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ABSTRACT

Objective: Impairment of speech repetition following injury to the dorsal language
stream is.feature of conduction aphasia - a well-described ‘disconnection syndrome’ in adults.

The impact of similar lesions sustained in infancy has not been established.

Methods: We compared language outcomes in term-born individuals with confirmed
neonatal stroke (n=30; age: 7-18 vyears, left-sided lesions in 21 cases) to matched controls
(n=40). Injury to the dorsal and/or ventral language streams was assessed using T;- and T,-
weighted MRI and diffusion tractography. Language lateralization was determined using

functional MRI.

Results: At the group level, left dorsal language stream injury was associated with
selective speech repetition impairment for non-words (p=0.021) and sentences (p<0.0001). The
majority of children with significant repetition impairment had retained left hemisphere
language representation, but right hemisphere dominance was correlated with minimal or
absent repetition deficits. Post-hoc analysis of the repetition-impaired group revealed

additional language-associated deficits, but these were more subtle and variable.

Interpretation: We conclude that (i) despite the considerable plasticity of the infant

brain, early dorsal language stream injury can result in specific and long-lasting problems with
speech repetition that are similar to the syndrome of conduction aphasia seen in adults, and

that (ii) language reorganization to the contralateral hemisphere has a protective effect.

John Wiley & Sons

This article is protected by copyright. All rights reserved.

Page 2 of 24



Page 3 of 24

Annals of Neurology

INTRODUCTION

Conduction aphasia was first described by Carl Wernicke' and was characterized by
relatively.intact comprehension, with paraphasic expressions and word-finding problems. The
notion of impaired repetition was introduced by Lichtheim? and is now a core part of modern
diagnostic criteria**. Conduction aphasia was regarded as a ‘disconnection syndrome’ by
Geschwind?® representing an interruption of connections between the anterior and posterior
language areas™®. This early connectionist model was expanded by recent imaging studies into
the dual stream model of language’®. This distinguishes a ‘dorsal language stream’, of which
the arcuate fasciculus is a key element, from an anatomically distinct ‘ventral stream’. The
dorsal stream connects speech regions in the temporal lobe with the inferior parietal cortex
and posterior frontal lobe. These regions are involved in mapping speech sounds to articulatory
representations, which is critical for speech repetition, especially when repeating and learning
novel words. In contrast, the ventral stream projects rostrally via the anterior temporal lobe
towards the inferior frontal lobe and involves the extreme capsule fiber system and uncinate

91011 "Thjs stream serves ‘sound to meaning mapping’ by associating speech with

fasciculus
semantic and conceptual representations in the anterior temporal lobe, a system important for

meaningful speech”®.

However, the roles of the two streams during language development continues to be
debated™®****! and the differential impact of early dorsal versus ventral stream lesions is not
known. Nevertheless, it is generally accepted that damage to perisylvian language areas in
infancy or childhood does not result in analogous aphasia syndromes to those in

16,17,18,19,20
adults

, presumably as a result of cerebral plasticity. A critical question is whether the
left dorsal stream, and in particular the arcuate fasciculus, fulfils specific functional roles that

cannot be compensated for by the ventral stream or the right cerebral hemisphere.

This question is of direct clinical relevance in view of the comparatively high incidence of
stroke-in the neonatal period®!, which commonly occurs in the territory of the left middle
cerebral artery that supplies most of the dorsal stream regions. Given the association between
adult dorsal stream injury and conduction aphasia, we sought to determine whether repetition
deficits might be present following similar lesions in a cohort of term-born children who

3
John Wiley & Sons

This article is protected by copyright. All rights reserved.



Annals of Neurology

sustained a stroke at birth?2. We chose a range of repetition tasks, involving digit strings, non-
words and sentences of increasing complexity, separating participants into dorsal and non-

dorsal (including ventral stream) lesion groups.

Speech repetition problems are thought to impact on language learning and are
established predictors of impaired literacy and language development in childhood®. Also in
view of the presumed functional role of the dorsal stream in language learning®® we assessed
speech repetition in the context of other abilities, such as vocabulary and comprehension,
reading and spelling. Language lateralization was assessed using functional MRI, given that

repetition deficits might be modified by interhemispheric reorganization®.

PATIENTS AND METHODS

STUDY POPULATION

We recruited 30 term-born English-speaking individuals (age: 7-18 years) with MRI-
confirmed ischemic/hemorrhagic stroke in the neonatal period. Participants were drawn from a
prospective cohort of neurologically symptomatic infants, born at or referred to the
Hammersmith Hospital, London®%. All had early MRI, which were reviewed for the present
study, and were followed-up regularly. A term-born control group (n=40) was also recruited,
group-matched for age (range: 6-18 years), sex and maternal education (Table 1). A total of 13
individuals were bilingual with native English proficiency (stroke cohort: n=8, controls: n=5). All
stroke cases were independently mobile, nine had hemiparesis and four had had post-neonatal
seizures, but only two were currently using anti-epileptic medication. The majority of strokes
were ischemic, affecting the territory of the left middle cerebral artery. All but two children

were in mainstream education, with 12 (40%) receiving additional educational support.
NEUROIMAGING AT FOLLOW-UP

Structural MRI acquisition: All participants were scanned with a 1.5T Avanto Siemens
scanner..Three-dimensional data sets were acquired using a T;-weighted 3D-FLASH sequence

(TR=11ms, TE=4.94ms, flip angle=15°, field of view=256mm, matrix size=256x256, voxel
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size=1x1xImm?®) and a T,-weighted FLAIR sequence (TR=6000ms, TE=353ms, flip angle=150°,
field of view=256mm, matrix =256x256, voxel size=1x1x1mm?). Diffusion weighted imaging
(DWI) data were acquired using an eddy-current-nulled twice-refocused EPI sequence with
high-angular resolution (b—value=30005/mm2, TE=128ms, 60 diffusion-weighted directions, in-

plane resolution 2.1x2.1mm?, 3mm slice thickness, all as in ref.24).

Functional MRI (fMRI): Language lateralization was examined using a well-validated
verb generation task? using a block design with two separate runs of 10 active task and rest
phases each. Functional data were analyzed using SPM8 software

(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) and threshold-independent lateralization

indices in Broca’s region and the cerebellum were calculated for each participantzs.

Lesion identification and quantification: All follow-up scans were evaluated by a
pediatric neuroradiologist (WKC) using a standardized protocol for territory of lesion, including
the assessment of cortical and subcortical structures in each hemisphere and, secondly, for
injury to peri-sylvian gray and white matter sites which form the putative dorsal and ventral
language streams. Lesions were traced (by KCJE, blinded to any other clinical information) in
native space, on T;-weighted images guided by additional tissue contrast derived from co-
registered T,-weighted images (examples cases shown in Figure 1A). Lesion maps were then

spatially normalized using the VBM toolbox (http://dbm.neuro.uni-jena.de/vbm/) and overlay

maps were created using MRIcroGL (http://www.cabiatl.com/mricrogl).

Quantification of damage to language streams: Patients with lesions in the left
hemisphere were categorized into three groups based on lesion location: (i) ‘dorsal lesions’, (ii)
‘ventral lesions’, (iii) ‘combined dorsal and ventral lesions’. A fourth ‘other lesions’ group were
cases with lesions elsewhere including those with right hemisphere injury. Grouping was guided
by neuroradiological review and quantitative analysis of grey matter injury. DWI-based

tractography was used to confirm language tract damage at group level.

a) Quantification of cortical involvement: this was quantified using predefined ROI (shown in
Figure 1B) based on combined fMRI evidence®”® and putative termination regions of the
arcuate fasciculus and extreme capsule/uncinate fasciculus®*. Dorsal stream regions
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included the pars opercularis of the inferior frontal gyrus, the inferior parietal lobule, the
posterior part of the superior temporal gyrus (Wernicke’s area) and the middle and
posterior parts of the middle temporal gyrus. Regions included in the ventral stream were
the pars triangularis and pars orbitalis'' of the inferior frontal gyrus and the anterior
temporal lobe (superior, middle and inferior temporal gyri, anterior to Heschl’s gyrus). First,
ROI masks were created based on the AAL atlas®®. The lateral projection of Heschl’s gyrus
was used to divide temporal ROIs into anterior and posterior portions. The individual
normalized lesions masks were then overlaid onto each ROI allowing for calculation of the
number of overlapping voxels. Percentage overlap of each lesion within these cortical ROIs
and the total percentage of cortical lesion overlap within each language stream was

calculated.

DWiI-tractography of white matter tracts belonging to the dorsal and ventral streams
(Figure 1B) were dissected using probabilistic streamline fiber-tracking as described in detail
elsewhere?. In brief, the arcuate fasciculus (AF) and its segments were dissected using two-
regions-of-interest (ROI) tractographyzg. The frontal seed ROI was identified lateral to the
pyramidal tract, while the temporal lobe target ROl was defined by a single coronal slice just
posterior to the transverse temporal gyri. The parietal ROl was determined using the
boundaries of the inferior parietal lobule. The direct AF segment connected the frontal and
temporal ROIs, while the anterior indirect segment connected the frontal and parietal ROIs.
The posterior indirect segment was created by tracking between the parietal and temporal
ROIs. Tractography of the ventral stream was defined as follows®®: In view of the limited
resolution we combined uncinate fasciculus (UF) and extreme capsule into one fiber system
(UF/ECFS). The UF was determined using a seed ROI placed on four adjacent axial slices in
the white matter of anterior temporal lobe. The fibers of the extreme capsule were
collected from the white matter of the superior temporal gyrus anterior to Heschl’s gyrus.
The target ROI for both tracts was the white matter of the extreme capsule, identified on
four axial slices. The total apparent volume and mean fractional anisotropy were

determined within a binary mask created for each tract.
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NEUROPSYCHOLOGICAL ASSESSMENT

All patients and controls received a comprehensive evaluation of language and
intellectual abilities. Intelligence was assessed using the Wechsler Abbreviated Scale of

Intelligence (WASI) and separate verbal, non-verbal and full-scale IQ scores were calculated.

Language assessments: The Expressive and Receptive scales from the Comprehensive
Evaluation of Language Fundamentals (CELF-3"%) assessed a range of expressive and receptive
abilities. The receptive scale included: ‘Concepts and Directions’ (interpretation, recall and
execution of oral commands that require logic operations), ‘Word Classes’ (identifying semantic
relationships between two words by selecting and repeating two words out of three or four
spoken words that ‘go together best’), and ‘Semantic Relationships’ (interpreting semantic
relationships in sentences using multiple choice questions). The remaining subtests formed the
expressive score: ‘Formulating Sentences’ (construction of grammatically and syntactically
correct sentences using a particular word based on a picture), ‘Repeating Sentences’ (see
below) and ‘Sentence Assembly’ (production of two accurate sentences from an array of

words).

Speech repetition: 1) Non-word repetition was assessed using the phonological memory

component from the Comprehensive Test of Phonological Processing (CTOPP). 2) Sentence
repetition was assessed using the ‘Repeating Sentences’ subtest from the CELF-3"%, involving
the verbatim repetition of sentences of increasing length and syntactic complexity. 3)

Repetition of digit strings was evaluated using the Memory for Digits test from the CTOPP and

the digit span test from the age-appropriate Wechsler Scale.

Additional assessments included the Expressive and Receptive One-Word Picture
Vocabulary tests, the Test for Reception of Grammar (to test understanding of grammatical
contrasts of increasing difficulty), the Wechsler Objective Reading Dimensions (to evaluate
spelling, reading and comprehension abilities) and the Phonological Awareness component of

the CTOPP (testing the ability to perceive and manipulate sounds of spoken words).

STATISTICAL ANALYSES

John Wiley & Sons
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Group differences in demographic, clinical and cognitive data were tested using
independent samples t-tests, )(2, analysis of variance and Mann-Whitney tests, where
appropriate. Univariate analyses of variance were used to test the effect of language stream
lesions on neuropsychological scores and brain measures. Language-specific effects are more
readily detected when differences due to general cognitive ability (as reflected in full scale 1Q
scores) are taken into account®. Similarly, lesion effects on cognition can be revealed when
alteration in language lateralization is taken into account, especially in populations with
developmental brain injury>’. Therefore, covariation for full-scale 1Q and language lateralization
was performed where appropriate. Bonferroni correction for multiple comparisons was applied
(for a total of 10 comparisons: p<0.005). We used two fixed factors in analyses of variance
(‘dorsal lesion” and ‘ventral lesion’), denoting for each case if a lesion was present or not

present within those regions.

ETHICAL APPROVAL AND PATIENT CONSENT

Ethical approval for the study was obtained from institutional Research Ethics

Committee and written informed consent was obtained from all participants or their parents.

RESULTS

DORSAL AND VENTRAL STREAM INJURY

Lesions within either the dorsal or the ventral language stream (in the left cerebral
hemisphere) were identified in 20 out of 30 individuals. Eight cases had isolated dorsal injury,
four _had isolated ventral stream injury and eight cases had varying degrees of injury to both
streams. Ten participants had injury outside of these regions. Representative case examples are
shown in Figure 1A. In patients with dorsal stream damage, the most common sites of injury
were the inferior parietal lobule (11/16 cases) and posterior part of the superior temporal gyrus
(12/16 cases). In the ventral lesion group, the most common site of injury was the anterior
temporal lobe (6/11 cases). The ‘other lesion’ group included all cases with injury to the right

hemisphere and lesions confined to the left somato-motor regions, as shown in the overlay
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map in Figure 1C. DWI-tractography confirmed that injury involving regions of the dorsal
language stream affected the left arcuate fasciculus volume (p=0.001). Lesions affecting the left
ventral stream areas most consistently affected the extreme capsule/uncinate fiber volume
(p=0.010). Isolated lesions in the dorsal and ventral streams were of similar size to those of the
other lesions group (14.8, 16.7, 11.3ml, respectively, only combined ventral and dorsal lesions

were larger (83.8ml, F(3,26)=6.1, p=0.003).

LANGUAGE PROFILE

In the patient group, total expressive and receptive language scores (CELF-3"%) were
lower than controls, but nevertheless in the average range (within 1 SD of the mean) and in
keeping with the lower FSIQ scores of this group (Table 1). The combined group with dorsal
and/or ventral lesions in left hemisphere scored more poorly in language tasks than expected
for their general level of cognitive functioning (CELF total scores lower than non-verbal 1Q by
10 points) compared to the other lesion group (t=2.24, p=0.033), which were not different from

controls (p=0.131).

Analyses of the CELF-3" and CTOPP language subtest scores revealed that dorsal stream
injury was (at the group level) associated with specific deficits in non-word repetition
(F(1,27)=5.87, p=0.023) and repeating sentences (F(1,27)=7.19, p=0.013) (Table 2, Figure 2 and
shown as profile plots for individual example cases in Figure 3). This effect that was not
observed for ventral stream injury (all p>0.154). There were no differences between lesion
groups on repetition of digits strings, total expressive/receptive language scores, receptive
grammar, phonological awareness or literacy (all p>0.245). The sentence repetition score of the

other lesion group was not different from control values (p=0.465).

To explore whether individual differences in repetition could be accounted for by shifts
in language lateralization we covaried for fMRI laterality index in Broca’s region; speech
repetition effects remained significant (p<0.0001) in the dorsal lesion group (Table 2).

Interestingly, a deficit emerged for the ventral lesion group in the comprehension of verbal
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instructions (concepts and direction subtest from the CELF-3"¥, p=0.002). Covariation for lesion

volume did not alter the pattern of findings.

Types of errors identified in the impaired repetition group were highly varied (even
within individuals) and included: sentence rephrasing, simple omissions, substitutions,
additions or reversals/transposals of single words. The most severely affected cases frequently
forgot the entire sentence immediately. While the errors typically allowed patients to retain the
semantic gist32, occasionally the meaning was altered. For example, for the target sentence:
“The girl who lives upstairs in my block of flats is in my class”, the response of case 1 (in Figure
3) was: “The girl that lives in the block of flats upstairs is in the same school as me” (scoring
0/3). An example for the latter error type: target sentence: “The computers and printers were
donated by the school governors”, and response (case 3 in Figure 3): “The school computers
were donated by the government last year” (scores 0/3). None of the cases had paraphasic
speech or made spontaneous attempts at self-correction.

The severity of sentence repetition deficits varied within the dorsal lesion group. Based
on IQ-corrected scores, seven cases showed no obvious or minor sentence repetition problems
(within 1 SD of the mean), six cases showed a moderate impairment (1-2 SDs below average)
and three cases had severe repetition problems (>2 SDs). These scores provided the basis for
dividing the dorsal lesion group into those with normal repetition (n=7) and those with impaired
repetition (n=9, >1 SD). Bilingualism was not associated with repetition impairment (Fisher’s

exact: p=0.691).

REPETITION DEFICITS AND LANGUAGE LATERALIZATION

Subsequent group comparisons between dorsal injury cases with and without repetition
impairment did not reveal differences in lesion size or degree of cortical involvement in any of
the language regions of interest examined (all p>0.211) and there was no difference in arcuate
fasciculus volumes (all p>0.310) in both hemispheres. Similarly, examination of lesion overlay
maps did not show obvious qualitative differences (showing maximal overlap in the left
temporo-parietal junction, Figure 4A), with the exception of two cases with large fronto-

temporo-parietal lesions in the normal repetition group (cases 3 and 4 in Figure 1).
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Examination of fMRI lateralization patterns in individual cases (Figure 3) suggested that
speech repetition is better in individuals with right hemisphere language dominance (case 4),
despite instances where the lesion location was similar to that of individuals with a severe
deficit (case 3). This hypothesis was tested by comparing fMRI laterality indices between
repetition impairment groups (Figure 4). Cases with impaired speech repetition had more
positive (left-lateralized) values in Broca’s region compared to the unimpaired group, who were
more likely to recruit their (intact) right hemisphere (Mann-Whitney: p=0.005). This was
confirmed, for the fMRI lateralization in the cerebellum (Mann-Whitney: p<0.001), which was
structurally intact in all patients and shows reliable cross-lateralization in relation to the frontal
lobe®: Atypical cerebellar lateralization was correlated (rho=0.80, p=0.001) with preserved

repetition performance (Figure 4).

ASSOCIATED LANGUAGE DEFICITS

To determine if the speech repetition impairment is associated with other language
deficits, the repetition-impaired group was compared with the remaining stroke sample. After
adjusting for FSIQ, this group also had lower scores in (i) CELF-3"¥ receptive language (Cohen’s
d=1.55, p=0.001), (ii) reading (d=0.95, p=0.011, (iii), spelling (d=0.89, p=0.018), (iv) receptive
and expressive vocabulary (d=1.52/1.05, p=0.001/0.013, respectively) and (v) receptive
grammar (d=.84, p=0.047). These deficits were more subtle and variable across individuals but
specific to language abilities, as verbal and non-verbal IQ scores did not differ. Of note, these
associated language deficits were directly correlated with the degree of sentence repetition

impairment, even after covarying for FSIQ (ranging from r=0.67-0.42, all p<0.05).

DISCUSSION

Our key findings are that (i) at the group level, neonatal left dorsal language stream
injury can lead to long-lasting impairment in verbatim sentence repetition, which is similar to
conduction aphasia in adults and (ii) that this function was relatively preserved in cases with
right hemisphere language dominance.

In keeping with earlier studies we confirm that injury to left hemisphere eloquent

34,35

regions is associated with language decrements™ ", independent of lesion size®® and that many
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affected cases do not show a language shift to the right hemisphere>>®

. In contrast to previous
work, we propose the existence of a developmental form of conduction aphasia that occurs
following early left dorsal stream injury and is characterized by a persistent deficit in verbatim
speech repetition. The most common lesion location in the left temporo-parietal junction
(Figure 4A, middle column) was similar to that seen in adults with conduction aphasia® which
typically involves the left posterior planum temporale, inferior parietal lobule (including area

73738 or the arcuate fasciculus®. Interestingly, case 3 in Figure 3 with severely impaired

Spt
repetition had a lesion involving the left anterior arcuate fasciculus, leaving posterior area Spt
intact. This supports the notion that the necessary and sufficient basis for the speech repetition
deficit is a ‘disconnection’ between posterior and anterior association cortices***°. Children
with injury to other regions of the left or right cerebral hemispheres, including the left ventral
language stream, did not show such impairments, confirming the anatomical specificity of this

finding.

41,42,17
d

Acquired fluent aphasia is described in childhoo and in some cases conduction

aphasia has been documented®****

. However, apart from a single case report following a
stroke at three years of age'’ repetition deficits are generally transient, presumably due to
lesion resolution or functional reorganization. In contrast, our study provides evidence for long-
lasting repetition impairment despite the early timing of the injuries, when the potential for

cerebral plasticity is presumably at a maximum.
DEVELOPMENTAL IMPLICATIONS FOR THE DUAL STREAM MODEL

We propose that this cohort shows a ‘developmental variant’ of conduction aphasia
which differs from the adult-onset form in certain respects. Our affected patients fulfil three of
the classical criteria, with the exception of paraphasic speech. A milder phenotype is not at all
uncommon in a developmental context and perhaps also not surprising given the enormous

potential for plasticity in the developing brain.

A critical difference relates to the fact in our cohort injury occurred at an early stage of
brain_development, prior to the emergence of spoken language. Given the putative functional

roles of the dorsal stream for auditory-motor integration, such damage may also have a

12
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detrimental effect on word learning”***

and development of phonological ability, whilst the
later-maturing role in verbal memory and syntactic integration48 could have an impact on the
comprehension and formulation of complex sentences. We speculate that the associated
deficits observed here in phonology and literacy, vocabulary, and complex language may reflect

these presumed developmental functions of the dorsal stream®**

. Interestingly, these subtle
and variable deficits are directly correlated with the degree of repetition impairment,
supporting the possibility that they may represent a 'knock-on' effect secondary to a primary

repetition impairment23'49.

In view of this we propose the term ‘developmental conduction aphasia’ to highlight the

2,3,40,6

association with early connectionist models of language and the similarities in lesion

distribution®®®

. We acknowledge the absence of paraphasic speech in comparison with the
adult-onset form and emphasize the putative developmental functions of the dorsal stream.
Nevertheless, speech repetition impairment is a striking feature common to both forms, which
perhaps reveals a major functional specialization of the dorsal stream, seemingly invariant to

the timing of injury.

Our findings extend the dual stream model” to the special case when stroke injury
occurred before the emergence of speech and language. Importantly, it appears that the
ventral stream cannot compensate for the loss of left dorsal stream function, but that right
hemisphere language dominance has a protective effect. We speculate that in the majority of

cases this reflects a lesion-induced switch to the unaffected, contralateral hemisphere®'.

An additional finding was a deficit in the ability to comprehend and follow verbal
instructions in cases with ventral stream lesions, which was accentuated when functional
lateralization was taken into account. Although the number of cases with isolated ventral injury
was small, this finding is compatible with the proposed role of the ventral stream in speech

comprehension7’8.
LIMITATIONS OF STUDY DESIGN AND METHODS

Our cohort was diverse in terms of lesion distribution. Nevertheless, a major advantage

was that all cases were term-born children with a perinatal stroke confirmed on neonatal MRI.

13
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Given the focus on left hemisphere lesions, it was clearly not possible to make inferences about

1952 \We also minimized the known

the impact of injuries to right hemisphere homologues
difficulties in quantifying large brain lesions® by manual measurement of lesions in native
space. The possibility of crossed functional and structural lateralization® cannot be excluded as
multiple expressive and receptive fMRI tasks were not employed, but the clinical protocol

reliably predicts hemispheric dominance across a wide age range®>>.

Unlike in adult stroke patients, where the integrity of the right hemisphere arcuate
fasciculus ' appears to facilitate speech recovery®®, we did not find differences between
repetition -deficit groups in the architecture of language tracts on the ride side®**. We also
found no evidence for differences in lesion site or size in the left posterior temporal lobe or
sex differences®, although our study had limited power to detect such effects. The only robust
difference was in atypical language laterality, either as a result of extensive left hemispheric
injuryor specific language cortex lesions® which apparently can release the compensatory

plasticity of the right cerebral hemisphere®’.
CONCLUSIONS

This is the first study to examine the impact of early injury to the dorsal stream and
identifies a developmental form of conduction aphasia with similar anatomical lesion
distribution and common neuropsychological features to the classical ‘disconnection syndrome’
described in-adults. Although the absence of paraphasia in our cohort is noteworthy, a milder
phenotype is not uncommon in developmental variants and may reflect the inherent plasticity
of the immature brain. In those children who did not show interhemispheric transfer, the
demonstration of long-lasting repetition deficits (and more subtle additional language
problems) provides intriguing evidence that there are inherent limitations to cerebral plasticity,
even when damage occurs in the very young. This finding is particularly important given the
association with subsequent academic difficulties in this population® and underscores the need
for early identification and remediation. It also offers a neuroanatomical basis for a key
behavioral marker of specific language impairmentzz, by showing that non-word and sentence

repetition is highly dependent on the integrity of the left dorsal language stream.
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Table 1. Demographic and clinical characteristics of the study group (means and standard

deviations in parenthesis).

Control group | s¢roke group Statistical
(n=40) (n=30) comparison
Demographics
Age (years) 13.5(3.0) 12.4 (3.4) t=1.4, df=68, p=0.17
Sex ratio (male : female) 21:19 18:12 x2=0.39, df=1, p=0.62
Handedness (left/ambidextrous : right) 9:31 12:18 x2=2.50, df=1, p=0.114
Maternal education (additional schooling, years) 4.2(3.0) 4.1 (2.5) t=0.08, df=56, p=0.93
Full scale 1Q& 112 (16) 99 (14) t=3.7, df=68, p<0.0001
Expressive language score (CELF-3UK)& 108 (13) 95 (17) t=3.5, df=68, p=0.001
Receptive language score (CELF-3"%)& 104 (14) 91 (16) t=3.6, df=68,p<0.0001
Clinical characteristics
Hemisphere affected (Left / Bilateral / Right) 21/3/6
Stroke location (Left / Bilateral / Right):
MCA main branch - 7/1/0
MCA cortical - 10/1/3
MCA lenticulo-striate - 2/0/1
Haemorrhagic - 2/1/2

MCA=Middle cerebral artery; CELF3UK=Clinical Evaluation of Language Fundamentals.

& - average reference range: 85-115.
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Table 2. Language scores in the dorsal stream lesion group versus remaining lesion cases.

Dorsal Mean score (SD) | ANCOVA 1 (covariate: ANCOVA 2 (covariates:
lesion FsSIQ) FSIQ & LI in Broca’s area)
Formulating Yes 10.5(3.2)
F=0.18, p=0.676 F=0.00, p=0.994
sentences No 9.2 (3 5)
° .2 (3.
)
g
e Repeating Yes 6.8 (3.2)&
= F=7.19, p=0.013 F=21.2, p<0.0001*
g sentences No 8.8 (3.3)
a
e
g z Yes 7.5(3.3)
S Sentence assembly F=0.05, p=0.834 F=1.1, p=0.300
b No 8.8(3.0)
[
£
2 Concepts and Yes 7.7(3.2)
=y F=0.01, p=0.972 F=1.3, p=0.272
oL directions No 7.8(3.2)
uw .8 (3.
5 | %
& Yes 9.1(3.2)
] Word classes F=0.01, p=0.938 F=0.76, p=0.392
2 No 7.8 (3.5)
-
o
]
& Semantic Yes 9.2(2.9)
F=0.91, p=0.349 F=1.15, p=0.295
relationships No 9.4 (3.6)
Yes 9.1(3.1)
_ Memory for digits F=1.39, p=0.250 F=1.51, p=0.231
©
£ > No 9.4 (2.6)
I
o
2 5 g Non-word Yes 9.8 (2.7)
5 £ F=5.87, p=0.023 F=8.6, p=0.007
3 repetition
K P No 11.1(2.2)
L]
E Yes 10.3(2.2)
e _ Elision F=0.36, p=0.557 F=0.66, p=0.426
S S 2 No 10.6 (2.5)
(9] w 9
S 3
§ § Yes 10.5 (3.3)
£ © Blending words F=0.89, p=0.352 F=3.53, p=0.072
No 11.1(3.8)

CELF3"* “Clinical Evaluation of Language Fundamentals, CTOPP= Comprehensive Test of

Phonological Processing. SD=Standard deviation, Ll=Lateralisation index. *post-hoc test

survived Bonferroni correction (p<0.005). & - mean scaled score below the normal range

(<7).
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(A) Individual lesion masks

Cortical ROIs White matter tracts

(C) Allocation to lesion groups

Dorsal and ventral lesions (n=8) ‘other’ lesions (n=10)

Classification of lesion cases into language stream groups: (A) Lesion masks were created from tracings on
T1-weighted MRI scans. Example cases show typical left hemisphere lesions involving the: (i) dorsal stream
(cases 1 and 2); (ii) dorsal stream in combination with the ventral stream (cases 3, 4, 5 and 6); (iii) ventral
stream (case 7); and (iv) a lesion outside language regions (case 8, anterior cerebral artery territory). The
neocortical damage in case 6 is restricted to the inferior frontal gyrus, including its most ventral and dorsal
aspects, therefore injuring parts of both language streams. ! + (B) Individual cortical regions of interest
(ROIs) used to determine the extent of involvement within the dorsal (red) and ventral (blue) language
streams. White matter tracts measured to determine Injury to the dorsal stream (the arcuate fasciculus -
red) and the ventral stream (uncinate fasciculus/extreme capsule - blue). Tracts shown are the mean of the
control group.!  (C) Lesion-overlay maps. The most common sites of injury in cases with dorsal stream
damage was the inferior parietal lobule (affected in 11/16 cases) and posterior superior temporal gyrus
(affected in 12/16 cases). Ventral lesions involved the anterior temporal lobe (in 6/11 cases) and the left
lenticulo-striate region (shown here in blue). The remaining cases (n=10) had lesions outside of language
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regions, involving right hemisphere lesions and injury restricted to the superior parietal and motor cortex on
the left side, and formed the ‘other lesion’ group. ! +
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Selectively reduced speech-repetition scores in the dorsal stream lesion group

I:l No dorsal lesion

°
*k .
° |:| Dorsal lesion

144 n.s.

L
1

16

Subtest score

2 8
T T T T T T
Formulating Repeating Assembling Concepts & Word Semantic
sentences sentences sentences directions Classes relationships
Expressive Language (CELF-3UK) Receptive Language (CELF-3'K)

Figure 2: Selectively reduced sentence-repetition scores in the dorsal stream lesion group.
Language CELF-3UK subtest scores (adjusted for full-scale IQ) in the dorsal stream lesion group compared
to those with lesions elsewhere. The continuous line represents the subtest mean, each dotted line
corresponding to +/-1 SD. **p=0.013.
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Lesion on T2 Repetition deficit Lateralisation

Dorsal stream lesions
and speech repetition

Subtest score

Lesion location

& N

Subtest Score

Subtest score

1. Formulating Sentences

Language subtests:
2. Sentence Repetition
3. Assembling Sentences

4. Concepts & Directions

o

Subtest score

5. Word Classes

6. Semantic Relationships

Figure 3: Left dorsal stream lesions and presence of speech repetition impairment in individual example
cases. Left side: Overlay map displays lesions of four individual cases in relation to the arcuate fasciculus
(shown in red/yellow). Right side: ‘Lesion on T2’ shows lesion cases (colour-coded to correspond to lesions
maps on the left). ‘Repetition deficit’ shows the language profile of each case, across all CELF-3UK subtests
(1.-6., listed left bottom). ‘Lateralisation’ shows fMRI activation (p<.001) in Broca’s region. Cases 1-3 are
severely impaired on sentence repetition and show left language lateralisation. In contrast, case 4 with an

extensive dorsal stream lesion has no repetition impairment, most likely owing to complete functional
reorganisation to the right hemisphere.
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A) Dorsal stream lesions and repetition deficit

All dorsal lesions Impaired Repetition Normal Repetition
(n=16) (n=9) (n=7)

B) Repetition is rescued by atypical language dominance

2. fMRI group maps

Impaired = typical Normal = atypical
1. fMRI language lateralisation
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3. Correlation with repetition performance
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Figure 4: Repetition impairment after left dorsal stream injury is associated with atypical language
dominance: (A) Lesion overlay maps in the total dorsal stream lesion group and two subgroups with and
without repetition impairment. There was no qualitative difference in lesion distribution. (B) 1. Boxplot
displaying the difference in the lateralisation indices in Broca’s area and cerebellum in the group with
impaired repetition versus the group with normal repetition. Cases with impaired repetition showed typical
(left-dominant) activation in Broca’s area and the contra-lateral cerebellum. 2. fMRI group maps displaying
mean activation in Broca’s area (top) and the cerebellum (bottom) in the two groups (p<0.001). 3.
Correlation between sentence repetition scores (IQ-adjusted) and language lateralisation in the cerebellum.
Note: the outlier case shows typical left lateralisation in Broca’s area.
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