped with an
8-channel radio frequency receiver head coil. For each subject, a high-
resolution structural T1-weighted volume (1*1*1mm) of the whole
brain was acquired. Diffusion imaging data were acquired using a spin
echo, single shot EPI pulse sequence optimised for subjects with high
risk of movement during the scan (Forkel et al., 2014). This sequence
consisted of two consecutive scans of 30 diffusion-weighted directions
(b-value 1500 mm2/s) combined for a total of 60 directions and seven
non-diffusion weighted volumes. Matrix size was 128*128*60 and
voxel size was 2.4*2.4*2.4 mm. Peripheral gating was applied to avoid
brain pulsation artefacts.

Diffusion imaging data were pre-processed using ExploreDTI (www.
exploredti.org) and corrected for eddy current and motion artefacts
through iterative correction to the seven interleaved non-diffusion
weighted volumes. For each subject, data quality was visually in-
spected, and no participant had to be excluded. The data was processed
in Startrack (https://www.mr-startrack.com), which also generates
diffusion-based maps, including FA and AP maps (Dell'Acqua et al.,
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2014). Whole brain tractography was performed from all brain voxels
with FA> 0.2. Streamlines were propagated with a stepsize of 1mm,
using Euler integration and b-spline interpolation of the diffusion tensor
field (Basser et al., 2000). Where FA was< 0.2 or the angle between
two consecutive voxels exceeded 45 degrees, streamline propagation
was stopped.

2.3. Neuroimaging analysis

2.3.1. Voxel-based percentage lesion overlay mapping
Lesions were manually (SF) delineated on both native-space T1-

weighted images and AP maps for each patient and were subsequently
converted to a common space (Brett et al., 2001; Mah et al., 2014;
Rorden et al., 2012). A lesion overlay percentage heat map was cal-
culated from all lesions and superimposed on a template brain using
MRICron (Rorden et al., 2007a, b). These maps highlight damaged
areas with the highest degree of spatial overlap in a group of patients.
For T1-based lesion analysis one patient had to be excluded as no T1-
weighted scan was acquired.

2.3.2. Atlas-based mapping of white matter disconnection
For each lesion mask defined on T1-weighted or AP maps, the in-

tersection between an individual lesion mask and a percentage tract
map from an atlas of known white matter tracts (Rojkova et al., 2015)
was defined using Tractotron as implemented within the BCBtoolkit
(http://www.toolkit.bcblab.com). Tractotron provides the probability
of a lesioned voxel intersecting a specific tract of interest within a range
between 0% (no streamlines intersect at that particular voxel for the
tract of interest extracted from all subjects constituting the group of
reference) and 100% (all healthy subjects have streamlines intersecting
at that particular voxel for the tract of interest). Hence, the percentage
provided by Tractotron does not reflect the probability of a dis-
connection but the probability of a lesion voxel overlapping with a
voxel of high probability to contain a specific white matter pathway.
This value is provided independently of the number of lesion voxels
overlapping with the mask, which means that even a single lesion voxel
intersecting a voxel with a 50% pathway overlap is sufficient for a
pathway to be classified as having a 50% probability of being affected
(Foulon et al., 2018). The data were taken to IBM SPSS, Version 24.0 for
central tendency analysis at the group level with the behavioural data.

2.3.3. Voxel-based lesion-symptom mapping (VLSM)
Binarised and normalised lesion masks were entered into a VLSM

pipeline using the NPM program implemented in MRIcron (non-para-
metric mapping; http://www.cabiatl.com/mricro/npm/). VLSM ana-
lysis (including all patients, irrespective of aphasic classification) was
run for the dependent continuous variable of 6-months aphasia severity
(follow-up AQ) and controlled for overall lesion size. A non-parametric
rank-order Brunner-Menzel analysis with voxel-based permutation
(1000) was conducted (Rorden et al., 2007a, b). Only voxels where at
least 10% of patients had damage were included in the analysis to avoid
lowering statistical power by including infrequently damaged voxels
whilst increasing the number of computed comparisons. Group-level
results were then projected onto a high-resolution template in standard
space.

2.3.4. Tract-Based Spatial Statistics (TBSS)
Tract-Based Spatial Statistics, is a group level automatic analysis

that employs a non-linear registration and generates a whole brain
white matter skeleton based on the FA maps obtained from diffusion
data (Smith et al., 2004, 2007). TBSS relies on a group mean FA map
that is skeletonised to represent the core of the brain's white matter,
which is common to all subjects within the studied cohort. Individual
FA maps of our patients were aligned to a common target using non-
linear registration and an average FA map was generated. The mean FA
map was skeletonised through “thinning” and individual normalised FA
maps were projected onto the skeleton to account for residual mis-
alignment from the first step. Subsequent voxel-wise statistics are ap-
plied across subjects on the skeleton-space FA data. The data was sta-
tistically analysed in FSL (version 4) using Randomise (Winkler et al.,
2014). This permutation method is used for thresholding statistical
maps where the null distribution is unknown (i.e. non-parametric
testing). This modelling and interference can be achieved by using a
standard general linear model design setup (Nichols and Holmes,
2002). TBSS analysis was performed using follow-up AQ as the main
neuropsychological variable of interest. Patient demographics (e.g. age,
sex, lesion size) were treated as covariates and were defined as ex-
planatory variables in the model. Values were entered ‘demeaned’ into
the analysis; this means the value of interest is subtracted from the
group mean.

Table 1
Patient demographics and clinical presentation.

Aphasia typeb Aphasia severity (AQ)

Sex Agea Ethnicity Stroke type Baseline Follow-up Baseline Follow-up

F 87 White British Infarction Anomic Recovered 75.90 95.20
M 28 White Irish Infarction Transcortical motor Recovered 45.00 96.20
M 72 White Irish Infarction Transcortical motor Anomic 67.00 81.40
M 70 White British Infarction Broca Anomic 42.00 91.90
F 69 White British Infarction Global Anomic 11.50 73.30
F 81 White British Infarction Anomic Anomic 79.50 87.90
M 75 White British Haemorrhage Wernicke Wernicke 15.40 73.50
F 44 White British Infarction Broca Anomic 58.40 87.20
M 59 Black Caribbean Infarction Broca Anomic 32.80 81.00
M 50 White British Infarction Global Transcortical motor 4.70 83.10
F 71 Black Caribbean Infarction Global Anomic 21.6 69.70
M 44 White British Infarction Anomic Recovered 79.16 95.60
M 86 British White Infarction Conduction n/a 60.83 n/a
M 49 White British Infarction Broca Anomic 19.20 89.20
M 89 British White Infarction Global n/a 17.60 n/a
M 79 White British Infarction Broca Anomic 59.00 81.10
F 44 White British Infarction Broca Anomic 6.03 92.20
M 44 Indian British Infarction Anomic Anomic 78.30 92.30

F: female, M: male, AQ: Aphasia Quotient.
a Age at onset shown in years.
b Aphasia type classification based on WAB-R.
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2.3.5. White matter tractography
Virtual dissections of the language pathways in both hemispheres

were performed in TrackVis (www.trackvis.org). Regions of interest for
both hemispheres were defined on FA maps in the patients’ native space
using previously published criteria (Catani et al., 2005, 2007; Forkel
et al., 2014; D'Anna et al., 2016). For the three segments of the arcuate
fasciculus we used three regions of interest (ROI) delineated in the
frontal, parietal and temporal perisylvian white matter (Barroso-Lopez
et al., 2013; Forkel et al., 2014; Catani et al., 2016). Three regions of
interest were also used to dissect the inferior fronto-occipital fasciculus
(IFOF), the unicinate fasciculus (UF) and the inferior longitudinal fas-
ciculus (ILF) (Catani and Mesulam, 2008; Forkel et al., 2014; D'Anna
et al., 2016). The first ROI was delineated in the occipital lobe on a
coronal plane just behind the parieto-occipital sulcus and the temporo-
occipital notch, the second ROI was drawn on the white matter of the
external/extreme capsule, and the third ROI in the white matter of the
anterior temporal lobe. Streamlines between occipital ROI and the ex-
ternal/extreme capsule ROI were labelled as IFOF, streamlines between
occipital and anterior temporal were identified as ILF, and streamlines
between anterior temporal and external/extreme capsule ROI were la-
belled as UF. The frontal aslant tract (FAT) was defined by placing one
region of interest in posterior white matter of the superior frontal gyrus
and a second ROI in the posterior inferior frontal gyrus and ventral
precentral gyrus (Catani et al., 2012a, 2012b; Thiebaut de Schotten
et al., 2011; Catani et al., 2013a, b).

The data were taken to IBM SPSS, Version 24.0 for statistical ana-
lysis. To control for the possibility that hemisphere size might be
driving the volume of the white matter pathways, the tract volume was
normalised by the hemisphere volume (normalised pathway volume =
segment volume/hemisphere volume). The hemispheric volume was
obtained using FMRIB Software Library package (FSL, http://www.
fmrib.ox.ac.uk/fsl/). The normalised segment volume was then used for
further analysis. The primary analysis employed a hierarchical linear
regression. In this analysis, two models were defined with the long-
itudinal aphasia severity (AQ) at 6 months as the dependent variable.
The first-level model included the variables identified by a backward
elimination, namely age, gender and lesion size. In the second-level of
the model the normalised volumes of the three segments of the arcuate
fasciculus, the FAT, IFOF and uncinate fasciculus were separately added
to the model.

3. Results

Patient details and demographics are available in Table 1.
Percentage lesion overlay maps, atlas-based mapping and VLSM

analyses were performed for both T1-weighted and AP maps. TBSS and
tractography were performed using FA maps.

3.1. Lesion mapping using T1-weighted MRI

Fig. 2 shows the percentage lesion overlay maps based on individual
acute T1-weighted scans. The area of maximal overlay across all

patients is centred around the lenticular nucleus/external capsule and
includes white matter voxels extending into the extreme capsule, in-
ternal capsule and the perisylvian white matter and cortex. These re-
gions contain several white matter tracts that are difficult to distinguish
based solely on visual inspection of the percentage lesion overlay maps.

An atlas-based approach was, therefore, applied to the lesion masks
defined on T1-weighted images of each subject using Tractotron. The
lesion mask overlapped with regions occupied by the inferior fronto-
occipital fasciculus (IFOF; 12 patients) and uncinate fasciculus (9 pa-
tients) in the external/extreme capsule and the cortico-spinal tract (15
patients), the fronto-striatal (16 patients) and anterior thalamic pro-
jections (17 patients) in the internal capsule. In the perisylvian white
matter all three segments of the arcuate fasciculus were affected, al-
though to a different degree: long segment (12 patients), anterior seg-
ment (7 patients), and posterior segment (7 patients). Dorsally to the
arcuate fasciculus, the second branch of the superior longitudinal fas-
ciculus (SLF II; 13 patients) and the first branch (SLF I; 8 patients) were
affected. Within the frontal lobe, the frontal aslant tract (FAT) was
damaged in most patients (14 patients), whereas the frontal inferior
longitudinal fasciculus (FIL; 9 patients), the frontal superior long-
itudinal fasciculus (FSL; 7 patients), and the fronto-orbitopolar tract
(FOP; 2 patients) were affected in a smaller number of patients. Other
damaged tracts included the anterior fronto-insular tracts, the cingulum
(10 patients), the fornix (8 patients), and the inferior longitudinal fas-
ciculus (ILF, 8 patients). The damaged commissural pathways included
the corpus callosum (17 patients) and the anterior commissure (7 pa-
tients).

3.2. Lesion mapping based on diffusion data

Similar to T1-weighted images, diffusion data can be analysed using
voxel-based approaches. Fig. 3 shows the percentage lesion overlay maps
based on the lesions defined on AP maps. Although the area of maximal
overlay between T1-weighted and AP is very similar, the AP maps
identified a larger area of overlay that include the head of the caudate
nucleus, more extensive involvement of basal ganglia, and voxels in the
white and grey matter of the anterior frontal, parietal, and temporal
lobes.

The atlas-based approach applied to the AP lesion masks showed
similar results to the T1-weighted images, although the extent of the
overlap between lesions and tract masks and the number of patients
with lesion in a particular tract was greater for the AP maps. This dif-
ference was particularly evident for the three segments of the arcuate
fasciculus.

Diffusion data were also analysed using tractography reconstructions
of the main language pathways. For each tract, the volume and FA were
extracted and comparison between the two hemispheres carried out to
identify affected tracts (Table 2). Statistically significant differences
were observed for the volume of the anterior segment (p < 0.001) of
the arcuate fasciculus and the inferior fronto-occipital fasciculus
(p < 0.01). For the FA, statistically significant differences were ob-
served for all tracts except the frontal aslant tract.

Fig. 2. Percentage lesion overlay maps based on lesion masks delineated on T1-weighted images.
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3.3. Predicting recovery using T1-weighted MRI

VLSM analysis using continuous scores for longitudinal aphasia se-
verity at six months showed that lesions involving white matter voxels
within the posterior and ventral region of the left frontal lobe were
significantly associated with severity of language deficits at follow-up
(Fig. 4A). Other significant white matter clusters were located in the
posterior region of the superior temporal gyrus and Heschl's gyrus. The
cluster with the maximum (Z= 2.5, p≤ 0.05) matched the region
around the anterior insula and frontal operculum that corresponds in
part to the area of maximal overlay indicated on the T1-weighted
percentage lesion overlay maps. Lesions to the lenticular nucleus which
showed maximal overlay on the T1-weighted percentage lesion overlay
maps were not associated with aphasia severity at six months.

The atlas-based approach was used with the T1-based lesion masks to
compare longitudinal aphasia severity between patients with high and
low likelihood of tract disconnection. Owing to a small patient cohort
we did not opt for the approach used in the literature whereby patients
are divided according to a threshold of 50% overlap (i.e. patients whose
lesion mask intersected at least one voxel of the atlas maps with> 50%
overlap, are deemed to have a probability of disconnection of the tract
of interest above chance) (Thiebaut de Schotten et al., 2014); Foloun
et al., 2018. Instead, we used a median split to compare patients with
high and low likelihood of tract disconnection. For statistical analysis,
only white matter pathways which have been previously implicated in
aphasia were considered. A Mann-Whitney-U test indicated that da-
mage to the anterior segment of the arcuate fasciculus and the frontal
aslant tract was associated with more severe aphasia symptoms at
baseline (Table 3). The association between symptoms at baseline and
damage to the long segment of the arcuate fasciculus did not survive
correction for multiple comparisons. The same analysis was repeated
for the longitudinal aphasia severity and none of the tracts were sig-
nificantly associated with aphasia severity.

In addition, we also studied the collinearity of our measures and
observed a statistically significant correlation between baseline severity

and likelihood of tract damage for the anterior (r= –0.76, p < 0.001)
and long segment (r= –0.66, p= 0.004) of the arcuate fasciculus, and
the frontal aslant tract (r= –0.73, p < 0.001). No statistically sig-
nificant correlations were observed with the severity at follow-up.

3.4. Predicting recovery using diffusion data

VLSM analysis of longitudinal aphasia severity was repeated using
lesion masks drawn on AP maps. Whilst the maximal overlay (z= 3.06,
p≤ 0.05) was in the anterior insula and frontal opercular region, si-
milar to the VLSM analysis of T1-weighted images, a larger number of
voxels in the posterior temporal region, external capsule, and posterior
frontal lobe were associated with longitudinal deficits and the AP maps
(Fig. 4B).

The atlas-based approach for the AP-based lesion masks identified
the anterior segment of the arcuate fasciculus and the frontal aslant
tract as statistically significant associated with baseline severity. The
only statistically significant association between longitudinal severity
and tract damage was observed for the uncinate fasciculus, but this did
not survive correction for multiple comparisons (Table 4).

We observed a statistically significant correlation between baseline
severity and likelihood of tract damage for the anterior (r= –0.70,
p < 0.001) and long segment (r= –0.53, p= 0.042) of the arcuate
fasciculus, and the frontal aslant tract (r= –0.57, p= 0.027). Only the
correlation between severity at follow-up and likelihood of damage to
the uncinate fasciculus (r= –0.6, p= 0.030) was statistically sig-
nificant. However, only the correlation with the anterior segment sur-
vived correction for multiple comparisons.

TBSS analysis indicated that for the left hemisphere reduced FA in
the white matter of the temporal stem, anterior temporal lobe, fusiform
gyrus, fronto-parietal white matter and posterior limb of the internal
capsule was associated with more severe longitudinal symptoms. A
smaller cluster was also identified in the posterior frontal lobe whereas
no clusters within the anterior external capsule were significant. In the
right hemisphere, smaller clusters of increased FA in the white matter of

Fig. 3. Percentage lesion overlay map based on lesion masks defined on anisotropic power (AP) images.

Table 2
Tractography analysis of the volume and fractional anisotropy (FA) of the language pathways in the left and right hemisphere.

Left hemisphere Right hemisphere Test statistic

Tract volume (mean/SD)
Arcuate fasciculus, anterior segment 8.32 ± 4.57 13.72 ± 4.47 t(16)−3.96, p= 0.001
Arcuate fasciculus, posterior segment 10.74 ± 3.10 8.43 ± 2.53 t(16)= 2.52, p= 0.02
Arcuate fasciculus, long segment 10.72 ± 5.44 7.79 ± 4.51 t(16)= 2.20, p= 0.43
Frontal aslant tract 6.57 ± 3.95 7.14 ± 2.49 t(16)= −0.62, p= 0.54
Inferior fronto-occipital fasciculus 13.02 ± 5.02 18.74 ± 3.88 t(16)= −4.09, p= 0.001
Uncinate fasciculus 7.72 ± 2.91 9.34 ± 2.61 t(16)= −1.91, p= 0.075
Fractional anisotropy (mean/SD)
Arcuate fasciculus, anterior segment 0.39 ± 0.39 0.46 ± 0.44 t(15)= −5.163, p < 0.001
Arcuate fasciculus, posterior segment 0.40 ± 0.03 0.44 ± 0.03 t(16)= −3.89, p= 0.001
Arcuate fasciculus, long segment 0.43 ± 0.40 0.48 ± 0.23 t(15)= −5.85, p < 0.001
Frontal aslant tract 0.41 ± 0.43 0.43 ± 0.33 t(16)= −2.43, p= 0.027
Inferior fronto-occipital fasciculus 0.46 ± 0.03 0.49 ± 0.03 t(16)= −3.63, p= 0.002
Uncinate fasciculus 0.40 ± 0.04 0.45 ± 0.03 t(16)= −5.15, p < 0.001
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the superior frontal gyrus, the anterior limb of the internal capsule, the
cerebral peduncle, the cingulate gyrus, and both inferior and superior
parietal lobules predicted higher AQ scores at follow-up (Fig. 5).

The tractography analysis showed no statistically significant corre-
lations between FA and volume of all tracts and aphasia severity at
baseline for the left hemisphere. In the right hemisphere, correlations
between baseline severity and FA of the frontal aslant tract and inferior
fronto-occipital fasciculus were statistically significant but only the
former survived correction for multiple comparisons. Correlation be-
tween longitudinal severity and tract volume of the right long segment
of the arcuate fasciculus were statistically significant but did not sur-
vive correction for multiple comparisons. No other correlations were
significant (Table 5).

In a previous study we were able to demonstrate the value of
studying the white matter in the contralesional hemisphere (Forkel
et al., 2014). When only studying classical predictors of recovery, such
as age, sex and lesion size, about 30% of the variance of recovery could
be explained. However, when the volume of the right arcuate fasciculus
was added to the model nearly 60% of the variance in recovery at six
months could be explained.

For the current study, we repeated the analysis for the other white
matter pathways to assess if the predictive value of the contralesional
tract volume is specific for the long segment of the arcuate fasciculus or
extends to other tracts. The hierarchical regression analysis showed that
a model including age, sex and lesion size was not predictive of long-
itudinal aphasia severity [R2 = 0.275, F(3,12) = 1.52, P= 0.260].

Fig. 4. Voxel-based lesion symptom mapping (VLSM) analysis based on A) acute T1-wighted masks and B) AP masks indicating damaged voxels predicting aphasia
severity at six months (longitudinal AQ). Results are not corrected for multiple comparisons (P < 0.05 for Z > 1.64). Axial slices are numbered according to MNI z
coordinate. The AP-based analysis shows a larger territory of symptom-lesion association extending into posterior regions of the temporal and fronto-parietal lobes.

Table 3
Comparison of baseline and longitudinal aphasia severity between patients with high and low likelihood of disconnection for a specific tract based on atlas-based
approach of T1-weighted lesion masks.

Above median (rank, n) Below median (rank, n) Test statistic

Arcuate fasciculus, long segment
Aphasia severity (AQ), baseline 11.62 (8) 6.67 (9) U = 15, p= 0.046
Aphasia severity (AQ), 6 months 10.43 (7) 5.88 (8) U = 11, p= 0.54
Arcuate fasciculus, anterior segment
Aphasia severity (AQ), baseline 13.5 (8) 5 (9) U = 0, p < 0.001
Aphasia severity (AQ), 6 months 10 (7) 6.25 (8) U = 14, p= 0.121
Arcuate fasciculus, posterior segment
Aphasia severity (AQ), baseline 8.12 (8) 9.78 (9) U = 43, p= 0.541
Aphasia severity (AQ), 6 months 6.5 (8) 9.71 (7) U = 40, p= 0.189
Frontal aslant tract
Aphasia severity (AQ), baseline 13.33 (6) 6.64 (11) U = 39, p= 0.007
Aphasia severity (AQ), 6 months 11.20 (5) 6.4 (10) U = 9, p= 0.055
Inferior fronto-occipital fasciculus
Aphasia severity (AQ), baseline 8.5 (6) 9.27 (11) U = 36, p= 0.808
Aphasia severity (AQ), 6 months 9.4 (5) 7.3 (10) U = 18, p= 0.440
Uncinate fasciculus
Aphasia severity (AQ), baseline 9.89 (9) 8 (8) U = 28, p= 0.481
Aphasia severity (AQ), 6 months 9.57 (7) 6.62 (8) U = 17, p= 0.232
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When the right hemisphere white matter tracts were added to the
model, the predictive value of the model did not improve with the
frontal aslant tract [R2 = 0.015, F(4,11) = 1.128, P= 0.393; R2

change: F(1,11) = 0.240, P= 0.634], the inferior fronto-occipital
fasciculus [R2 = 0.065, F(4,11) = 1.259, P= 0.343; R2 change: F
(1,11) = 0.039, P= 0.448], and uncinate fasciculus [R2 = 0.278, F
(4,11) = 1.060, P= 0.421; R2 change: F(1,11) = 0.042, P= 0.842]
Fig. 6.

4. Discussion

In this study, structural and diffusion imaging analysis of a

longitudinal stroke dataset was carried out to i) map the extent and
severity of white matter lesions and ii) identify anatomical predictors of
language recovery using both voxel- and tract-based approaches.
Mapping white matter lesions with a voxel-based approach identified a
broader lesion overlap when diffusion data were used compared to
structural images. The lesion identified by diffusion data extended to
voxels that were significantly correlated with symptom severity at
follow-up. The voxel-based analysis in combination with an atlas-based
approach identified the tracts that were most likely affected by the le-
sions, nevertheless this analysis was underpowered to associate damage
to individual tracts with longitudinal outcomes. Tractography analysis
of diffusion data identified damage to individual tracts but was unable

Table 4
Comparison of baseline and longitudinal aphasia severity between patients with above- and below-chance probability of tract disconnection. The two groups were
defined using an atlas-based analysis on AP maps.

Above median (rank, n) Below median (rank, n) Test statistic

Arcuate fasciculus, long segment
Aphasia severity (AQ), baseline 10.14 (7) 6.12 (8) U = 13, p= 0.94
Aphasia severity (AQ), 6 months 8 (5) 6.38 (8) U = 15, p= 0.524
Arcuate fasciculus, anterior segment
Aphasia severity (AQ), baseline 10.75 (8) 4.86 (7) U = 6, p= 0.009
Aphasia severity (AQ), 6 months 8.83 (6) 5.43 (7) U = 10, p= 0.138
Arcuate fasciculus, posterior segment
Aphasia severity (AQ), baseline 9 (6) 5.29 (7) U = 21, p= 0.463
Aphasia severity (AQ), 6 months 9 (7) 7.12 (8) U = 9, p= 0.101
Frontal aslant tract
Aphasia severity (AQ), baseline 14.5 (13) 7 (2) U = 0, p= 0.019
Aphasia severity (AQ), 6 months 10.5 (11) 6.3 (2) U = 4, p= 0.231
Inferior fronto-occipital fasciculus
Aphasia severity (AQ), baseline 11 (12) 7.25 (3) U = 9, p= 0.233
Aphasia severity (AQ), 6 months 6.3 (10) 9.3 (3) U = 8, p= 0.287
Uncinate fasciculus
Aphasia severity (AQ), baseline 10 (8) 5.71 (7) U = 12, p= 0.72
Aphasia severity (AQ), 6 months 8.75 (8) 4.2 (5) U = 6, p= 0.045

Fig. 5. Tract-based spatial statistics (TBSS) analysis of acute imaging fractional anisotropy (FA) values and longitudinal language recovery (follow-up AQ). Cold
colours indicate FA voxels negatively associated with longitudinal symptom severity; warmer colours indicate FA voxels positively associated with longitudinal
symptom severity. Results are not corrected for multiple comparisons. Contrasts are controlled for age, sex, thrombolysis, and lesion size.
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to detect statistically significant associations between tract-specific
measurements (i.e. volume or FA) and aphasia recovery. The advantage
of using a tractography-based approach was represented by the possi-
bility of identifying additional mechanisms of recovery that involved
contralesional tracts, in particular the long segment of the arcuate
fasciculus.

While previous studies have compared different imaging approaches
and modalities in stroke patients, this is the first study to assess on the
same dataset voxel-based, atlas-based, and tractography methods that
are commonly used to map white matter lesions in stroke. Our lesion
overlay analysis showed that both structural and diffusion data con-
verged in displaying a core region of maximum overlap but its per-
ipheral extent varied according to the images used. In particular, dif-
fusion analysis revealed significant differences in more posterior
temporal and parietal white matter regions. These differences might be
partially due to the low sensitivity of structural data to acute ischemic
changes, especially for images acquired within the first 24 h
(Birenbaum and Bancroft, 2011). This advantage of diffusion maps
should not be generalised as the diffusion signal tends to vary over time
in the subacute stage (Bykowski et al., 2004; Schlaug et al., 1997;
Warach et al., 1995). Within minutes of an ischemic occlusion, lesioned
tissue shows changes in diffusion signal intensity (Moseley et al., 1990;
Pierpaoli et al., 1996), which remains abnormal for some time before
the signal returns to a normal appearing level. This process of pseu-
donormalisation is due to the tissue regaining diffusion values within
the normal range despite being nonviable or permanently damaged
(Schlaug et al., 1997). Pseudonormalisation may last several days be-
fore the diffusion signal changes again to the pathological levels ob-
served at later stages of stroke (Warach et al., 1995). While pseudo-
normalisation is not relevant in chronic stroke, it might pose a problem
for acute imaging studies when patients are scanned at variable time
points, which could result in a different estimation of the lesion volume
depending on the time the scan was obtained.

While the considerations made above indicate that several

mechanisms may explain differences between structural and diffusion
results, the longitudinal analysis showed that the altered posterior
white matter regions revealed by diffusion datasets are clinically re-
levant as they are associated to severity of longitudinal symptoms.
Voxels that are detected as normal in the structural images but affected
in diffusion data are more likely to contain salvageable white matter
tissue and therefore their identification could have important treatment
indications. The predictive value of the diffusion data is, however,
highly dependent on the type of diffusion data and analysis. In our
study, for example, the correlation between longitudinal symptom se-
verity and frontal lobe white matter damage was more evident in the
VLSM analysis than the TBSS. While in our study VLSM was performed
using AP maps and TBSS was performed using FA maps, which might
explain some of the differences observed between the results, other
possible factors should be considered. A fundamental difference be-
tween the two methods is that VLSM is constrained to all voxels within
the lesion masks whereas TBSS includes all brain voxels within a white
matter skeleton that extend beyond the lesion (Smith, 2004, 2007).
VLSM therefore requires a precise anatomical delineation of the lesions
and is blind to changes occurring outside the lesion mask. This explains
why VLSM results are driven primarily by areas of high overlay where
statistical power is higher, and this is particularly true in small patient
samples (Bates et al., 2003; Kimberg et al., 2007; Medina et al., 2010;
Rorden et al., 2007a, b, 2009; Rudrauf et al., 2008; Mah et al., 2014).
TBSS automatically extracts a white matter skeleton either from the
patients’ images or a matched control group. The skeleton is then ap-
plied to the individual maps to extract diffusion measures. These steps
may introduce biases in stroke analysis as the voxels containing da-
maged white matter may either fall outside the voxels of the skeleton or
prevent extracting diffusion values from those parts of the skeleton
severely affected by the lesion (Jones et al., 2010). Unfortunately, there
are only a few studies that have used TBSS in stroke and those vary in
their methodological approaches used to prevent these limitations
(Geva et al., 2015; Lunven et al., 2015).

Table 5
Tractography analysis of tract-specific measurements (volume and fractional anisotropy) in the left and right hemisphere and their
association to symptom severity at baseline and chronic stage.

Left hemisphere Right hemisphere

Aphasia severity at baseline
Tract volume
Arcuate Fasciculus, long segment r= 0.355, p= 0.162 r= 0.265, p= 0.305
Arcuate Fasciculus, anterior segment r= 0.241, p= 0.465 r= −0.064, p= 0.807
Arcuate Fasciculus, posterior segment r= 0.256, p= 0.321 r= −0.178, p= 0.493
Frontal aslant tract r= −0.333, p= 0.192 r= −0.260, p= 0.314
Inferior fronto-occipital fasciculus r= 0.120, p= 0.646 r= −0.016, p= 0.951
Uncinate fasciculus r= 0.336, p= 0.188 r= 0.154, p= 0.554
Fractional anisotropy
Arcuate Fasciculus, long segment r= 0.168, p= 0.520 r= −0.028, p= 0.921
Arcuate Fasciculus, anterior segment r= 0.100, p= 0.711 r= −0.190, p= 0.465
Arcuate Fasciculus, posterior segment r= 0.033, p= 0.899 r= −0.001, p= 0.997
Frontal aslant tract r= −0.115, p= 0.660 r= −0.637, p= 0.006
Inferior fronto-occipital fasciculus r= 0.449, p= 0.071 r= −0.520, p= 0.033
Uncinate fasciculus r= 0.117, p= 0.654 r= −0.151, p= 0.563
Aphasia severity at six months
Tract volume
Arcuate Fasciculus, anterior segment r= −0.024, p= 0.933 r= 0.216, p= 0.438
Arcuate Fasciculus, posterior segment r= 0.430, p= 0.110 r= 0.047, p= 0.869
Arcuate Fasciculus, long segment r= 0.309, p= 0.260 r= 0.559, p= 0.03
Frontal aslant tract r= 0.023, p= 0.934 r= −0.088, p= 0.756
Inferior fronto-occipital fasciculus r= 0.228, p= 0.414 r= 0.180, p= 0.520
Uncinate fasciculus r= −0.153, p= 0.586 r= 0.169, p= 0.547
Fractional anisotropy
Arcuate Fasciculus, anterior segment r= −0.485, p= 0.079 r= −0.047, p= 0.867
Arcuate Fasciculus, posterior segment r= 0.043, p= 0.880 r= 0.055, p= 0.846
Arcuate Fasciculus, long segment r= −0.063, p= 0.824 r= 0.046, p= 0.882
Frontal aslant tract r= −0.195, p= 0.486 r= −0.348, p= 0.204
Inferior fronto-occipital fasciculus r= 0.349, p= 0.202 r= −0.009, p= 0.974
Uncinate fasciculus r= −0.251, p= 0.367 r= −0.069, p= 0.807
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In our study, an atlas-based analysis was used to indirectly identify
and quantify damage to specific tracts. Both structural and diffusion
analysis revealed extensive white matter damage to most left

hemisphere tracts, although the prevalence of tract damage was higher
for the diffusion data. Correlations were significant only with baseline
AQ measures but not with longitudinal aphasia severity. The lack of

Fig. 6. Left (ipsilesional) and right (contralesional) hemisphere white matter tractography reconstruction from a single aphasic stroke patient (male, 28 years, AQ
baseline = 45, AQ follow-up = 96.2). The upper panel shows the lesioned hemisphere and the reconstructions of the language pathways within this hemisphere. The
lower panel shows the same tracts in the non-lesioned hemisphere (right). The scalar index of fractional anisotropy (FA) is mapped along each pathway. Brighter
colours indicate reduced FA. The tract volume in the left hemisphere was reduced for most of the pathways and the anterior segment was completely damaged. In the
right hemisphere, all pathways were reconstructed, including the long segment of the arcuate fasciculus. LS, long segment of the arcuate, AS, anterior segment of the
arcuate, PS, posterior segment of the arcuate, FAT, frontal aslant tract, IFOF, inferior fronto-occipital fasciculus, UF, uncinated fasciculus.
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sensitivity to language recovery of the atlas-based approach may have
different explanations, including misregistration, demographic and
anatomical mismatch between normative data used to generate atlases
and our patient population, and interindividual variability in tract
anatomy. Indeed, in our study four patients were calculated to have a
significant disconnection of the optic tract, yet not a single patient in
our study was blind before or after their stroke. In addition, the small
number of subjects in our study is a clear limitation of the atlas-based
approach as a small number of subjects belongs to the group with ‘low
or no disconnection’. There are other limitations of the atlas-based
approach that are common to all datasets and, therefore, are important
to consider when interpreting the results. The atlas-based approach
relies on tract probability masks that in the majority of cases are gen-
erated from young healthy control participants that are not matched to
the patient population (Catani and Thiebaut de Schotten, 2008; Hua
et al., 2008; Rojkova et al., 2015; Wakana et al., 2004). Furthermore,
atlases vary according to the tracking algorithms, automatic vs. manual
delineation of regions of interest, sample size used to calculate maps,
and the quality of the data used to generate the tracts. Finally, the atlas-
based approach does not allow for directly relating tract damage to
specific symptoms as they do not provide quantification of the severity
of tract abnormalities. Indeed, what is commonly considered as a
‘probability of disconnection’ is only a probability of a co-localisation
between the lesion mask and the tract maps. There are other atlas-based
approaches that were not used in our study. For example, average
percentage maps of individual tracts from healthy subjects can be used
as masks to extract diffusion measurements or other measurements
from the datasets of individual patients (Catani et al., 2013a, b; Ivanova
et al., 2016). This approach reduces the operator-dependent bias as it
uses the same mask for all subjects. However, one inconvenience of this
approach is the lack of proxy measures of volume atrophy, which can be
obtained only with a tractography analysis of diffusion images acquired
directly from patients.

Tractography is the only method that can visualise tract anatomy in
individual patients and extract specific measures of tract volume and
microstructural organisation. In our study, we dissected individual
language pathways and compared left and right differences to identify
reduced volume and FA in tracts of interest. This approach accounts for
pre-stroke inter-individual differences in tract anatomy for bilateral and
symmetrical pathways as it uses the same pathway in the contralesional
hemisphere as control. Language pathways that have been demon-
strated to have a bilateral volume in the adult brain include the IFOF,
the UF, and the posterior segment of the arcuate (Forkel et al., 2014;
Catani et al., 2007; López-Barroso et al., 2013; Thiebaut de Schotten
et al., 2011). Other tracts, such as the anterior and long segments of the
arcuate fasciculus, and the frontal aslant tracts, present a more asym-
metrical pattern, which makes the results of their volume analysis dif-
ficult to interpret (Catani et al., 2007, 2012a, b; López-Barroso et al.,
2013; Thiebaut de Schotten et al., 2011). However, for all language
tracts but the anterior segment, FA is bilateral in the normal brain and
therefore FA results of the left and right comparisons are more in-
dicative of tract damage. Indeed, the FA analysis showed reduced va-
lues for language tracts in the left hemisphere except for the frontal
aslant tract. An alternative approach commonly used in tractography
studies is the use of control subjects matched for sex, age, handedness,
and education (Catani et al., 2013a, b; Geva et al., 2015), which we
were not able to perform in this study. Despite the advantages of
tractography, our longitudinal analysis failed to demonstrate an asso-
ciation between damage to specific tracts in the left hemisphere and
aphasia severity at follow-up. Tracking in the presence of an acute
stroke lesion can be difficult due to reduced FA, and may generate ei-
ther false positive (i.e. aberrant streamlines) or false negative (i.e. not
visualising streamlines when they are present) reconstructions
(Dell'Acqua and Catani, 2012), which ultimately can reduce the sensi-
tivity of tract-specific measurements.

The use of alternative methods of tracking (e.g. probabilistic

tractography) can help to reduce the number of false negatives but the
specificity of the diffusion measurements also reduces due to the higher
number of false positives (Dell'Acqua and Catani, 2012). At the same
time pseudonormalisation may overestimate the volume of damaged
tracts in the acute phase and reduce the possibility of detecting direct
correlations with longitudinal measures. Whilst FA is an index widely
used in diffusion imaging, other measures, for example hindrance
modulated orientational anisotropy (HMOA), is able to identify white
matter changes that are not detectable with conventional indices
(Dell’Acqua et al., 2013). Using such advanced models in stroke may
also allow to separate damaged tissue in different classes by analysing
data acquired with multiple diffusion-weighting at different b-value
(e.g., multishell data).

Additionally, the aphasia quotient is a composite score that may not
necessarily correlate with damage to a specific tract but rather to a
network of multiple tracts. It was beyond the scope of this study to
correlate anatomy of individual tracts to scores of subcomponent con-
tributing to the calculation of the AQ but future analysis of larger da-
tasets may reveal specific correlations between subtypes of aphasia and
single tracts or multiple networks as shown in recent papers adopting
connectomic approaches to aphasia patients (Fridriksson et al., 2018).
It is also important to highlight that dynamic changes occur after stroke
and the functional effects of the lesion may involve extended networks
beyond the classical language networks (Geranmayeh et al., 2017).

Finally, both TBSS and tractography analysis indicates the im-
portance of the right hemisphere white matter anatomy for language
recovery. This is in line with the findings from previous functional
imaging and clinical studies that have suggested the recruitment of
right hemispheric homologues of language areas as a possible com-
pensatory mechanism (Crinion and Price, 2005; Leff et al., 2002; Musso
et al., 1999; Rosen et al., 2000; Saur et al., 2006; Sharp et al., 2004;
Thiel et al., 2006; Weiller et al., 1995; Price et al., 2017). Early studies
indicated a compensatory role of the right hemisphere in patients who
recovered their language after a left-hemispheric stroke and later be-
came aphasic again, following a right-hemispheric stroke (Nielsen,
1946) or as a consequence of temporary right-hemispheric anaesthesia
(i.e. Wada test) (Cappa et al., 1997; Kinsbourne, 1971; Ohyama et al.,
1996; Thulborn et al., 1999; Wada et al., 1975). Overall, these and
other studies suggest that recovery of language after stroke is a dynamic
process in which the right hemisphere is important for longitudinal
outcomes. However, the right hemisphere involvement is hetero-
geneous as not all aphasic patients benefit from this mechanism. In a
previous study, we demonstrated that only those patients with a larger
long segment of the arcuate fasciculus in the right hemisphere are likely
to recover language (Forkel et al., 2014).

In conclusion, recovery of language rely on a complex dynamic
between ipsi- and contralesional mechanisms in which both anatomical
and functional changes may play a significant role. Future studies
combining conventional lesion mapping with functional and tracto-
graphy approaches in larger cohorts of patients are necessary to un-
derstand the relationship between structural and functional mechan-
isms of recovery in both hemispheres.

Acknowledgements

This study was partially funded by the Wellcome Trust (103759/Z/
14/Z), the Guy's and St Thomas’ Charity (R080511), and Biomedical
Research Centre for Mental Health at South London and Maudsley NHS
Foundation Trust and Institute of Psychiatry, King's College London.
The funding sources had no influence on the writing of the manuscript
or the decision to submit it for publication. The authors would like to
thank Flavio Dell’Acqua, Ahmad Beyh, Henrietta Howells, Claudia
Cramer, Naianna Robertsson, and the members of the NatBrainLab
(www.natbrainlab.com) for their contribution to part of the work and
suggestions to the manuscript.

S.J. Forkel, M. Catani Neuropsychologia 115 (2018) 88–100

98

http://www.natbrainlab.com


References

Baldo, J.V., Kacinik, N.A., Moncrief, A., Beghin, F., Dronkers, N.F., 2016. You may now
kiss the bride: interpretation of social situations by individuals with right or left
hemisphere injury. Neuropsychologia 9 (80), 133–141.

Bartolomeo, P., Thiebaut de Schotten, M., 2016. Let thy left brain know what thy right
brain doeth: inter-hemispheric compensation of functional deficits after brain da-
mage. Neuropsychologia 93 (Pt B), 407–412.

Basser, P.J., et al., 2000. In vivo fiber tractography using DT-MRI data. Magn. Reson. Med.
44 (4), 625–632.

Bates, E., Wilson, S.M., Saygin, A.P., Dick, F., Sereno, M.I., Knight, R.T., Dronkers, N.F.,
2003. Voxel-based lesion–symptom mapping. Nat. Neurosci. 6, 448–450.

Besharati, S., Forkel, S.J., Kopelman, M., Solms, M., Jenkinson, P.M., Fotopoulou, A.,
2014. The affective modulation of motor awareness in anosognosia for hemiplegia:
behavioural and lesion evidence. Cortex 61, 127–140.

Besharati, S., et al., 2016. Mentalizing the body: spatial and social cognition in anosog-
nosia for hemiplegia. Brain 139 (Pt 3), 971–985.

Birenbaum, D., Bancroft, L.W., Felsberg, G.J., 2011. Imaging in acute stroke. West J.
Emerg. Med. 12, 67–76.

Brant-Zawadzki, M., Solomon, M., Newton, T.H., Weinstein, P., Schmidley, J., Norman,
D., 1985. Basic principles of magnetic resonance imaging in cerebral ischemia and
initial clinical experience. Neuroradiology 27, 517–520.

Brett, M., Leff, A.P., Rorden, C., Ashburner, J., 2001. Spatial normalization of brain
images with focal lesions using cost function masking. NeuroImage 14, 486–500.

Bykowski, J.L., Latour, L.L., Warach, S., 2004. More accurate identification of reversible
ischemic injury in human stroke by cerebrospinal fluid suppressed diffusion-weighted
imaging. Stroke 35, 1100–1106.

Cappa, S.F., Perani, D., Grassi, F., Bressi, S., Alberoni, M., Franceschi, M., Bettinardi, V.,
Todde, S., Fazio, F., 1997. A PET follow-up study of recovery after stroke in acute
aphasics. Brain Lang. 56, 55–67.

Catani, M., Howard, R.J., Pajevic, S., Jones, D.K., et al., 2002. Virtual in vivo interactive
dissection of white matter fasciculi in the human brain. NeuroImage 17 (1), 77–94.

Catani, M., et al., 2007. Symmetries in human brain language pathways correlate with
verbal recall. Proc. Natl. Acad. Sci. USA 104 (43), 17163–17168.

Catani, M., et al., 2012a. Beyond cortical localization in clinico-anatomical correlation.
Cortex 48 (10), 1262–1287.

Catani, M., et al., 2012b. Beyond cortical localization in clinico-anatomical correlation.
Cortex 48 (10), 1262–1287.

Catani, M., et al., 2013a. A novel frontal pathway underlies verbal fluency in primary
progressive aphasia. Brain 136 (8), 2619–2628.

Catani, M., et al., 2016. Frontal networks in adults with autism spectrum disorder. Brain
139 (Pt 2), 616–630.

Catani, M., ffytche, D.H., 2005. The rises and falls of disconnection syndromes. Brain 128
(10), 2224–2239.

Catani, M., Mesulam, M.M., 2008. The arcuate fasciculus and the disconnection theme in
language and aphasia: history and current state. Cortex 44 (8), 953–961.

Catani, M., Thiebaut de Schotten, M., 2008. A diffusion tensor imaging tractography atlas
for virtual in vivo dissections. Cortex 44, 1105–1132.

Catani, M., Jones, D., ffytche, D.H., 2005. Perisylvian language networks of the human
brain. Ann. Neurol. 57 (1), 8–16.

Catani, M., Mesulam, M.M., Jakobsen, E., Malik, F., Martersteck, A., Wieneke, C.,
Thompson, C.K., Thiebaut de Schotten, M., Dell'Acqua, F., Weintraub, S., Rogalski, E.,
2013b. A novel frontal pathway underlies verbal fluency in primary progressive
aphasia. Brain 136, 2619–2628.

Corbetta, M., Ramsey, L., Callejas, A., Baldassarre, A., Hacker, C.D., Siegel, J.S., Astafiev,
S.V., Rengachary, J., Zinn, K., Lang, C.E., Connor, L.T., Fucetola, R., Strube, M.,
Carter, A.R., Shulman, G.L., 2015. Common behavioral clusters and subcortical
anatomy in stroke. Neuron 85, 927–941.

Crinion, J., Price, C.J., 2005. Right anterior superior temporal activation predicts audi-
tory sentence comprehension following aphasic stroke. Brain 128, 2858–2871.

Cutting, J., 1978. Study of anosognosia. J. Neurol. Neurosurg. Psychiatr. 41, 548–555.
D'Anna, L., et al., 2016. Frontotemporal networks and behavioral symptoms in primary

progressive aphasia. Neurology 86 (15), 1393–1399.
Dell'Acqua, F., et al., 2010. A modified damped richardson lucy algorithm to reduce

isotropic background effects in spherical deconvolution. NeuroImage 49 (2),
1446–1458.

Dell'Acqua, F., Catani, M., 2012. Structural human brain networks: hot topics in diffusion
tractography. Curr. Opin. Neurol. 25, 375–383.

Dell'Acqua, F., et al., 2013. Can spherical deconvolution provide more information than
fiber orientations? Hindrance modulated orientational anisotropy, a true-tract spe-
cific index to characterize white matter diffusion. Human Brain Mapping 34 (10),
2464–2483.

Dell'Acqua, F., Lecarda, L., Catani, M., Simmons, A., 2014. Anisotropic power maps: a
diffusion contrast to reveal low anisotropy tissues from HARDI data. Proc. ISRMS
(Milan, Italy).

Dronkers, N.F., 2000. The pursuit of brain-language relationships. Brain Lang. 71, 59–61.
Dronkers, N.F., Wilkins, D.P., Van Valin, R.D.J., Redfern, B.B., Jaeger, J.J., 2004. Lesion

analysis of the brain areas involved in language comprehension. Cognition 92,
145–177.

Eickhoff, et al., 2007. Assignment of functional activations to probabilistic cytoarchi-
tectonic areas revisited. NeuroImage 36 (3), 511–521.

Fiez, J.A., Damasio, H., Grabowski, T.J., 2000. Lesion segmentation and manual warping
to a reference brain: intra- and interobserver reliability. Hum. Brain Mapp. 9,
192–211.

Forkel, S.J., Thiebaut de Schotten, M., Dell'Acqua, F., Danek, A., Catani, M., Williams,

S.C.R., Catani, M., 2014. The anatomy of fronto-occipital connections from early
blunt dissections to contemporary tractography. Cortex 56, 73–84.

Foulon, C., Cerliani, L., Kinkingnehun, S., Levy, R., Rosso, C., Urbanski, M., Volle, E.,
Thiebaut de Schotten, M., 2018. Advanced lesion symptom mapping analyses and
implementation as BCBtoolkit. GigaScience 7, 1–17. http://dx.doi.org/10.1093/
gigascience/giy004.

Fridriksson, J., Bonilha, L., Baker, J.M., Moser, D., Rorden, C., 2010. Activity in preserved
left hemisphere regions predicts anomia severity in aphasia. Cereb. Cortex 20,
1013–1019.

Fridriksson, J., den Ouden, D.-B., Hillis, A.E., Hickok, G., Rorden, C., Basilakos, A.,
Yourganov, G., Bonilha, L., 2018. Anatomy of aphasia revisited. Brain 141, 848–862.

Geranmayeh, F., et al., 2017. Domain-general subregions of the medial prefrontal cortex
contribute to recovery of language after stroke. Brain 140 (7), 1947–1958.

Geva, S., Correia, M.M., Warburton, E.A., 2015. Contributions of bilateral white matter to
chronic aphasia symptoms as assessed by diffusion tensor MRI. Brain Lang. 150,
117–128.

Hillis, A., et al., 2000. MR perfusion imaging reveals regions of hypoperfusion associated
with aphasia and neglect. Neurology 55 (6), 782–788.

Hillis, A.E., Heidler, J., 2002. Mechanisms of early aphasia recovery. Aphasiology 16,
885–895.

Hillis, A.E., Wityk, R.J., Tuffiash, E., Beauchamp, N.J., Jacobs, M.A., Barker, P.B., Selnes,
O.A., 2001. Hypoperfusion of Wernicke's area predicts severity of semantic deficit in
acute stroke. Ann. Neurol. 50, 561–566.

Hua, K., Zhang, J., Wakana, S., Jiang, H., Li, X., Reich, D.S., 2008. Tract probability maps
in stereotaxic spaces: analyses of white matter anatomy and tract-specific quantifi-
cation. NeuroImage 36 (1), 336–347.

Ivanova, M.V., et al., 2016. Diffusion-tensor imaging of major white matter tracts and
their role in language processing in aphasia. Cortex 85, 165–181.

Jones, D.K., Cercignani, M., 2010. Twenty-five pitfalls in the analysis of diffusion MRI
data. NMR Biomed. 23 (7), 803–820.

Karnath, H.-O., Rorden, 2012. The anatomy of spatial neglect. Neuropsychologia 50,
1010–1017.

Kertesz, A., 2007. Western Aphasia Battery – Revised. PsychCorp, San Antonio.
Kimberg, D.Y., Coslett, H.B., Schwartz, M.F., 2007. Power in Voxel-based lesion-symptom

mapping. J. Cogn. Neurosci. 19, 1067–1080.
Kinsbourne, M., 1971. The minor cerebral hemisphere as a source of aphasic speech.

Arch. Neurol. 25, 302–306.
Le Bihan, D., Breton, E., Lallemand, D., Grenier, P., Cabanis, E., Laval-Jeantet, M., 1986.

MR imaging of intravoxel incoherent motions: application to diffusion and perfusion
in neurologic disorders. Radiology 161, 401–407.

Leff, A., Crinion, J., Scott, S., Turkheimer, F., Howard, D., WISE, R., 2002. A physiological
change in the homotopic cortex following left posterior temporal lobe infarction.
Ann. Neurol. 51, 553–558.

Lopez-Barroso, D., Catani, Ripollés P., Dell'Acqua, F., Rodríguez-Fornells, A., de Diego-
Balaguera, R., 2013. Proc. Natl. Acad. Sci. U S A. 110 (32), 13168–13173 Aug 6.

Lunven, M., Thiebaut de Schotten, M., Bourlon, C., Duret, C., Migliaccio, R., Rode, G.,
Bartolomeo, P., 2015. White matter lesional predictors of chronic visual neglect: a
longitudinal study. Brain 138 (Pt 3), 746–760.

Mah, Y.H., Husain, M., Rees, G., Nachev, P., 2014. Human brain lesion-deficit inference
remapped. Brain 137 (Pt 9), 2522–2531.

Marebwa, B.K., et al., 2017. Chronic post-stroke aphasia severity is determined by frag-
mentation of residual white matter networks. Sci. Rep. 1–13.

Medina, J., Kimberg, D.Y., Chatterjee, A., Coslett, H.B., 2010. Inappropriate usage of the
Brunner-Munzel test in recent voxel-based lesion-symptom mapping studies.
Neuropsychologia 48, 341–343.

Mori, S., Wakana, S., van Zijl, P.C.M., Nagae-Poetscher, L.M., 2005. MRI Atlas of Human
White Matter. Elsevier.

Moseley, M.E., Kucharczyk, J., Mintorovitch, J., Cohen, Y., Kurhanewicz, J., Derugin, N.,
Asgari, H., Norman, D., 1990. Diffusion-weighted MR imaging of acute stroke: cor-
relation with T2-weighted and magnetic susceptibility-enhanced MR imaging in cats.
AJNR 11, 423–429.

Musso, M., Weiller, C., Kiebel, S., Müller, S.P., Bülau, P., Rijntjes, M., 1999. Training-
induced brain plasticity in aphasia. Brain 122 (Pt 9), 1781–1790.

Nichols, T.E., Holmes, A.P., 2002. Nonparametric permutation tests for functional neu-
roimaging: a primer with examples. Human. Brain Mapp. 15 (1), 1–25.

Nielsen, J.M., 1946. Agnosia. Apraxia, Aphasia. Their Value in Cerebral Localization. Paul
B. Heober, New York.

Ohyama, M., Senda, M., Kitamura, S., Ishii, K., Mishina, M., Terashi, A., 1996. Role of the
nondominant hemisphere and undamaged area during word repetition in poststroke
aphasics: a PET activation study. Stroke 27, 897–903.

Oldfield, R.C., 1971. The assessment and analysis of handedness: the Edinburgh in-
ventory. Neuropsychologia 9 (1), 97–113.

Orfei, M.D., Caltagirone, C., Spalletta, G., 2009. The evaluation of anosognosia in stroke
patients. Cerebrovasc. Dis. 27 (3), 280–289.

Pajevic, S., Pierpaoli, C., 1999. Color schemes to represent the orientation of anisotropic
tissues from diffusion tensor data: application to white matter fiber tract mapping in
the human brain. Magn. Reson. Med.: Off. J. Soc. Magn. Reson. Med. / Soc. Magn.
Reson. Med. 42 (3), 526–540.

Pierpaoli, C., Alger, J.R., Righini, A., Mattiello, J., Dickerson, R., Pres, Des, D., Barnett, A.,
Di Chiro, G., 1996. High temporal resolution diffusion MRI of global cerebral
ischemia and reperfusion. J. Cereb. Blood Flow. Metab. 16, 892–905.

Price, C.J., 2000. The anatomy of language: contributions from functional neuroimaging.
J. Anat. 197, 335–359.

Price, C.J., 2012. A review and synthesis of the first 20years of PET and fMRI studies of
heard speech, spoken language and reading. NeuroImage 62, 816–847.

Price, C.J., Friston, K.J., 2002. Degeneracy and cognitive anatomy. Trends Cogn. Sci. 6,

S.J. Forkel, M. Catani Neuropsychologia 115 (2018) 88–100

99

http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref1
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref1
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref1
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref2
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref2
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref2
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref3
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref3
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref4
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref4
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref5
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref5
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref5
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref6
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref6
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref7
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref7
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref8
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref8
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref8
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref9
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref9
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref10
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref10
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref10
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref11
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref11
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref11
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref12
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref12
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref13
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref13
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref14
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref14
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref15
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref15
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref16
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref16
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref17
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref17
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref18
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref18
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref19
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref19
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref20
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref20
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref21
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref21
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref22
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref22
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref22
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref22
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref23
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref23
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref23
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref23
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref24
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref24
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref25
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref26
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref26
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref27
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref27
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref27
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref28
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref28
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref29
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref29
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref29
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref29
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref30
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref30
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref30
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref31
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref32
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref32
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref32
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref33
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref33
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref34
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref34
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref34
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref35
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref35
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref35
http://dx.doi.org/10.1093/gigascience/giy004
http://dx.doi.org/10.1093/gigascience/giy004
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref37
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref37
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref37
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref38
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref38
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref39
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref39
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref40
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref40
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref40
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref41
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref41
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref42
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref42
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref43
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref43
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref43
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref44
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref44
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref44
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref45
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref45
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref46
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref46
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref47
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref47
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref48
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref49
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref49
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref50
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref50
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref51
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref51
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref51
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref52
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref52
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref52
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref53
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref53
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref54
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref54
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref54
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref55
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref55
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref56
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref56
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref57
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref57
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref57
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref58
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref58
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref59
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref59
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref59
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref59
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref60
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref60
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref61
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref61
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref62
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref62
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref63
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref63
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref63
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref64
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref64
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref65
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref65
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref66
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref66
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref66
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref66
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref67
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref67
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref67
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref68
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref68
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref69
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref69
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref70


416–421.
Price, C.J., Hope, T.M., Seghier, M.L., 2017. Ten problems and solutions when predicting

individual outcome from lesion site after stroke. NeuroIamge 145, 200–208.
Rojkova, K., Volle, E., Urbanski, M., Humbert, F., Dell'Acqua, F., Thiebaut de Schotten,

M., 2015. Atlasing the frontal lobe connections and their variability due to age and
education: a spherical deconvolution tractography study. Brain Struct. Funct. 221 (3),
1751–1766.

Rorden, C., Karnath, H.O., Bonilha, L., 2007a. Improving lesion-symptom mapping. J.
Cogn. Neurosci. 19, 1081–1088.

Rorden, C., Bonilha, L., Nichols, T.E., 2007b. Rank-order versus mean based statistics for
neuroimaging. NeuroImage 35, 1531–1537.

Rorden, C., Fridriksson, J., Karnath, H.-O., 2009. An evaluation of traditional and novel
tools for lesion behavior mapping. NeuroImage 44, 1355–1362.

Rorden, C., Bonilha, L., Fridriksson, J., Bender, B., Karnath, H.-O., 2012. Age-specific CT
and MRI templates for spatial normalization. NeuroImage 61, 957–965.

Rosen, H.J., Petersen, S.E., Linenweber, M.R., Snyder, A.Z., White, D.A., Chapman, L.,
Dromerick, A.W., Fiez, J.A., Corbetta, A.M., 2000. Neural correlates of recovery from
aphasia after damage to left inferior frontal cortex. Neurology 55, 1883–1894.

Rudrauf, D., Mehta, S., Bruss, J., Tranel, D., Damasio, H., Grabowski, T.J., 2008.
Thresholding lesion overlap difference maps: application to category-related naming
and recognition deficits. NeuroImage 41, 970–984.

Saur, D., Lange, R., Baumgaertner, A., Schraknepper, V., Willmes, K., Rijntjes, M., Weiller,
C., 2006. Dynamics of language reorganization after stroke. Brain 129, 1371–1384.

Schellinger, P.D., Bryan, R.N., Caplan, L.R., Detre, J.A., Edelman, R.R., Jaigobin, C.,
Kidwell, C.S., Mohr, J.P., Sloan, M., Sorensen, A.G., Warach, S., 2010. Evidence-based
guideline: the role of diffusion and perfusion MRI for the diagnosis of acute ischemic
stroke: report of the Therapeutics and Technology Assessment Subcommittee of the
American Academy of Neurology. Neurology 75, 177–185.

Schlaug, G., Siewert, B., Benfield, A., Edelman, R.R., Warach, S., 1997. Time course of the
apparent diffusion coefficient (ADC) abnormality in human stroke. Neurology 49,
113–119.

Sharp, D.J., Scott, S.K., Wise, R.J.S., 2004. Retrieving meaning after temporal lobe in-
farction: the role of the basal language area. Ann. Neurol. 56, 836–846.

Smith, S.M., Jenkinson, M., Woolrich, M.W., Beckmann, C.F., Behrens, T.E.J., Johansen-
Berg, H., Bannister, P.R., De Luca, M., Drobnjak, I., Flitney, D.E., Niazy, R.K.,
Saunders, J., Vickers, J., Zhang, Y., De Stefano, N., Brady, J.M., Matthews, P.M.,
2004. Advances in functional and structural MR image analysis and implementation
as FSL. NeuroImage 23 (Suppl 1), S208–19.

Smith, S.M., Johansen-Berg, H., Jenkinson, M., Rueckert, D., Nichols, T.E., Miller, K.L.,
Robson, M.D., Jones, D., Klein, J.C., Bartsch, A.J., Behrens, T.E.J., 2007. Acquisition

and voxelwise analysis of multi-subject diffusion data with Tract-Based Spatial
Statistics. Nat. Protoc. 2, 499–503. http://dx.doi.org/10.1038/nprot.2007.45.

Thiebaut de Schotten, M., Foulon, C., 2018. The rise of a new associationist school for
lesion-symptom mapping. Brain 141 (1), 2–4 1.

Thiebaut de Schotten, M., Ffytche, D.H., Bizzi, A., Dell'Acqua, F., Allin, M., Walshe, M.,
Murray, R., Williams, S.C., Murphy, D.G., Catani, M., 2011. Atlasing location,
asymmetry and inter-subject variability of white matter tracts in the human brain
with MR diffusion tractography. NeuroImage 54 (1), 49–59.

Thiebaut de Schotten, M., Tomaiuolo, F., Aiello, M., Merola, S., Silvetti, M., Lecce, F.,
Bartolomeo, P., Doricchi, F., 2014. Damage to white matter pathways in subacute and
chronic spatial neglect: a group study and 2 single-case studies with complete virtual
“in vivo” tractography dissection. Cereb. Cortex 24 (3), 691–706.

Thiel, A., Habedank, B., Herholz, K., Kessler, J., Winhuisen, L., Haupt, W.F., Heiss, W.-D.,
2006. From the left to the right: How the brain compensates progressive loss of
language function. Brain Lang. 98, 57–65.

Thulborn, K.R., Carpenter, P.A., Just, M.A., 1999. Plasticity of language-related brain
function during recovery from stroke. Stroke 30, 749–754.

Turken, A.U., Dronkers, N.F., 2011b. The neural architecture of the language compre-
hension network: converging evidence from lesion and connectivity analyses. Front.
Syst. Neurosci. 10 (5:1).

Umarova, R.M., Beume, L., Reisert, M., Kaller, C.P., Klöppel, S., Mader, I., Glauche, V.,
Kiselev, V.G., Catani, M., Weiller, C., 2017. Distinct white matter alterations fol-
lowing severe stroke: longitudinal DTI study in neglect. Neurology 88, 1546–1555.

Wada, J.A., Clarke, R., Hamm, A., 1975. Cerebral hemispheric asymmetry in humans:
cortical speech zones in 100 Adult and 100 infant brains. Arch. Neurol. 32, 239–246.

Wakana, S., Jiang, H., Nagae-Poetscher, L.M., van Zijl, P.C.M., Mori, S., 2004. Fiber
tract–based atlas of human white matter anatomy. Radiology 230, 77–87.

Wall, S.D., Brant-Zawadzki, M., Jeffrey, R.B., Barnes, B., 1982. High frequency CT find-
ings within 24h after cerebral infarction. AJR Am. J. Roentgenol. 138, 307–311.

Warach, S., Gaa, J., Siewert, B., Wielopolski, P., Edelman, R.R., 1995. Acute human stroke
studied by whole brain echo planar diffusion-weighted magnetic resonance imaging.
Ann. Neurol. 37, 231–241.

Weiller, C., Isensee, C., Rijntjes, M., Huber, W., Müller, S., Bier, D., Dutschka, K., Woods,
R.P., Noth, J., Diener, H.C., 1995. Recovery from wernicke's aphasia: a positron
emission tomographic study. Ann. Neurol. 37, 723–732.

Winkler, A.M., Ridgway, G.R., Webster, M.A., Smith, S.M., Nichols, T.E., 2014.
Permutation inference for the general linear model. NeuroImage 92, 381–397.

Yourganov, G., et al., 2016. Multivariate Connectome-Based Symptom Mapping in Post-
Stroke Patients: networks Supporting Language and Speech. J. Neurosci. 36 (25),
6668–6679.

S.J. Forkel, M. Catani Neuropsychologia 115 (2018) 88–100

100

http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref70
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref71
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref71
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref72
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref72
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref72
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref72
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref73
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref73
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref74
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref74
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref75
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref75
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref76
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref76
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref77
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref77
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref77
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref78
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref78
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref78
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref79
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref79
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref80
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref80
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref80
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref80
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref80
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref81
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref81
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref81
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref82
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref82
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref83
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref83
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref83
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref83
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref83
http://dx.doi.org/10.1038/nprot.2007.45
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref85
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref85
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref86
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref86
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref86
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref86
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref87
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref87
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref87
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref87
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref88
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref88
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref88
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref89
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref89
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref90
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref90
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref90
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref91
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref91
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref91
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref92
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref92
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref93
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref93
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref94
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref94
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref95
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref95
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref95
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref96
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref96
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref96
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref97
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref97
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref98
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref98
http://refhub.elsevier.com/S0028-3932(18)30129-5/sbref98

	Lesion mapping in acute stroke aphasia and its implications for recovery
	Introduction
	Methods
	Patients
	Neuroimaging acquisition and processing
	Neuroimaging analysis
	Voxel-based percentage lesion overlay mapping
	Atlas-based mapping of white matter disconnection
	Voxel-based lesion-symptom mapping (VLSM)
	Tract-Based Spatial Statistics (TBSS)
	White matter tractography


	Results
	Lesion mapping using T1-weighted MRI
	Lesion mapping based on diffusion data
	Predicting recovery using T1-weighted MRI
	Predicting recovery using diffusion data

	Discussion
	Acknowledgements
	References




