doi:10.1093/brain/aws354 Brain 2013: 136; 619-629 | 619

BRAIN

A JOURNAL OF NEUROLOGY

Damage to ventral and dorsal language pathways
in acute aphasia

Dorothee Kiimmerer,"? Gesa Hartwigsen,® Philipp Kellmeyer,"? Volkmar Glauche,"
Irina Mader,>* Stefan Kléppel," > Julia Suchan,® Hans-Otto Karnath,®’ Cornelius Weiller'? and
Dorothee Saur®

Department of Neurology, University Medical Centre Freiburg, 79106 Freiburg, Germany

Freiburg Brain Imaging, University Medical Centre Freiburg, 79106 Freiburg, Germany

Language and Aphasia Laboratory, Department of Neurology, University of Leipzig, 04103 Leipzig, Germany

Department of Neuroradiology, University Medical Centre Freiburg, 79106 Freiburg, Germany

Department of Psychiatry and Psychotherapy, University Medical Centre Freiburg, 79104 Freiburg, Germany

Centre of Neurology, Division of Neuropsychology, Hertie-Institute for Clinical Brain Research, 72076 Tiibingen, Germany
Department of Psychology, University of South Carolina, SC 29208, USA

NOU b~ WN-=-

Correspondence to: Dorothee Kiimmerer, MSc
Freiburg Brain Imaging,

Department of Neurology,

University Medical Centre Freiburg,

Breisacher Strasse 64,

79106 Freiburg,

Germany

E-mail: dorothee.kuemmerer@uniklinik-freiburg.de

Converging evidence from neuroimaging studies and computational modelling suggests an organization of language in a dual
dorsal-ventral brain network: a dorsal stream connects temporoparietal with frontal premotor regions through the superior longi-
tudinal and arcuate fasciculus and integrates sensorimotor processing, e.g. in repetition of speech. A ventral stream connects
temporal and prefrontal regions via the extreme capsule and mediates meaning, e.g. in auditory comprehension. The aim of our
study was to test, in a large sample of 100 aphasic stroke patients, how well acute impairments of repetition and comprehension
correlate with lesions of either the dorsal or ventral stream. We combined voxelwise lesion-behaviour mapping with the dorsal and
ventral white matter fibre tracts determined by probabilistic fibre tracking in our previous study in healthy subjects. We found that
repetition impairments were mainly associated with lesions located in the posterior temporoparietal region with a statistical lesion
maximum in the periventricular white matter in projection of the dorsal superior longitudinal and arcuate fasciculus. In contrast,
lesions associated with comprehension deficits were found more ventral-anterior in the temporoprefrontal region with a statistical
lesion maximum between the insular cortex and the putamen in projection of the ventral extreme capsule. Individual lesion overlap
with the dorsal fibre tract showed a significant negative correlation with repetition performance, whereas lesion overlap with the
ventral fibre tract revealed a significant negative correlation with comprehension performance. To summarize, our results from
patients with acute stroke lesions support the claim that language is organized along two segregated dorsal-ventral streams.
Particularly, this is the first lesion study demonstrating that task performance on auditory comprehension measures requires an
interaction between temporal and prefrontal brain regions via the ventral extreme capsule pathway.
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Introduction

Current models on the functional neuroanatomy of language
favour an organization along two processing streams: a ventral
stream that is responsible for mapping sound onto meaning and
a dorsal stream that is involved in mapping sound onto articulation
(Wise, 2003; Hickok and Poeppel, 2007; Rauschecker and Scott,
2009; Weiller et al., 2011).

Using a combination of functional MRI and diffusion-tensor
imaging-based probabilistic tractography (Kreher et al., 2008) in
healthy subjects, Saur et al. (2008) identified white matter fibre
tracts connecting activated cortical regions during repetition of
pseudowords and comprehension of short sentences, two lan-
guage tasks preferentially involving either the dorsal or ventral
language processing stream. The authors found that tempor-
ofrontal interaction during repetition of pseudowords is subserved
by the dorsal arcuate and superior longitudinal fascicle, connecting
the superior temporal lobe and premotor cortices in the frontal
lobe. In contrast, temporofrontal interaction during language com-
prehension is mediated by the ventral extreme capsule, connecting
the middle temporal lobe and the ventrolateral prefrontal cortex.
These results are in line with previous tractography studies (Parker
et al., 2005; Anwander et al., 2007; Frey et al., 2008) demon-
strating the importance of at least two distinct ventral and dorsal
long-distant white matter association tracts for language
processing.

Building upon this neuroanatomical evidence, Ueno et al. (2011)
developed a ‘neurocomputational’ model of the dual stream lan-
guage framework by combining neuroanatomical information and
computational modelling. Brain lesions were simulated by reducing
both function and connectivity of the network components
(layers). Simulated lesions demonstrated that damage to the
layers of the dorsal stream had a greater impact on repetition
accuracy, whereas damage to layers of the ventral stream had a
stronger impact on comprehension accuracy. Further simulations
indicated that model performance of the dual stream architecture
was superior compared with a single stream ‘ventral-only’ archi-
tecture (Ueno et al., 2011).

If this converging evidence from both structural and functional
neuroimaging and computational modelling in favour of a dual
stream segregation for language processing holds true, impair-
ments of repetition and comprehension in patients with acute
aphasia should correlate with lesions of either the dorsal or ventral
stream.

To test this hypothesis, we conducted a voxelwise
lesion-behaviour mapping (VLBM; Rorden et al., 2007) study in
a large cohort of 100 acute stroke patients. We decided for acute
stroke, as in this early phase, structure—function relationships in
the brain are less biased by neuronal reorganization.

In a first step, we analysed lesion-behaviour relationships with-
out any previous assumptions using a voxelwise whole-brain ana-
lysis correlating the patients’ repetition and comprehension
impairments with the acute brain lesions. Subsequently, we mea-
sured the involvement of damage to the underlying white matter
fibre tracts derived from healthy subjects. We, thus, computed the
overlap of the statistical lesion maps for repetition and
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comprehension resulting from the VLBM procedure with the func-
tional MRI-defined probabilistic tractography maps of dorsal and
ventral white matter fibre tracts reported by Saur et al. (2008).
We hypothesized that repetition and comprehension deficits in
acute aphasic patients not only depend on cortical damage but
also on damage to white matter association tracts. In particular,
we expected that lesions to the dorsal arcuate and superior lon-
gitudinal fascicle fibres would be related to repetition deficits,
whereas lesions to the ventral extreme capsule fibres would pre-
dominantly be associated with comprehension deficits.

Materials and methods

Patients

Patients were recruited from the Stroke Unit of the Department of
Neurology at the University Medical Centre of Freiburg, Germany.
From October 2006 to September 2009, a total of 615 patients who
presented with aphasia caused by a (thromb-) embolic stroke of the
left-hemisphere were screened for inclusion in the study. Aphasia was
diagnosed either with the Aachen Aphasia Bedside Test (Biniek et al.,
1992) or (in cases of less severe impairment) with the Aachen Aphasia
Test (Huber et al., 1984). From this cohort, 515 patients were
excluded because of the following reasons: (i) age >90 vyears
(n =85); (ii) inability to tolerate MRI examination owing to reduced
general health status (n=138); (i) previous infarcts (n=156);
(iv) native language other than German (n =23); (v) any major cog-
nitive impairment other than aphasia (n = 46); and (vi) other reasons
e.g. contraindications for MRI, compliance issues or technical problems
(n=67). Finally, we included 100 native German-speaking patients
(mean age 62 years, 67 male, 6 left-handed) with acute aphasia
caused by ischaemic stroke (Table 1), who were examined on average
3+ 2.6 (£ SD) days after onset.

We did not explicitly exclude haemodynamic infarcts, in which
neural damage may exceed the demarcated infarct (Weiller et al.,
1991), and structure—function relationship, therefore, may be difficult
to be assessed. A retrospective review of the ultrasound examinations
revealed high-grade stenosis (>80%) or occlusion of the left internal
carotid artery in 20 of the 100 patients (14 male). However, the infarct
pattern was suggestive of embolic rather than haemodynamic stroke in
all of these patients (i.e. these patients showed territorial rather than
watershed infarcts or infarcts in the terminal supply area of the deep
perforators). In addition, transcranial ultrasound demonstrated suffi-
cient intracranial collateralization. Therefore, these cases were not
excluded from analysis.

Full written consent was obtained from all subjects. In cases of
severe aphasia or paralysis of the right hand, detailed information
was given to the patient's relatives. The study was approved by the
local ethics committee.

Behavioural testing

Parallel to MRI, patients were tested with the Aachen Aphasia Bedside
Test and Aachen Aphasia Test (Table 1). Since we were seeking a
robust and reliable behavioural measure of the patients’ acute repeti-
tion and comprehension impairments, we applied a principle compo-
nent analysis to a set of 12 repetition and comprehension scores. For
repetition, we included the subtest SIREl (singen, reihensprechen;
translated: singing, recitation) of the Aachen Aphasia Bedside Test
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Table 1 Demographic data and language scores of all 100 patients

Mean (SD) Min/max Principal component analysis
1st component 2nd component
Demographic data

Age (years) 62 (13) 16/86

Gender (male/female) 67/33

NIHSS 8 (5) 1/22

Lesion volume (ml) 50 (44) 0.4/233

Language scores (number of items)

AABT

BLIKO (n =10) 80 (25) 0/100

MUMO (n =10) 67 (28) 0/100

SIREl (n =10)* 61 (34) 0/100 0.820 0.463

IDENT (n =10)** 68 (30) 0/100 0.388 0.770

BENENN (n = 10) 53 (36) 0/100

AAT

Token test (n = 50) 41 (35) 0/100
Subtest 1 (n=10)** 55 (42) 0/100 0.320 0.894
Subtest 2 (n =10)** 42 (42) 0/100 0.308 0.882
Subtest 3 (n=10)** 31 (39) 0/100 0.286 0.818
Subtest 4 (n = 10) 23 (36) 0/100
Subtest 5 (n=10) 21 (33) 0/100

Repetition (n = 50) 53 (36) 0/99
Repetition of sounds (n =10)* 65 (39) 0/100 0.816 0.416
Repetition of nouns (n=10)* 59 (39) 0/100 0.893 0.382
Repetition of loanwords (n =10)* 56 (39) 0/100 0.927 0.327
Repetition of compound nouns (n = 10)* 46 (37) 0/97 0.897 0.340
Repetition of sentences (n =10)* 41 (36) 0/100 0.869 0.334

Writing (n = 30) 40 (34) 0/97

Naming (n = 40) 41 (35) 0/99

Comprehension (n = 40) 49 (30) 0/98
Auditory comprehension of words (n = 10)** 58 (30) 0/100 0.460 0.719
Auditory comprehension of sentences (n =10)** 48 (31) 0/100 0.421 0.791
Reading comprehension of words (n = 10) 51 (35) 0/100
Reading comprehension of sentences (n = 10) 42 (34) 0/97

Language scores are given as percentages correct.

Subtests written in bold contributed to the principal component analysis for repetition (highlighted with *) and comprehension (highlighted with **). Factor loadings of each

subtest on both principal components are given (1st and 2nd components).

AABT = Aachen Aphasia Bedside Test with the subtests; AAT = Aachen Aphasia Test; BENENN = naming of objects; BLIKO = prompts for eye and head movement;
IDENT = identification of objects; MUMO = prompts of oral movement; NIHSS = National Institute of Health Stroke Scale; SIREI = repetition of automated functions.

(as one variable) and the five-item sets of the subtest repetition (as
five variables) of the Aachen Aphasia Test. SIREI tests basic speech
production abilities by asking the patients to repeat automated func-
tions like singing, counting or greeting. The Aachen Aphasia Test
subtest ‘repetition’ probes repetition of sounds, nouns, loanwords,
compound nouns and sentences.

For comprehension, we included the subtest IDENT (ldentifizieren;
translated: identifying) of the Aachen Aphasia Bedside Test (as one
variable), the Token Test subtests 1-3 (as three variables) and auditory
comprehension on word and sentence level (as two variables). IDENT
probes basic auditory comprehension through object identification: pa-
tients are confronted with four objects (cup, fork, knife and plate) and
are asked to take or point to one of the objects. The subtest auditory
comprehension of the Aachen Aphasia Test assesses comprehension
on both word and sentence level. This task requires the selection of a
target picture out of four presented pictures of varying complexity
after auditory prompting. On word level, one of the pictures

represents a semantic or phonemic distractor, or, on sentence level,
a semantic or syntactic distractor, another picture is thematically
related and one is unrelated. The Token Test of the Aachen Aphasia
Test probes both auditory comprehension as well as more general
cognitive abilities: patients are asked to identify geometrical objects,
varying in shape, size and colour. We did not include the Token Test
subtests 4 and 5, since these two most complex subtests strongly rely
on verbal working memory, a function beyond the mere auditory
comprehension component of interest.

To summarize, six repetition and six comprehension scores were
entered as variables into the principle component analysis. The prin-
ciple component analysis was calculated with SPSS software (version
20). Principal components were extracted with a varimax rotation to
maximize the sum of the variance of the loading vectors. Importantly,
the number of resulting principle components was not pre-determined
in the principle component analysis set-up. Nevertheless, the analysis
resulted in two principle components (Table 1) from which the
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individual single factor loadings were used as behavioural variables in
the VLBM analyses. The two principle components represent the func-
tions of interest labelled as auditory ‘repetition’ and ‘comprehension’
as best as detectable with aphasia tests in a cohort of stroke patients
with acute aphasia.

The rationale to include subtests from the Aachen Aphasia Bedside
Test and Aachen Aphasia Test was to provide test material for a broad
range of impairments. To further characterize each patient's language
impairment, severity [mild (I), moderate (II) and severe (lI)], fluency
(fluent versus non-fluent) and type of aphasia (global, Broca, anomic,
Wernicke, non-classifiable, residual) as indicated by the Aachen
Aphasia Test were evaluated (Fig. 1). Although the type of aphasia
is usually not stable in the early phase after stroke, this information
may provide a basic estimate of the patient's impairment.

Magnetic resonance imaging data
acquisition

MRI data were obtained on a 3 T TIM Trio scanner (Siemens). For
diffusion-weighted imaging, we used a standard sequence (23 slices,
matrix = 128 x 128 pixel, voxel size = 1.8 x 1.8 x 5mm?, repetition
time = 3.1, echo time = 79 ms, flip angle = 90°, six diffusion-encoding
gradient directions with a b-factor of 1000s/mm?). Lesions were deli-
neated on the averaged diffusion-weighted images. As a prerequisite
for spatial normalization, a high-resolution T, anatomical scan was
obtained for each patient (160 slices, matrix = 240 x 240 pixel, voxel
size=1x 1 x 1mm>, repetition time =2.2s, echo time = 2.6 ms).

Lesion analysis

In a first step, a rough delineation of the diffusion-weighted imaged
lesion was performed using a customized region of interest toolbox
implemented in the SPM 8 software package (http://www. fil.ion.ucl.
ac.uk/spm/software/spm8). We applied individual intensity thresholds
to ensure that the resulting lesion maps best covered the
diffusion-restricted tissue. Subsequently, individual lesion maps were
spatially normalized using the normalization parameters obtained
from the individual co-registered T, scan. Finally, individual lesion
maps were binarized and registered to the Montreal Neurological
Institute (MNI) template brain (voxel size 0.5 x 0.5 x 0.5 mm?3). The
resulting images were manually inspected by two independent inves-
tigators and compared with the original lesions to ensure that our
procedure performed correctly.

For VLBM, we used the non-parametric mapping software (Rorden
et al.,, 2007) implemented in MRIcron (http://www.cabiatl.com/
mricro/mricron/stats.html). Non-parametric testing was chosen, as

100

D. Kiimmerer et al.

behavioural data were not normally distributed (Supplementary
Fig. 1). Specifically, we performed the Brunner-Munzel test, a rank
test for continuous behavioural variables and binary images to identify
lesioned voxels associated with repetition or comprehension deficits.
The resulting maps display voxels with a significant difference in the
distribution of the behavioural measure depending on whether the
voxel was lesioned. To increase statistical power, only voxels affected
in at least 10 patients were considered for analysis. This resulted in
lesion maps for repetition and comprehension.

Finally, we computed two different logistic regression analyses. In
the first one, lesion size was included to account for a potential cor-
relation of lesion size with severity of impairment. In the second one,
we included the concomitant opposite deficit (i.e. comprehension in
the lesion map for repetition and vice versa) as covariates of no inter-
est, since only few patients of our sample presented with an isolated
deficit of either comprehension or repetition but rather showed some
degree of impairment of both functions.

The statistical threshold was set to P =0.01 (using a false discovery
rate correction for multiple comparisons). Coordinates of lesion
maxima are reported in MNI space.

Percentage of white and grey
matter voxels

To determine the percentage of white and grey matter voxels, we
segmented the MNI template into grey and white matter using the
segmentation routine in SPM 8. The percentage of overlap of white
and grey matter tissue with the statistical lesion maps for repetition
and comprehension, respectively, was determined by using MRIcron
software (Rorden et al., 2007).

Damage to ventral and dorsal associa-
tion tracts

To quantify damage to the ventral and dorsal long-distant fibre tracts,
we calculated the overlap of our lesion maps for repetition and com-
prehension with the probability maps of the Saur et al. (2008) study.
In that work, we combined functional MRI and diffusion-tensor ima-
ging in healthy subjects to identify the most probable white matter
fibre tracts that connect activated cortical regions in repetition and
comprehension. From that study, we took 32 individual, spatially nor-
malized probability maps of eight different region-to-region connec-
tions, four defined in the repetition and comprehension experiment,
respectively. The fibre tracking procedure has been described in detail
previously (Saur et al., 2008; 2010).
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Figure 1 Behavioural data of 100 stroke patients with acute aphasia ~3 days post stroke. Histograms of (A) severity [mild (I), moderate
(11) and severe (111)], (B) fluency (fluent, non-fluent), and (C) type of aphasia as indicated by the Aachen Aphasia Test

(non-class = non-classifiable).
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Each spatially normalized region-to-region probability map was
thresholded using a value of 0.0148. This value was generated empir-
ically from the distribution observed in a large sample of
region-to-region probability maps in our previous study (Saur et al.,
2008). The resulting binary maps of each region-to-region connection
were summed across subjects to produce group variability maps
(Newton et al., 2006). In these maps, the voxel intensity ranged
from 1 to 32, indicating spatial overlap between subjects. These vari-
ability maps were again thresholded at an arbitrary value of 75%,
indicating that in the surviving voxels, a connection was present in
24 of the 32 subjects. As our study focuses on ventral and dorsal
fibre systems rather than region-to-region connections, we calculated
ventral and dorsal composite tracts. The ventral composite tract con-
sisted of the four region-to-region connections between the anterior
and posterior middle temporal gyrus and the ventrolateral prefrontal
cortex (pars orbitalis and triangularis of the inferior frontal gyrus)
defined in the comprehension experiment. In contrast, the dorsal com-
posite tract consisted of the four connections between the anterior and
posterior superior temporal gyrus and the premotor cortex (pars oper-
cularis of the inferior frontal gyrus and dorsal premotor cortex) defined
in the repetition experiment.

The number of overlapping voxels between our statistical lesion
maps and the ventral and dorsal composite tracts in the left-hemi-
sphere was determined with MRIcron. Relative fibre damage was cal-
culated by dividing the overlap volume by the total tract volume. In
addition, a non-parametric regression analysis was performed between
individual overlap of each patient’s ischaemic lesion with the ventral
and dorsal fibre systems and each patient's comprehension and repe-
tition deficit, respectively. Thus, tract integrity was not tested using
probabilistic tracking directly in the patient data but rather by taking
the probabilistic tracking data for each fibre system from healthy sub-
jects and overlapping this with each patient's structural lesion.

Results

Demographic and behavioural results

Patients' demographic and behavioural data are given in Table 1.
Descriptive statistics of the different subtests of the Aachen
Aphasia Bedside Test and the Aachen Aphasia Test demonstrate
that all language domains were equally affected across patients.
Histograms of severity, fluency and type of aphasia show that
most patients presented with severe language impairment
(Fig. 1A), non-fluent aphasia (Fig. 1B) and global aphasia
(Fig. 1C). Notably, the variance of the different subtests reflects
that the analysis encompassed both patients with no or slight
impairments and patients with severe deficits in different language
functions.

The principle component analysis across the 12 repetition and
comprehension scores revealed two distinct components that
could be assigned either to the repetition or comprehension tests
based on the correlations of the factor loadings with the respective
test scores (Table 1). The Bartlett's test of sphericity indicated that
our data were adequate for factor analysis. The first component
explained 82-93% and the second component 72-89% of the
total variance introduced by the repetition and comprehension
scores, respectively.
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Lesion volume showed a moderate negative correlation with the
repetition (r= —0.41) and comprehension (r= —0.49) scores
(Spearman rank correlation, P < 0.01), whereas factor loadings
for repetition and comprehension were not correlated with each
other (r=0.012, P=0.9).

Voxelwise lesion-behaviour mapping
analysis for repetition and comprehen-
sion deficits

Figure 2A displays the lesion overlap based on the binary normal-
ized lesion maps of all patients. Maximum lesion overlap was
found in subcortical areas in the vascular territory of the
lenticular-striatal arteries.

Figure 2B and C shows the VLBM results of the
Brunner-Munzel test. Lesions associated with repetition deficits
were located more dorsal-posterior in the temporoparietal
region, whereas lesions associated with comprehension
deficits were found more ventral-anterior in the temporoprefrontal
region.

Impairments of repetition (Fig. 2B) were associated with lesions
of the superior and middle temporal gyrus, the parietal operculum,
primary sensory-motor and premotor cortex, posterior insular
cortex as well as large subcortical tissue. The statistically most
significant voxels were found in the deep white matter of the
frontal semioval centre (—36, —20, 28; z=9.5) and the posterior
temporal cortex (—30, —24, 8; z=8.7) in projection of the arcu-
ate and superior longitudinal fascicle fibres, respectively, and in the
posterior most part of the insular cortex (—38, —12, —1;z=7.1).

Lesions associated with comprehension deficits (Fig. 2C)
involved the superior and middle temporal gyrus, the inferior fron-
tal gyrus, the insular cortex and large parts of subcortical tissue
including subinsular and periventricular white matter and the basal
ganglia. The statistically most significant voxels were located in the
ventral most part of the anterior insular cortex (insular apex; —33,
17, —17; z=8.5) and the deep white matter between the insular
cortex and the putamen in projection to the ventral extreme cap-
sule fibres (—26, 7, —15; z=7.3).

Figure 3 shows the results of the logistic regression analysis.
Because factor loadings for repetition and comprehension were
not correlated with each other, lesion maps look similar to
those of the Brunner—Munzel test. Although overall z-values
were lower, lesion maxima were almost identical to those in the
Brunner—-Munzel tests. This latter analysis was conducted because
only few patients presented with a comprehension deficit without
any repetition impairment and vice versa. Using lesion volume as a
covariate of no interest, no significant voxels were found for both
repetition and comprehension (not displayed). Note that a disad-
vantage of this method is that it has low statistical power when
the anatomical structures relevant for a specific function correlate
with lesion size (Karnath et al., 2004). Nevertheless, the additional
analyses underline the robustness of our results demonstrating a
spatial dissociation of the subcortical lesion maxima for repetition
and comprehension.
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Figure 2 Lesion overlap and VLBM lesion maps for repetition and comprehension. (A) Lesion overlap is displayed as summarized binary
lesion maps. The colour bar in A indicates the degree of overlap of lesions [e.g. red values indicate that in 50 of 100 subjects (n) tissue
was affected by stroke]. (B and C) VLBM maps based on the non-parametric Brunner—-Munzel test of repetition (B) and of comprehension
(C) deficits in 100 acute aphasic stroke patients. Colour bars indicate Z-scores at P < 0.01, FDR corrected. Coordinates are reported in

MNI space.

Figure 3 Lesion maps (n = 100) of the logistic regressions for repetition with the covariate comprehension (A) and for comprehension
with the covariate repetition (B). Colour bars indicate Z-scores at P < 0.01, FDR corrected.

Damage of grey versus white matter

For the VLBM lesion map of repetition, we found an overlap of 62%
with the grey matter portion and of 50% with the white matter
portion of the segmented MNI brain. Comparably, the lesion map

for comprehension overlapped to 62% with the grey and to 59%
with the white matter segment. Note that some tissue at the border,
between white and grey matter, was assigned to both tissue classes.
Although this shows that both grey and white matter were affected
to a similar degree, lesion maxima were located subcortically.
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Figure 4 Overlap of the dorsal (in blue) and the ventral (in red) long-distant association tracts from Saur et al. (2008), with the statistical
lesion maps (grey) for repetition (A and B) and comprehension (C and D) derived from either the Brunner-Munzel test (A and C) or the
logistic regression analysis (B and D). Scatterplots display the correlation of individual repetition (REP) performance and dorsal lesion
volume (E) and comprehension (COMP) performance and ventral lesion volume (F); behavioural variables represent the individual
principle component analysis factor loadings (Z-scores). Lesion volume is given in millilitres.

Damage to ventral and dorsal
fibre tracts

An overlap of the statistical lesion map for repetition with the
ventral and dorsal association tracts showed that 51% of the
dorsal fibre system and 14% of the ventral fibre system were
affected (Fig. 4A). In contrast, the statistical lesion map for com-
prehension included 51% of the ventral fibre system but only
22% of the dorsal fibre system (Fig. 4C). This dissociation was
also present when we co-varied out the concomitant opposite
deficit in the logistic regression analysis. Here, we found that the
statistical lesion maps for repetition overlapped to 27% with the
dorsal and to 5% with the ventral fibre system (Fig. 4B). In con-
trast, the statistical lesion map for comprehension overlapped
to 39% with the ventral and to 10% with the dorsal fibre
system (Fig. 4D).

Significant negative relationships were found in the regression
analyses between individual damage to dorsal association tracts
(i.e. 'dorsal lesion volume') and repetition performance (Spearman
rank correlation coefficient r= —0.45, P < 0.01, Fig. 4E) and for
damage to ventral association tracts (i.e. ‘ventral lesion volume')
and comprehension performance (Spearman rank correlation coef-
ficient r= —0.49, P < 0.01, Fig. 4F). Since small lesion overlap
affecting the whole-tract diameter might have a greater impact
on the impairment compared with a larger overlap along the
tract, it is reasonable that this correlation is only moderate.

Discussion

In this study, we used VLBM in a large sample of aphasic stroke
patients to identify brain structures associated with acute impair-
ments of repetition and comprehension. We found a spatial
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dissociation of the lesion maps: comprehension deficits were asso-
ciated with temporoprefrontal brain damage, whereas repetition
impairments were correlated with damage to the temporoparietal
region. Moreover, within these clusters, lesion maxima were found
predominantly in subcortical tissue with a significant correlation of
repetition deficits with damage to the dorsal superior longitudinal
and arcuate fascicle pathway and comprehension impairments
with damage to the ventral extreme capsule pathway. Thus, our
study provides lesion evidence for the implementation of language
in a dual dorsal-ventral brain network. Besides these implications
for understanding language processing in the healthy brain, our
results provide important insights into the pathophysiological
mechanisms causing acute aphasia in patients with stroke.

From a cognitive linguistic point of view, repetition and com-
prehension subsume a number of distinct operations. Although we
cannot isolate these operations based on the tests we used, we
will discuss our results in the context of the cognitive processes
that are involved when performing the different aphasia subtests.

The comprehension score consisted of tests that confronted the
patient with a set of competing items from which the target item
had to be selected after verbal prompting. This task mainly in-
cludes the lexical-semantic analysis of the verbal command or
question and a subsequent target selection. As demonstrated by
a number of functional imaging studies (for a meta-analysis see
Vigneau et al., 2006), lexical-semantic knowledge is stored in the
temporal lobe. This region serves as a lexical interface, linking
phonological and semantic information in a sound-to-meaning
interface network (Hickok and Poeppel, 2007). Most studies indi-
cate a left-dominant organization of this network with some dif-
ferences in the computations carried out in both hemispheres
(Hickok and Poeppel, 2007). Executive semantic processing (e.g.
selection among alternatives) involves the ventrolateral prefrontal
cortex (Thompson-Schill et al., 1997; Whitney et al., 2011) and
requires a strong functional temporofrontal interaction. Our lesion
map for comprehension revealed involvement of the ventrolateral
prefrontal cortex as well as the (anterior) temporal lobe (Fig. 2C).
Anatomical connectivity between these regions is mediated by the
ventral extreme capsule fibres, which connect the temporal cortex
with the ventrolateral prefrontal cortex through a direct pathway
running between the insular cortex and the putamen
(Schmahmann et al.,, 2007; Frey et al.,, 2008; Makris and
Pandya, 2009). This corresponds to the location of the statistical
peak in our lesion map for comprehension (Fig. 2C). Although our
lesion study lacks the spatial resolution to distinguish the external
from the extreme capsule (being just separated by a thin layer of
grey matter, the claustrum); tracing studies in monkeys (Petrides
and Pandya, 2007; Schmahmann et al., 2007) suggest that this
temporoprefrontal connection is mediated via the extreme cap-
sule, whereas the external capsule belongs to corticostriatal pro-
jection systems (see also Saur et al., 2009). Further evidence for
the functional relevance of a ventral temporoprefrontal pathway
comes from intraoperative electrical stimulation studies, demon-
strating that stimulation of this pathway provokes semantic
paraphasias (Duffau et al., 2005). While the selection of a
target from a set of competing alternatives represents a meta-
linguistic task, natural language comprehension requires the
online evaluation of novel language input, for instance, whether
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we agree on something or not, or whether something is true or
not (Hagoort et al., 2004). We suggest that in language compre-
hension, the temporoprefrontal interaction through the extreme
capsule fibres is essential for this instant evaluation of language
input.

The repetition score included tasks of overt repetition of verbally
presented items that differed in their processing demands on
verbal  short-term  memory and articulatory complexity.
Computationally, repetition of speech requires the transformation
of auditory input into articulatory motor output that is imple-
mented through a close interaction between temporoparietal re-
gions and the premotor cortex (Warren et al., 2005). It was
recently argued that this sensorimotor integration process includes
an internal feedback-control loop that allows the auditory system
to define the target of the speech output (Hickok, 2012). Previous
studies have identified a region in the Sylvian fissure at the
parietotemporal boundary (area Spt) as the key region that sup-
ports sensory-motor integration for speech (Hickok et al., 2003;
Warren et al., 2005; Tourville et al., 2008; Hickok, 2009; Baldo
et al., 2012). This fits well with our lesion map for repetition,
including extensive damage to the temporoparietal junction as
well as premotor regions in the frontal cortex (Fig. 2B).
Long-distant interaction between these regions is enabled by the
arcuate and superior longitudinal fascicle fibres (Petrides and
Pandya, 1988; Schmahmann et al., 2007; Frey et al., 2008), the
location of the statistical maximum in our lesion map for repeti-
tion. This converges with the results of a recent VLBM study by
Fridriksson et al. (2010), who investigated speech repetition in a
sample of 45 patients with acute stroke. That study reported a
comparable location for repetition deficits with a lesion maximum
in the white matter underlying the left supramarginal gyrus.
Functionally, this auditory-motor integration stream is especially
important for the processing of novel stimuli, e.g. during language
acquisition, the development of a new vocabulary or sensory guid-
ance of the production of infrequent or phonologically complex
word forms. Likewise, it has been suggested that verbal short-term
memory is embedded in the same auditory-motor integration net-
work (Shallice and Warrington, 1977; Hickok, 2009).

In a recent study on the structural connectivity of different in-
sular subregions, Cloutman et al. (2012) argued that the posterior
insula, among others, is associated with the translation of heard
phonetic sound sequences into vocal tract motor patterns,
whereas the anterior insula is rather engaged in mapping informa-
tion onto conceptual representations. This converges well with our
findings of an anterior—posterior dissociation of the insular region
within our lesion maps, with the anterior insula being solely
included in the lesion map for comprehension, whereas lesions
to the posterior insula and the underlying white matter revealed
a strong association with repetition impairments (Fig. 2B and C).

When comparing the overlap estimations of the Brunner—
Munzel lesion maps with the ventral and dorsal fibre tracts, how-
ever, we found remarkable damage to both tracts in repetition
and comprehension impairments (Fig. 4A and C). This reflects
the clinical situation in acute stroke, where one usually observes
variable combinations of symptoms rather than isolated deficits of
a specific language function. In addition, impairments influence
each other, i.e. impaired comprehension affects the repetition
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performance and vice versa. Thus, a strong interaction between
both streams must be assumed (Weiller et al., 2011). This is in line
with the neurocomputational study of Ueno et al. (2011), which
demonstrated that both streams contribute to some extent to each
language task arguing for a ‘graded division of labour'. Especially
with regard to word repetition, the model makes use of both the
ventral and dorsal stream to boost repetition performance of
words.

Nevertheless, the use of logistic regression analyses enabled us
to co-vary out the contribution of the concomitant opposite deficit
and experimentally disentangle both functions. In the resulting
lesion maps, the spatial dissociation remained preserved (Fig. 3A
and B). Again, the lesion map for comprehension overlapped to a
greater degree with the ventral extreme capsule/external capsule
fibres, whereas the lesion map for repetition overlapped to a
greater degree with the dorsal arcuate and superior longitudinal
fascicle fibres (Fig. 4B and D). A regression analysis of individual
lesion overlap with either the ventral or dorsal fibre systems and
individual comprehension or repetition impairment further stressed
the specific functional contribution of both pathways (Fig. 4E
and F).

In addition to demonstrating the functional relevance of the
ventral and dorsal pathways for auditory comprehension and repe-
tition, our findings also have implications for understanding the
pathophysiology of acute aphasia after ischaemic stroke. The sub-
cortical lesion maxima demonstrate that disconnection represents
an important pathophysiological mechanism provoking acute com-
prehension and repetition impairments. Long-distance association
fibres represent strategic network components, which in case of
their disruption, may cause a dysfunction in functionally depend-
ent, remote cortical brain regions (i.e. diaschisis; Monakow, 1885;
Price et al., 2001). Disconnection might provoke a global network
breakdown causing the clinical syndrome of acute, global aphasia.
Indeed, a substantial number of patients in our study presented
with severe and/or global aphasia (Fig. 1). This does not imply
that acute aphasia represents a pure disconnection syndrome.
Rather, our lesion maps demonstrate that besides damage to cor-
tical temporofrontal key regions, white matter damage critically
contributes to the acute language impairment. Despite global net-
work dysfunction in acute aphasia, the high statistical power
within subcortical regions resulting from large subcortical lesion
overlap allows us to demonstrate specific structure—function rela-
tionships for white matter fibre tracts.

The large subcortical lesion overlap in acute stroke can be attrib-
uted to the vascular architecture of the middle cerebral artery
(Phan et al., 2005). In contrast to the greater heterogeneity of
the cortical lesions owing to the highly variable leptomeningeal
blood supply, occlusion of the lenticulostriate arteries has been
shown to produce a rather uniform type of infarction (Weiller
et al., 1990). As subcortical aphasia often recovers well, this
lesion type might contribute less to lesion studies performed in
chronic aphasia (Dronkers, 1996; Bates et al., 2003; Schwartz
et al., 2009). Consequently, we argue that the contribution of
white matter fibre damage to language impairments might have
been underestimated in previous chronic VLBM studies.

It should be borne in mind that subcortical lesions can be
accompanied by cortical hypoperfusion, which, in turn, might
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contribute to the deficit in acute stroke (Weiller et al., 1993;
Hillis et al., 2002; Saur et al., 2006a). Both cortical hypoperfusion
as well as the previously described diaschisis might lead to a po-
tential ‘overestimation’ of the structure—function relationship in
acute lesion studies. That is, the function that is associated with
the subcortical lesion might effectively be a cortical function.

On the other hand, an important advantage of investigating
acute ischaemic lesions with VLBM is the absence of any con-
founding neural long-term reorganization that might substantially
change the neural representation of language functions (Weiller
et al., 1995; Crinion and Price, 2005; Saur et al., 2006b; Leff
et al., 2009; Ochfeld et al., 2010). In chronic VLBM studies, the
putative function of the lesioned area might be significantly under-
estimated, as other brain regions might have taken over (part of)
the function of the lesioned area. Thus, chronic lesion studies
reveal the location of the persistent impairment. These fundamen-
tal differences between acute and chronic lesion studies might also
resolve some discrepancies in the lesion patterns between our
study and previous chronic lesion studies which, for instance,
located auditory comprehension deficits more posteriorly (Bates
et al., 2003; Dronkers et al., 2004). It seems likely that patients
with frontal lesions and/or frontal disconnection show better re-
covery from comprehension impairments than those with temporal
lesions.

In future VLBM studies, longitudinal study designs should aim at
examining both acute and chronic lesion effects in patients with
aphasia to unveil changes in structure—function relationships over
time. Clinically, it would be of great interest to relate the acute
infarction to the (residual) language deficits in the chronic stage to
detect patterns of brain damage associated with ‘good’ versus
‘bad’ recovery as previously demonstrated for neglect after a
right-hemisphere lesion (Karnath et al., 2011).

To summarize, our VLBM analyses allowed us to identify brain
regions involved in acute repetition and comprehension impair-
ments. The subcortical lesion maxima provide evidence for the
importance of the dorsal superior longitudinal and arcuate fascicle
fibres for repetition and the ventral extreme capsule fibres for
comprehension, and thus stress the differential contribution of
each pathway. Two clinical syndromes of classical aphasiology,
conduction aphasia and transcortical sensory aphasia best reflect
this ‘division of labour' (Ueno et al., 2011). Conduction aphasia is
characterized by outstanding deficits in repetition, whereas com-
prehension remains largely preserved. In contrast, transcortical
sensory aphasia is characterized by impaired comprehension,
with largely preserved repetition abilities. Our subcortical lesion
maxima suggest that in both syndromes, damage to either the
dorsal or ventral white matter fibre tracts (i.e. disconnection) con-
tributes to the core symptoms of these syndromes.
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