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Anterior connectivity critical for recovery
of connected speech after stroke

®Junhua DingI and ®Tatiana T. Schnur??

Connected speech recovers to different degrees across people after left hemisphere stroke, but white matter predictors of differential
recovery from the acute stage of stroke are unknown. We assessed changes in lexical-syntactic aspects of connected speech in a lon-
gitudinal analysis of 40 individuals (18 females) from the acute stage of left hemisphere stroke (within an average of 4 days post-
stroke) to subacute (within 2 months) and chronic stages (early: 6 months, late: 1 year) while measuring the extent of acute lesions
on white matter tracts to identify tracts predictive of recovery. We found that acute damage to the frontal aslant tract led to a decreased
recovery of the fluency and structural complexity of connected speech during the year following left hemisphere stroke. The results
were independent of baseline performance, overall lesion volume and the proportion of damage to tract-adjacent grey matter. This
longitudinal analysis from acute to chronic stroke provides the first evidence that recovery of fluent and structurally complex spon-
taneous connected speech requires intact left frontal connectivity via the frontal aslant tract. That the frontal aslant tract was critical
for recovery at early as well as later stages of stroke demonstrates that anterior connectivity plays a lasting and important role for the
reorganization of function related to the successful production of connected speech.
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Left hemisphere stroke is a high-frequency and high-risk dis-
ease that profoundly affects communication by impairing the
ability to produce words'* and combine them into con-
nected speech.’~® To facilitate language intervention, it is im-
portant to identify factors that predict the degree of
connected speech recovery soon after a stroke. Damage to
disparate brain regions and their connections impairs word
retrieval and its recovery,”” but the neural predictors of
the recovery of connected speech are unknown. In this
large-scale longitudinal analysis (7 =40), we examined the
role of white matter tract integrity in the recovery of con-
nected speech after acute left hemisphere brain damage dur-
ing the first year after stroke.

Successfully producing connected speech requires retriev-
ing words and combining them into phrases and sentences,
while avoiding long hesitations. Connected speech is im-
paired to different degrees after stroke as a result of damage
to disparate brain regions in the left hemisphere. Anteriorly,
damage to the left inferior frontal gyrus (IFG) impairs the
ability to produce syntactically well-formed sentences and

cf.'%) and their verbal quantity (i.e. number of total or dis-
tinct content words) and quality (i.e. content words/total
words; pars opercularis® cf.'!). Posteriorly, the posterior su-
perior/middle temporal gyri and temporo-parietal junction
(angular gyrus and supramarginal gyrus) are also crucial re-
gions for connected speech. Damage negatively impacts sen-
tence complexity and the retrieval of nouns (posterior
superior temporal sulcus and angular gyrus® cf.'?). In add-
ition, a reduction in distinct words to total words produced
(type/token ratio; posterior superior/middle temporal gyri,
angular gyrus and supramarginal gyrus)*® and increased se-
mantic and unrelated word errors (posterior superior/middle
temporal gyri and angular gyrus)'* are also associated with
damage to the temporal pole and anterior portions of all tem-
poral gyri. Together, a network of anterior to posterior brain
regions appears critical for the distinct abilities required to
successfully produce connected speech.

The degree to which regions are connected also contri-
butes to connected speech performance and may, at least
as seen with general cognitive abilities, better account for im-
pairments in comparison with lesion topography'*~'° (cf.!1).
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One well-defined pathway important for connected speech is
the arcuate fasciculus (AF). Most studies have focused on the
relationship between connected speech impairment and
damage to the long segment of AF (LSAF), which connects
the posterior part of the pars opercularis of the IFG (BA
44) with the middle and inferior temporal gyri.'®!” Its dam-
age in chronic stroke patients is associated with impairments
in different aspects of word retrieval during connected
speech including the speed with which overall words and
narratively relevant words are produced (i.e. fluency).'®=*!
Similar impairments in connected speech are also seen after
chronic damage to other parts of the AF. For example, dam-
age to the anterior segment of AF (ASAF), connecting the
posterior part of the pars opercularis of the IFG with the su-
pramarginal gyrus is also associated with impairments in the
fluency as well as a general composite measure of connected
speech (a combination of appropriate information, fluency,
syntactic variety and accuracy measures).' > After account-
ing for the contribution of the ASAF, chronic damage to an-
other tract, the uncinate fasciculus (UF), which connects the
IFG (pars orbitalis; BA 47) with the anterior temporal lobe
(BAs 20 and 38),%® was also associated with speech fluency
impairments.”” Thus, white matter pathways that connect
the IFG with other cortical areas play a critical role for lexic-
ally based aspects of connected speech.

However, not all IFG-associated tracts are involved in
connected speech production. A less-explored tract, the
frontal aslant tract (FAT), which connects the pars opercu-
laris of the IFG with the anterior supplementary and pre-
supplementary motor areas,”*** has not been directly found
to impact either lexical or discourse aspects of connected
speech.'"*! We are aware of one study where lesion damage
associated with the reduced number, diversity and speed of
content words produced during picture descriptions and pro-
cedural discourse, overlapped with atlas-defined FAT (along
with the LSAF and the ASAF) in a group of 46 speakers with
chronic aphasia.® These results point to a potential role for
the FAT in lexical retrieval and fluency, but statistical evi-
dence of this tract’s function is needed. Similarly, there is
no evidence of which we are aware of a role in connected
speech for the inferior fronto-occipital fasciculus
(IFOF)*'?2, which connects the IEG (BAs 44, 45 and 47)
with the superior anterior temporal lobe and posterior tem-
poral lobe.?®*” Lastly, with regard to pathways that connect
posterior regions, chronic damage to the posterior segment
of AF (PSAF) which connects the posterior middle temporal
gyrus with the angular gyrus was not associated with speech
fluency of connected speech”” [cf.*! for evidence regarding
how ventral tract damage to the inferior longitudinal fascic-
ulus (ILF) which connects the anterior temporal lobe with
the posterior temporal lobe affects discourse]. Thus, the evi-
dence to date suggests that chronic impairments in different
aspects of word retrieval during connected speech are asso-
ciated with damage to tracts that connect the IFG with other
regions (LSAF, ASAF, and UF) although this relationship
does not extend to all anteriorly connected tracts (FAT and
IFOF).
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It is unclear why damage to white matter tracts that con-
nect different parts of the language network associated
with different language functions have not been strongly dif-
ferentiated with regard to connected speech. However, be-
cause study enrolment is usually restricted to those
participants with clinically diagnosed aphasia, the severity
of language impairments was likely accompanied by more
extensive brain damage. As a result, participants may have
damage to multiple brain regions simultaneously, thus equal-
ly impacting different white matter tracts. Second, some
studies used measures combining multiple aspects of con-
nected speech (e.g. Western Aphasia Battery-speech flu-
ency)?? and thus it is unknown which aspect of connected
speech was most strongly related to a particular segment.
Lastly, it is possible that white matter tracts become differen-
tiated with regard to language function to different degrees
across individuals because a function is reorganized by the
chronic stroke stage.

In the only study we are aware of reflecting functional re-
organization of connected speech after a stroke, Keser et al.”’
examined the relationship between the degree of early (with-
in <3 months after stroke) damage to white matter connect-
ivity and recovery of connected speech in 10 speakers after
stroke. No results were significant in the longitudinal ana-
lysis after multiple comparison corrections. However, before
applying correction, the integrity (i.e. radial diffusivity) of
the left LSAF within <3 months after stroke was correlated
with lexical-semantic retrieval/informativeness (i.e. the
number of content units produced during picture descrip-
tion) during the chronic phase (4-13 months after stroke).
This result is similar to results in participants with chronic
stroke.®'¥720 Regarding how early white matter tract dam-
age affects the production of syntactic aspects of connected
speech, significant results were obtained only when examin-
ing the relationship between early damage and early per-
formance. Damage to the left ILF (i.e. fractional
anisotropy) predicted a measure commonly used to examine
discourse, that is, the cohesiveness of one sentence to another
measured by the use of personal pronouns to refer to previ-
ously named agents. However, coherence reflects not only
syntax but also lexical, semantic and executive control abil-
ities,”®*” making it difficult to interpret which aspect of a
connected speech critically depended on the ILF. These re-
sults highlight the potential importance of the AF and ILF
for the recovery of broad aspects of connected speech, but
the small subject sample size and lack of lexical-syntactic
connected speech measures in participants during the acute
stage of stroke leave open the question of which white matter
tracts are critical for the recovery of connected speech.

Our aim was to predict the recovery of connected speech
using the degree to which white matter tracts were damaged
within 1-4 days after left hemisphere stroke. To our knowl-
edge, there is no evidence to date concerning how white mat-
ter tract damage at the acute stage of stroke affects the
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recovery of abilities to combine words into phrases and sen-
tences, both critical components of successfully produced
connected speech. Our study offers distinct advances over
previous work. First, we used an ecologically relevant meas-
ure of connected speech, spontaneous narrative story-telling.
Second, we hand-extracted continuous measures of lexical-
syntactic connected speech abilities using quantitative pro-
duction analysis (QPA)**>! which reflects more precise mea-
surements of language abilities in comparison to often used
qualitative scoring. Third, we examined the integrity of
white matter tracts in participants identified with radiologic-
al signs of left hemisphere acute stroke independent of lan-
guage deficit severity which increased variability in lesion
size and location.’ In contrast to speakers with chronic apha-
sia who typically have large lesions spanning adjacent cor-
tical regions,>** by including participants with smaller
lesions we could disentangle the contribution to function
of differentially damaged white matter tracts while also min-
imizing effects of overall lesion volume. We intentionally fo-
cused on white matter tracts which connect grey matter
regions previously found to be involved in language produc-
tion and also additional segments of the AF (i.e. ASAF and
PSAF). Fourth, because acute, subacute and chronic phases
of stroke display dynamic brain reorganization mechanisms
which recruit different brain regions,* ™’ we assessed longi-
tudinal behaviour acutely (<4 days after stroke) and at least
one to three additional time points during the year after
stroke (subacute: 2 months; early chronic: 6 months; late
chronic: 12 months).

We predicted white matter tract involvement in the recov-
ery of different aspects of connected speech based on previ-
ous evidence of the functional necessity of associated grey
matter regions. We expected that recovery of fluency and
syntactic accuracy would be influenced by the integrity of an-
terior connectivity between the IFG (pars opercularis) and
supplemental motor (FAT), supramarginal gyrus (ASAF)
and middle temporal regions (LSAF).”"' 1822 We expected
the recovery of word retrieval and structural complexity
would be influenced by the integrity of posterior connectivity
(PSAF and ILF) because these functions are associated with
the temporo-parietal junction or posterior superior/middle
temporal gyri damage.’ By examining longitudinal recovery
in large sample sizes (>20 participants; total 7 =40) at four
time points while controlling for baseline performance,*®>?
we tested for specific white matter-mediated mechanisms
of recovery from before significant reorganization of brain
behaviour occurred through subsequent stages of functional
reorganization.

Materials and methods

Forty left hemisphere stroke patients (22 male; 35 right-
handed; 1 haemorrhagic stroke; age: M=61, SD=13,
range =20-85 years; education: M=14, SD=3, range=
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8-23 years) were consecutively recruited and tested during
the acute phase of stroke (interval between stroke onset and
testing: M=4 days, SD=2, range=1-12) and follow-up
stages post-stroke (subacute: 7 =33, interval: M =356 days,
SD =29, range =23-124; post 6 months: #=33, interval: M
=204 days, SD =31, range=163-294; 12 months: n=27,
interval: M =398 days, SD =49, range=339-510) from the
Memorial Hermann, Houston Methodist and St. Luke’s hos-
pitals’ comprehensive stroke centres in Houston, TX, USA as
part of an ongoing longitudinal project.’>"***! Twenty-two
participants were tested at all four time points. Subjects met
the following inclusion criteria: Native English speaker; No
concomitant neurological/psychiatric diseases (e.g. tumour,
dementia, epilepsy or depression); No severe visual or audi-
tory deficits. Two patients were recruited with neurological
signs of acute left stroke, but no clear lesion was identified
from neuroimaging. Three patients had chronic left lesions
(>15 mm?*;** lesion locations: cerebellum, basal ganglia and
medial parietal lobe). To note, we included <10% of patients
with prior chronic stroke because our primary aim was to
understand the recovery mechanisms after acute stroke dam-
age and with these limited subject inclusions, prior stroke his-
tory is not a significant factor accounting for language
recovery.*? The control group consisted of 13 non-brain da-
maged participants (3 male, 11 right-handed) with normal
cognitive ability (Mini-Mental State Examination Scores
>26)** matched in age and education with the patient group
(ItPs<1.74; P’s>0.09). Mean age and education were
55 (SD =14; range =37-78) and 16 (SD = 3; range =12-22)
years, respectively. Informed consent was approved by the
Baylor College of Medicine Institutional Review Board.

Participants viewed a picture book of the Cinderella story*’
for as long as they wished with printed text occluded, and
then told the story in their own words without viewing the
book.>*® Connected speech narratives were transcribed
and scored according to the procedures of QPA3%*%47 to
yield 13 lexical-syntactic measures of connected speech.
The transcription and QPA inter-reliability scoring was ori-
ginally reported in a previous study.*” Briefly summarized,
for transcription, two raters scored the middle 30 s of narra-
tives and for QPA scoring, 10 randomly selected utterances
from each of the 15 participants who produced more than
10 utterances. For transcriptions, on average across samples,
raters achieved high agreement on the number (95%) and
identity (93%) of narrative words as well as the segmenta-
tion of narrative words into utterances (98%). Across QPA
measures, inter-rater reliability was an average 93% (range:
79-100%).

We used the principal component analysis (PCA) coeffi-
cients generated for four connected speech components
from the large acute left hemisphere stroke sample (72 =635)
in Ding et al.’ to calculate component scores for each partici-
pant. We used results from the Ding et al.” PCA because its
large sample size provides a more reliable estimate of
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principle component scores than those derived from the cur-
rent more modestly sized subject sample. We first z-scored
the QPA measure scores relative to control performance be-
cause the previous PCA was based on z-scores of the QPA
measures. Since the PCA was originally conducted in pa-
tients, scaling indicated the performance relative to patients.
Therefore, we standardized PCA scores based on the control
cohort’s PCA component scores for an intuitive interpret-
ation of impairment degree and direct comparison between
components. The four component scores reflected structural
complexity, lexical selection, syntactic accuracy and fluency
aspects of connected speech. As described in detail by Ding
et al.,’ structural complexity reflected the degree of phrase
elaboration, number of sentence embeddings, and sentence
length. Lexical selection reflected the ability to produce
nouns in comparison to verbs, pronouns, and closed-class
words. Syntactic accuracy reflected the ability to produce
syntactically accurate speech, including more well-formed
sentences, more words within as opposed to outside of sen-
tences and increased production of required determiners.
Fluency reflected the number of narrative words produced
per minute. For the lexical selection component, we multi-
plied scores by —1 so that lower scores reflect increased
impairment. The test-retest reliabilities for the four compo-
nent scores were estimated in a subset of 14 participants who
performed within the control level (>—1.67 SD of controls)
at 6 months after stroke. The correlations between their per-
formance at 6 and 12 months were calculated. Performance
significantly correlated across timepoints for component
scores representing structural complexity (r=0.66, P=
0.01), lexical selection (r=0.59, P=0.03), and fluency (r=
0.73, P=0.003). Syntactic accuracy did not reach statistical
significance (r=-0.27, P=0.36), likely due to variability in
individual syntactic accuracy recovery during later stages of
stroke. Three patients were removed from analyses because
their acute and/or follow-up z-scores of the syntax compo-
nent were extreme outliers (<25% quartile — 3 X interquar-
tile range or >75% quartile + 3 X interquartile range).
Therefore, the final patient participant sample sizes across
the subacute, post 6 and 12 months groups were 31, 31,
and 25 participants, respectively. The final sample size of
participants tested at all the time points was 20. We defined
the dependent measure of patients’ recovery as the difference
between component z-scores at the acute and each follow-up
stage.

We acquired diffusion-weighted and high-resolution struc-
tural scans (T and T, FLAIR) along the axial direction as
part of the clinical protocols for admitted acute stroke cases
(interval between stroke onset and scan: M =2 days from
stroke onset; SD=2; range=0-10). The voxel sizes of
diffusion-weighted and structural images were 1Xx1Xx
4.5 mm, and 0.5 x 0.5 x 4.5 mm, respectively.
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Acute lesions were delineated manually. We first
co-registered the diffusion-weighted images with the high-
resolution structural images (T or T,) using AFNI (https:/
afni.nimh.nih.gov/).** Lesions were delineated on the
diffusion-weighted images, using ITK-snap (http:/www.
itksnap.org/pmwiki/pmwiki.php).** Next, we normalized
the individual structural images to the Colin-27 template/
MNI space using ANTs registration (http:/stnava.github.
i0o/ANTs/).>° Finally, we used the affine parameter and dif-
feomorphic map from the last step to transform individual
masks to the MNI space. Due to MRI contraindication,
one patient received a CT scan. This lesion was directly deli-
neated on the Colin 27 template based on the CT image.

To quantify the damage to white matter tracts at the acute
stage of stroke, we extracted the intersection volume between
acute lesion masks and seven primary tracts. Ventral path-
ways included the IFOF, ILF, and UF and dorsal pathways in-
cluded the FAT and AF (see Fig. 1). With regard to the AF, it
was further separated into anterior, long, and posterior seg-
ments.’' % We defined the tracts using a probabilistic atlas
where voxels within white matter tracts were defined using
a 50% probability criterion.”® Tracts were considered da-

maged if the intersection volume was above 100 mm®.

To determine the relationship between white matter tracts
and connected speech recovery, we conducted a series of
lesion-symptom mapping analyses. Before executing the
lesion-symptom mapping analyses, we regressed out partici-
pant’s acute performance (baseline) and total lesion volume
from the recovery score.’**> We controlled for acute per-
formance because it was highly correlated with the degree
of recovery (see the ‘Results’ section). Then using
LESYMAP (https:/dorianps.github.io/LESYMAP/),’® we
conducted a Brunner—Munzel test to compare the recovery
scores between tract-preserved and damaged groups where
at least >10% of individuals had damage to a given
tract."*” To control for multiple comparisons, we applied
a Bonferroni correction (corrected P =0.05/7). Then, to con-
firm the specificity of acute white matter tract damage results
independent of adjacently located grey matter damage, we
replicated results while controlling for the degree of grey
matter damage at tract origins and termini. We defined the
grey matter damage as the intersection volume between acute
lesion masks and grey matter regions extracted from the
AAL atlas.’® Lastly, we replicated results on the subset of
participants tested at all time points. By doing this, we re-
moved the potential influence of individual differences across
the three main comparisons comprising overlapping but not
identical groups of patients (acute versus subacute/6/12
months).

The data that support the findings of this study are available
from the corresponding author, upon reasonable request.


https://afni.nimh.nih.gov/
https://afni.nimh.nih.gov/
http://www.itksnap.org/pmwiki/pmwiki.php
http://www.itksnap.org/pmwiki/pmwiki.php
http://stnava.github.io/ANTs/
http://stnava.github.io/ANTs/
https://dorianps.github.io/LESYMAP/

6 | BRAIN COMMUNICATIONS 2022: Page 6 of 13
Dorsal pathway
~Z

ASAF

Ventral pathway

IFOF

J. Ding and T. T. Schnur

Figure | The tracts of interest. ASAF, anterior segment of arcuate fasciculus; LSAF, long segment of arcuate fasciculus; PSAF, posterior
segment of arcuate fasciculus; FAT, frontal aslant tract; IFOF, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; UF, uncinate

fasciculus.

Results

Fluency of connected speech improved to within neurotypi-
cal levels by the subacute timepoint for over 50% of partici-
pants who had impaired baseline acute performance (<
—1.67 SD of controls). However, fluency deficits continued
to be a problem at chronic stage timepoints for 39-50% of
participants who were impaired acutely. In contrast, more
of the acutely impaired patients recovered to a neurotypical
level in their syntactic impairment during connected speech
production (80-100% of acutely impaired patients).
Regarding lexical ability, 80% of acutely impaired patients
recovered to within neurotypical levels by the subacute
time point, and the proportion of participants who recovered
from acute impairment remained relatively constant at the 6
and 12 months time points (67-80%, respectively). For
structural complexity of connected speech, at the subacute
stage, only 67% of acutely impaired patients recovered to
within neurotypical levels, but the proportion of acutely im-
paired patients performing within the neurotypical range
rose to 80% 6 months post-stroke, and eventually 100% a
year after stroke (see Figs 2, 3 and Table 1). When consider-
ing those participants who made large gains (recovery > 1
S.D.) but not within the control range (see medium recovery
group; Supplementary Fig. 1), the recovery patterns were
relatively consistent with the group of participants who re-
covered within control levels. Specifically, syntactic accur-
acy, structural complexity and lexical selection patterns of
recovery were similar. However, for fluency, when including
participants who made large gains but outside the control

range, 70% of acutely impaired participants improved dur-
ing the year after stroke (in comparison to 50% of acutely
impaired participants who improved to within the control
range). In the subset of participants who returned at every
time point, patterns of connected speech recovery were simi-
lar to the larger overlapping subject groups returning across
timepoints (see Supplementary Table 1 and Figs 2 and 3). In
sum, recovery to neurotypical levels of performance for flu-
ency averaged to approximately one in every two patients
who were impaired acutely, while syntactic, lexical selection
and structural complexity eventually recovered to neurotypi-
cal levels in > 80% patients impaired acutely.

Figure 4 displays the proportions of patients with acute dam-
age to each white matter tract at each time point (see
Supplementary Table 2 for the summary of individual’s tract
damage proportion). Among the seven tracts we examined,
LSAF, FAT, and IFOF were damaged in most patients (#’s
>8; 29-45% of patients), whereas the PSAF and UF had
damage to the fewest patients (1’s < 7; 16-23% of patients).
This pattern was also similar for those who were tested
across all timepoints (LSAF, FAT, and IFOF »’s>6, 30—
35% of patients and for the PSAF and UF, n’s<4, 15—
20% of patients; see Supplementary Fig. 4).

To identify factors potentially confounding relationships
between tract damage and connected speech measurement
recovery, we examined relationships between the degree of
recovery across time points and demographic variables
(age, education, days tested post-stroke), total lesion volume
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Figure 2 Recovery of four aspects of connected speech from acute to three follow-up time points in the year following stroke.
Worse recovery was defined as both acute performance worse than 90% of controls’ performance (z < —1.67) and follow-up performance still
worse than 90% of controls (z < —1.67). In contrast, better recovery was defined as those with impaired acute performance z < —1.67 but

subsequent follow-up performance better than 90% of control performance (z > —1.67). We defined not impaired as individuals who performed

better than 90% of controls’ performance acutely (z > —1.67).

and acute performance (see Supplementary Table 3). The
only significant variable associated with the degree of con-
nected speech recovery after multiple comparisons correc-
tion (Bonferroni corrected P <0.05/5) was acute baseline
performance. Acute performance for all connected speech
measures strongly correlated with recovery degree (r-values
< —0.32, P-values < 0.08) except recovery of structural com-
plexity at the subacute stage [r(29)=-0.24, P =0.20] sug-
gesting that patients with more severe impairments had
more room for improvement. As a result, we included acute
performance as a confounding variable in subsequent ana-
lyses. Acute lesion volume was not significantly related to ei-
ther connected speech performance acutely nor its recovery
in either patient sample, except for acute fluency severity
[7(29)=—0.36, P=0.03].

Figure 5 and Supplementary Table 4 show the lesion-
symptom mapping results using white matter tract acute dam-
age to predict connected speech recovery controlling for acute

baseline performance and lesion volume. During the subacute
stage after stroke, acute FAT damage led to decreased recov-
ery of fluency (z=3.34, P=0.001). In an overlapping subset
of patients, acute FAT damage led to significantly decreased
recovery of structural complexity at the chronic stages
(6-12 months post-stroke; z-values>2.72; P-values <
0.007). Results remained significant after controlling for
the damage of FAT’s grey matter termini (subacute: P=
0.007; 6 months: P=0.02; 12 months: P=0.01). See
Supplementary Results and Supplementary Fig. 5 for uncor-
rected results. For 20 participants tested across all time points,
effects of acute FAT damage on connected speech recovery at
the chronic stages remained significant (z-values>2.14,
P-values < 0.03), while the effect at the subacute stage was
not (z=0.88, P=0.19). See Supplementary Table 5 for re-
sults. In sum, acute damage to the FAT contributed to de-
creased recovery of connected speech abilities at different
times points after stroke.
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Figure 3 The proportions of patients who recovered to within normal levels (z > —1.67) after beginning with impairment
acutely (z < —1.67) in four aspects of connected speech across three time points in the year following stroke.

Table | The number and proportion of patients who
recovered to within normal levels (z> —1.67) after
beginning with impairment acutely (z < —1.67) in four
aspects of connected speech across three time points in
the year following stroke

Syntactic Lexical Structural
Fluency accuracy selection complexity
Subacute 10/18 (56%)  4/5 (80%) 4/5 (80%) 2/3 (67%)
(n=3l)
6 months  |1/18 (61%) 6/7 (86%) 6/9 (67%) 4/5 (80%)
(n=31)
12 months  6/12 (50%) 3/3 (100%)  4/5 (80%) 3/3 (100%)
(n=25)

Numbers outside parentheses denote the number of patients with impaired ability at
the acute stage but within normal range at the follow-up stage (>—1.67) divided by the
total number of patients with impaired abilities (<—1.67) at the acute stage. Numbers
within parentheses reflect the proportion of patients who improved from acute
impairment.

Discussion

We report the first large-scale longitudinal study of the im-
pact of acute white matter damage on recovery of connected
speech from the acute to chronic stages of left hemisphere
stroke. The most frequent impairments in a connected speech
during the first year of recovery in those able to produce
measurable connected speech acutely were reduced words
per minute (~25% of the cohort) followed by reduced ability
to produce nouns in comparison to other types of words, de-
creased syntactic accuracy and reduced structural complex-
ity (< ~10%). White matter damage measured within the

first week of stroke to a left dorsal pathway, the FAT pre-
dicted worse subacute recovery of fluency and decreased
chronic recovery of the structural complexity of connected
speech. Importantly, acute white matter integrity predicted
recovery of connected speech after controlling for overall le-
sion volume, damage to tract-adjacent grey matter regions,
and baseline acute connected speech performance. Our re-
sults provide novel evidence that recovery of connected
speech after stroke depends on acute connectivity within
frontal cortical regions.

Connected speech impairments and
recovery

Different aspects of connected speech production im-
proved following the acute stage of stroke. To quantify
connected speech, we used Ding et al.’s® PCA coefficients
generated for four connected speech components to calcu-
late component scores for each participant. Of those who
returned subacutely following stroke, reduced production
of words per minute, i.e. fluency affected 58% of these
subjects acutely. Approximately half of the impaired co-
hort recovered to within neurotypical fluency performance
by the subacute stage of stroke. However, the remaining
proportion of subjects with fluency impairments did not
markedly change over the next year, suggesting a long-
lasting deficit.

A second impairment in connected speech was reduced
ability to produce nouns in comparison to other types of
words. At the acute stage, 16% of all participants demon-
strated lexical selection impairments. Of those, 80%
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Figure 4 Proportion patients with tract damage for each tract across overlapping patient cohorts at subacute, early chronic
(6 months) and late chronic (12 months) time points. ASAF, anterior segment of arcuate fasciculus; LSAF, long segment of arcuate
fasciculus; PSAF, posterior segment of arcuate fasciculus; FAT, frontal aslant tract; IFOF, inferior fronto-occipital fasciculus; ILF, inferior

longitudinal fasciculus; UF, uncinate fasciculus.

recovered to neurotypical levels by the subacute stage. By a
year post-stroke, this recovery proportion remained constant
(80%).

Recovery was better for other aspects of connected speech.
The ability to produce syntactically accurate speech, includ-
ing more well-formed sentences, more words within as op-
posed to outside of sentences and increased production of
required determiners was impaired acutely in 12% of all par-
ticipants but by the late chronic stage, all subjects who de-
monstrated syntactic impairment recovered to within a
neurotypical range of performance. Similarly of 12% who
suffered acute impairment producing structurally complex
speech including elaborated phrases, sentence embeddings,
and longer sentences, all participants impaired acutely recov-
ered by the late chronic stage.

Overall, of participants with acute connected speech im-
pairments, connected speech improved in over 50% of re-
turning participants by the subacute stage of stroke.
Encouragingly, nearly all participants impaired acutely im-
proved their connected speech by the late chronic stage of
stroke, except for fluency, which remained impaired in al-
most half the cohort. This pattern was similar in those parti-
cipants who were tested across all the timepoints. It is
important to note that we enrolled patients who could pro-
duce measurable connected speech independent of any clin-
ical diagnosis of language impairment. Thus, it is striking
that even when not including patients with severe production
deficits, only half of those with impaired fluency recovered.
In comparison, more than 80% of participants impaired
acutely produced syntactically accurate, structurally com-
plex, and lexically diverse connected speech by the late
chronic stage. However, it remains an open question the de-
gree to which more severe connected speech deficits follow

the connected speech patterns of improvement observed
here.

Acute white matter tract damage and
connected speech recovery

We examined how damage to white matter tracts at the acute
phase of stroke impacted the recovery of connected speech
during reorganization of function across the subacute, early
chronic and late chronic phases of stroke. Of several dorsal
and ventral white matter tracts we examined across different
stages of recovery, the FAT was the only tract significantly
related with connected speech recovery after multiple com-
parison correction. At the subacute stage of stroke, acute
FAT damage decreased the degree of fluency recovery as ex-
pected. However, in the subset of participants who were able
to return across all time points, we did not replicate this as-
sociation. Also, we did not find that acute damage to tracts
connecting frontal with posterior regions including the
ASAF or a ventral tract, the UF predicted fluency impair-
ments as has been demonstrated in chronic aphasia.**”
That acute FAT damage reduced early recovery of fluency
during connected speech is consistent with evidence in
chronic aphasia demonstrating that FAT integrity is critical
for fluency as measured by words per minute during con-
nected speech (albeit not performing direct statistical ana-
lysis;> cf.° for similar results in primary progressive
aphasia), qualitative assessment of fluency’® and word gen-
eration during categorical fluency tasks.®"*> Conflicting re-
lationships between anterior white matter damage and
fluency performance may be in part because of both how flu-
ency is measured as well as the multidimensionality of flu-
ency. Previous studies’ positive results measured fluency
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Figure 5 The tracts whose acute damage predicted decreased recovery in four aspects of connected speech from the acute
stage to three time points in the year following stroke after multiple comparison correction. The box plots show the acute and
follow-up connected speech scores clustered by tract damage. Lighter (magenta lines indicate subjects with damaged tracts, while blue lines

indicate subjects with spared tracts. FAT, frontal aslant tract.

with a qualitative 10-pt scale assessment (via the Western
Aphasia Battery®?) which captures other functions including
prosody, syntax, and lexical retrieval.’” Additionally com-
plicating the picture, fluency is dependent on multiple cap-
acities (e.g. articulation, phonology, comprehension,
working memory; cf.®%). Thus, after stroke, a speaker will
have reduced fluency because of a deficit in any or all these
capacities. By removing participants unable to return across
all time points, we may have removed a significant propor-
tion of participants with a common underlying cause of dis-
fluency associated with acute FAT damage. Understanding
the behavioural and neuroanatomical contributions to dis-
fluency after stroke will clearly continue to be important di-
rections to address in future research.

The second result we observed was at the early and late
chronic stages of stroke, where acute FAT damage also de-
creased the degree of structural complexity recovery. This
pattern was replicated in participants who returned across
all timepoints. These results were inconsistent with our
predictions as only damage to left temporal-parietal re-
gions distant from the FAT has been associated with im-
pairments in the structural complexity of speech, both
acutely’ and chronically.'®*%7 Thus, this latter result
suggests that cortical regions associated with the FAT,
like the IFG, may functionally reorganize to support pos-
terior temporo-parietal processes involved in creating
more structurally complex connected speech in the chronic
stage. Together, these results demonstrate the critical role
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of frontal connectivity for connected speech during re-
organization of function.

Lastly, our analysis found that acute lesion volume showed a
relationship with the deficit severity of acute stage connected
speech fluency but with no other components of connected
speech. Moreover, it is important to note that lesion volume
did not predict the degree of connected speech recovery at
any time point in the year after stroke. Although lesion vol-
ume often predicts language deficit severity in stroke
(e.g. 01734366870 £ 18) " lesion volume does not predict
the degree of general language”' or domain-specific cognitive
function recovery.”* Instead, initial performance was more
important to the recovery degree (cf.”""?). We also found
acute performance was a significant diagnostic of connected
speech recovery outcomes, which is consistent with the lon-
gitudinal recovery patterns of upper-extremity movement
after stroke.”?

There are several inherent limitations that arise as a result of
the difficulty in conducting large-scale longitudinal analyses
of recovery from stroke. First, even though participants sig-
nificantly overlapped across the subacute, early and late
chronic timepoints (between 75 and 84% of participants),
for a variety of reasons not every patient was tested at all
follow-up time points. For example, the post 12-month
group included fewer individuals and individuals with dam-
age to white matter tracts. We speculate that participants
with higher tract damage are more likely not to attend fur-
ther follow-up studies, probably because they suffer more
difficulties due to the severe damage. However, to maximize
power to detect factors that affected recovery, we still in-
cluded the largest number of subjects tested both acutely
and at a single subsequent time point. Although this ap-
proach helped avoid Type II statistical errors, i.e. false nega-
tives, it rendered direct comparisons between time points
difficult to interpret. We addressed this limitation by exam-
ining the subset of participants who were able to return
across all time points. These analyses confirmed that the
FAT is critical to the recovery of connected speech. Second,
in our cohort, there was a low prevalence of participants
with severe impairments in the syntactic accuracy or struc-
tural complexity of their connected speech. We conjecture
that patients with these types of severe connected speech im-
pairments could not produce measurable spontaneous
speech acutely, an exclusion criteria for this study. To under-
stand whether different recovery mechanisms occur in those
with more severe connected speech deficits, our laboratory is
engaged in an ongoing effort to expand subject recruitment
to these clinical populations. Finally, future work will test
the degree to which the right hemisphere contributes to

BRAIN COMMUNICATIONS 2022: Page |1 of 13 | I

recovery of connected speech after stroke, as evidence sug-
gests its role in language recovery (cf.?%:¢%7%),

Conclusion

This longitudinal analysis from acute to chronic stroke pro-
vides the first evidence that recovery of fluent and structurally
complex spontaneous connected speech requires intact left
frontal connectivity via the FAT. That the FAT was critical
for recovery at early as well as later stages of stroke demon-
strates that it plays a lasting and important role for the re-
organization of function related to the successful production
of connected speech. These results suggest that measures of
acute cortical disconnection may be useful biomarkers to iden-
tify patients who will most benefit from early interventions to
remediate chronic-connected speech impairments.

Acknowledgements

The authors wish to thank Jolie Anderson, Miranda
Brenneman, Cris Hamilton, Danielle Rossi and Chia-Ming
Lei for data collection. We wish to thank Erica Johns,
Bowie Lin, Hao Yan, Rachel Zahn and Riya Mehta for tran-
scription and analysis of narrative speech samples. We thank
the clinical neurological intensive care unit teams at the
University of Texas Health Sciences Center and Memorial
Hermann Hospital, The Houston Methodist Hospital and
the Baylor St Luke’s Hospital for their assistance in patient
recruitment and neurological assessment. We gratefully ac-
knowledge and thank our research subjects and their care-
givers for their willingness to participate in this research.
This work was presented at the Society for the
Neurobiology of Language (2021).

Funding

This work was supported by the National Institute on Deafness
and Other Communication Disorders of the National Institutes
of Health under award number RO1DC014976 to the Baylor
College of Medicine (awarded to T.T.S.).

Competing interests

The authors report no competing interests.

Supplementary material

Supplementary material is available at Brain Communications
online.

References

1. Mirman D, Chen Q, Zhang Y, et al. Neural organization of spoken
language revealed by lesion-symptom mapping. Nat Commun.
201556(1):6762.


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac266#supplementary-data

12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

| BRAIN COMMUNICATIONS 2022: Page 12 of I3

Schwartz MF, Dell GS, Martin N, Gahl S, Sobel P. A case-series test
of the interactive two-step model of lexical access: Evidence from
picture naming. | Mem Lang. 2006;54(2):228-264.

Alyahya RSW, Halai AD, Conroy P, Lambon Ralph MA. A unified
model of post-stroke language deficits including discourse produc-
tion and their neural correlates. Brain. 2020;143(5):1541-1554.
Borovsky A, Saygin AP, Bates E, Dronkers N. Lesion correlates of
conversational speech production deficits. Neuropsychologia.
2007;45(11):2525-2533.

Ding J, Martin RC, Hamilton AC, Schnur TT. Dissociation between
frontal and temporal-parietal contributions to connected speech in
acute stroke. Brain. 2020;143(3):862-876.

Halai AD, Woollams AM, Lambon Ralph MA. Using principal
component analysis to capture individual differences within a uni-
fied neuropsychological model of chronic post-stroke aphasia:
Revealing the unique neural correlates of speech fluency, phonology
and semantics. Cortex. 2017;86:275-289.

Hillis AE, Beh YY, Sebastian R, et al. Predicting recovery in acute
poststroke aphasia. Ann Neurol. 2018;83(3):612-622.

Meier EL, Johnson JP, Pan Y, Kiran S. The utility of lesion classification
in predicting language and treatment outcomes in chronic
stroke-induced aphasia. Brain Imaging Behav. 2019;13(6):1510-1525.
van Hees S, McMahon K, Angwin A, de Zubicaray G, Read S,
Copland DA. Changes in white matter connectivity following ther-
apy for anomia post stroke. Neurorehabil Neural Repair. 2014;
28(4):325-334.

Matchin W, Basilakos A, Stark BC, den Ouden DB, Fridriksson ],
Hickok G. Agrammatism and paragrammatism: A cortical double
dissociation revealed by lesion-symptom mapping. Neurobiol
Lang. 2020;1(2):208-225.

Gajardo-Vidal A, Lorca-Puls DL, team P, et al. Damage to Broca’s
area does not contribute to long-term speech production outcome
after stroke. Brain. 2021;144(3):817-832.

Stark BC, Basilakos A, Hickok G, Rorden C, Bonilha L,
Fridriksson J. Neural organization of speech production: A
lesion-based study of error patterns in connected speech.
Cortex.2019;117:228-246.

Siegel JS, Ramsey LE, Snyder AZ, et al. Disruptions of network con-
nectivity predict impairment in multiple behavioral domains after
stroke. Proc Natl Acad Sci USA. 2016;113(30):E4367-E4376.

de Schotten MT, Foulon C, Nachev P. Brain disconnections link
structural connectivity with function and behaviour. Naz
Commun. 2020;11(1):5094.

Reber J, Hwang K, Bowren M, et al. Cognitive impairment after fo-
cal brain lesions is better predicted by damage to structural than
functional network hubs. Proc Natl Acad Sci USA. 2021;118(19):
e2018784118.

Catani M, Jones DK, Ffytche DH. Perisylvian language networks of
the human brain. Ann Neurol. 2005;57(1):8-16.

Bernard F, Zemmoura I, Ter Minassian A, Lemée JM, Menei P.
Anatomical variability of the arcuate fasciculus: A systematical re-
view. Surg Radiol Anat. 2019;41(8):889-900.

Marchina S, Zhu LL, Norton A, Zipse L, Wan CY, Schlaug G.
Impairment of speech production predicted by lesion load of the
left arcuate fasciculus. Stroke. 2011;42(8):2251-2256.

Wang ], Marchina S, Norton A, Wan C, Schlaug G. Predicting
speech fluency and naming abilities in aphasic patients. Fromt
Hum Neurosci. 2013;7:831.

Pani E, Zheng X, Wang ], Norton A, Schlaug G. Right hemisphere
structures predict poststroke speech fluency. Neurology. 2016;86-
(17):1574-1581.

Keser Z, Meier EL, Stockbridge MD, Hillis AE. The role of micro-
structural integrity of major language pathways in narrative speech
in the first year after stroke. | Stroke Cerebrovasc Dis. 2020;29(9):
105078.

Fridriksson J, Guo D, Fillmore P, Holland A, Rorden C. Damage to
the anterior arcuate fasciculus predicts non-fluent speech produc-
tion in aphasia. Brain. 2013;136(11):3451-3460.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

4S.

J. Ding and T. T. Schnur

Von Der Heide R], Skipper LM, Klobusicky E, Olson IR. Dissecting
the uncinate fasciculus: Disorders, controversies and a hypothesis.
Brain. 2013;136(6):1692-1707.

Catani M, Dell’Acqua F, Vergani F, et al. Short frontal lobe connec-
tions of the human brain. Corzex. 2012;48(2):273-291.

Rojkova K, Volle E, Urbanski M, Humbert F, Dell’Acqua F,
Thiebaut de Schotten M. Atlasing the frontal lobe connections
and their variability due to age and education: A spherical deconvo-
lution tractography study. Brain Struct Funct. 2016;221(3):
1751-1766.

Martino J, Brogna C, Robles SG, Vergani F, Duffau H. Anatomic
dissection of the inferior fronto-occipital fasciculus revisited in the
lights of brain stimulation data. Corftex. 2010;46(5):691-699.

Wu Y, Sun D, Wang Y, Wang Y. Subcomponents and connectivity
of the inferior fronto-occipital fasciculus revealed by diffusion spec-
trum imaging fiber tracking. Front Neuroanat. 2016;10:88.
Stockbridge MD, Berube S, Goldberg E, et al. Differences in linguis-
tic cohesion within the first year following right- and
left-hemisphere lesions. Aphasiology. 2021;35(3):357-371.
Hoffman P, Cogdell-Brooke L, Thompson HE. Going off the rails:
Impaired coherence in the speech of patients with semantic control
deficits. Neuropsychologia. 2020;146:107516.

Rochon E, Saffran EM, Berndt RS, Schwartz MF. Quantitative ana-
lysis of aphasic sentence production: Further development and new
data. Brain Lang. 2000;72(3):193-218.

Fromm D, Katta S, Paccione M, et al. A comparison of manual ver-
sus automated quantitative production analysis of connected
speech. | Speech Lang Hear Res. 2021;64(4):1271-1282.

Ochfeld E, Newhart M, Molitoris ], et al. Ischemia in Broca area is
associated with Broca aphasia more reliably in acute than in chronic
stroke. Stroke. 2010;41(2):325-330.

Shahid H, Sebastian R, Schnur TT, et al. Important considerations
in lesion-symptom mapping: Illustrations from studies of word
comprehension. Hum Brain Mapp. 2017;38(6):2990-3000.
Yourganov G, Fridriksson J, Rorden C, Gleichgerrcht E, Bonilha L.
Multivariate connectome-based symptom mapping in post-stroke
patients: Networks supporting language and speech. J Neurosci.
2016;36(25):6668-6679.

Saur D, Lange R, Baumgaertner A, et al. Dynamics of language re-
organization after stroke. Brain. 2006;129(6):1371-1384.
Stockert A, Wawrzyniak M, Klingbeil ], ez al. Dynamics of language
reorganization after left temporo-parietal and frontal stroke. Brain.
2020;143(3):844-861.

Stefaniak JD, Halai AD, Lambon Ralph MA. The neural and neuro-
computational bases of recovery from post-stroke aphasia. Nat Rev
Neurol. 2020;16(1):43-55.

Lazar RM, Minzer B, Antoniello D, Festa JR, Krakauer JW,
Marshall RS. Improvement in aphasia scores after stroke is well pre-
dicted by initial severity. Stroke. 2010;41(7):1485-1488.

Saur D, Ronneberger O, Kiimmerer D, Mader I, Weiller C, Kloppel
S. Early functional magnetic resonance imaging activations predict
language outcome after stroke. Brain. 2010;133(4):1252-1264.
Martin RC, Schnur TT. Independent contributions of semantic and
phonological working memory to spontaneous speech in acute
stroke. Cortex. 2019;112:58-68.

Martin RC, Ding J, Hamilton AC, Schnur TT. Working memory
capacities neurally dissociate: Evidence from acute stroke. Cereb
Cortex Commun. 2021;2(2):tgab005.

Corbetta M, Ramsey L, Callejas A, et al. Common behavioral clus-
ters and subcortical anatomy in stroke. Newuron. 2015;85(5):
927-941.

Meier EL, Sheppard SM, Goldberg EB, et al. Naming errors and dys-
functional tissue metrics predict language recovery after acute left
hemisphere stroke. Neuropsychologia. 2020;148:107651.

Folstein MF, Robins LN, Helzer JE. The mini-mental state examin-
ation. Arch Gen Psychiatry. 1983;40(7):812.

Ehrlich A, Perrault C, Jeffers S. Cinderella. Dutton Children’s Books
Children’s; 2004.



Connected speech recovery after stroke

46.

47.

48.

49.

50.

S1.

52.

53.

54.

5S.

S6.

57.

58.

59.

Gordon JK. A quantitative production analysis of picture descrip-
tion. Aphasiology. 2006;20(2-4):188-204.

Saffran EM, Berndt RS, Schwartz MF. The quantitative analysis of
agrammatic production: Procedure and data. Brain Lang. 1989;
37(3):440-479.

Cox RW. AFNI: Software for analysis and visualization of function-
al magnetic resonance neuroimages. Comput Biomed Res. 1996;
29(3):162-173.

Yushkevich PA, Piven ], Hazlett HC, et al. User-guided 3D active
contour segmentation of anatomical structures: Significantly im-

proved efficiency and reliability. Neuroimage. 2006;31(3):
1116-1128.
Avants BB, Epstein CL, Grossman M, Gee JC. Symmetric diffeo-

morphic image registration with cross-correlation: Evaluating auto-
mated labeling of elderly and neurodegenerative brain. Med Image
Anal. 2008;12(1):26-41.

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

Forkel SJ, Rogalski E, Sancho ND, et al. Anatomical evidence of an
indirect pathway for word repetition. Neurology. 2020;94(6):
e594-e606.

Lopez-Barroso D, Catani M, Ripollés P, Dell’Acqua F,
Rodriguez-Fornells A, de Diego-Balaguer R. Word learning is
mediated by the left arcuate fasciculus. Proc Natl Acad Sci USA.
2013;110(32):13168-13173.

DeMarco AT, Turkeltaub PE. A multivariate lesion symptom map-
ping toolbox and examination of lesion-volume biases and correc-
tion methods in lesion-symptom mapping. Hum Brain Mapp.
2018;39(11):4169-4182.

Sperber C, Karnath HO. On the validity of lesion-behaviour map-
ping methods. Neuropsychologia. 2018;115:17-24.

Pustina D, Avants B, Faseyitan OK, Medaglia JD, Coslett HB.
Improved accuracy of lesion to symptom mapping with multivariate
sparse canonical correlations. Neuropsychologia. 2018;115:
154-166.

Lacey EH, Skipper-Kallal LM, Xing S, Fama ME, Turkeltaub PE.
Mapping common aphasia assessments to underlying cognitive pro-
cesses and their neural substrates. Neurorehabil Neural Repair.
2017;31(5):442-450.

Tzourio-Mazoyer N, Landeau B, Papathanassiou D, et al.
Automated anatomical labeling of activations in SPM using a
macroscopic anatomical parcellation of the MNI MRI single-
subject brain. Neuroimage. 2002;15(1):273-289.

Basilakos A, Fillmore PT, Rorden C, Guo D, Bonilha L, Fridriksson
J- Regional white matter damage predicts speech fluency in chronic
post-stroke aphasia. Front Hum Neurosci. 2014;8:845.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

BRAIN COMMUNICATIONS 2022: Page 13 of I3 | 13

Catani M, Mesulam MM, Jakobsen E, et al. A novel frontal path-
way underlies verbal fluency in primary progressive aphasia.
Brain. 2013;136(8):2619-2628.

LiM, Zhang Y, Song L, et al. Structural connectivity subserving ver-
bal fluency revealed by lesion-behavior mapping in stroke patients.
Neuropsychologia. 2017;101:85-96.

Foulon C, Cerliani L, Kinkingnéhun S, et al. Advanced lesion symp-
tom mapping analyses and implementation as BCBtoolkit.
Gigascience. 2018;7(3):giy004.

Kertesz A. Western aphasia battery-revised. Harcourt Assessment,
Inc; 2007.

Nozari N, Faroqi-Shah Y. Investigating the origin of nonfluency in
aphasia: A path modeling approach to neuropsychology. Cortex.
2017;95:119-135.

den Ouden DB, Malyutina S, Basilakos A, et al. Cortical and
structural-connectivity damage correlated with impaired syntac-
tic processing in aphasia. Hum Brain Mapp. 2019;40(7):
2153-2173.

Lukic S, Bonakdarpour B, Ouden DD, Price C, Thompson C.
Neural mechanisms of verb and sentence production: A lesion-
deficit study. Procedia—Soc Behav Sci. 2013;94:34-35.

Henseler I, Regenbrecht F, Obrig H. Lesion correlates of patholin-
guistic profiles in chronic aphasia: Comparisons of syndrome-,
modality- and symptom-level assessment. Brain. 2014;137(3):
918-930.

Ivanova MV, Zhong A, Turken A, Baldo ]V, Dronkers NF.
Functional contributions of the arcuate fasciculus to language pro-
cessing. Front Hum Neurosci. 2021;15:6726635.

Forkel SJ, Thiebaut de Schotten M, Dell’Acqua F, et al. Anatomical
predictors of aphasia recovery: A tractography study of bilateral
perisylvian language networks. Brain. 2014;137(7):2027-2039.
Hope TMH, Seghier ML, Leff AP, Price CJ. Predicting outcome and
recovery after stroke with lesions extracted from MRI images.
Neuroimage Clin. 2013;2:424-433.

Laska AC, Hellblom A, Murray V, Kahan T, Von Arbin M. Aphasia
in acute stroke and relation to outcome. | Intern Med. 2001;249(5):
413-422.

Nys GMS, Zandvoort MJEV, Kort PLMD, et al. Domain-specific
cognitive recovery after first-ever stroke: A follow-up study of 111
cases. | Int Neuropsychol Soc. 2005;11(7):795-806.

van der Vliet R, Selles RW, Andrinopoulou ER, et al. Predicting
upper limb motor impairment recovery after stroke: A mixture
model. Ann Neurol. 2020;87(3):383-393.

Schlaug G, Marchina S, Norton A. Evidence for plasticity in white-
matter tracts of patients with chronic Broca’s aphasia undergoing
intense intonation-based speech therapy. Ann N Y Acad Sci.
2009;1169(1):385-394.



	Anterior connectivity critical for recovery of connected speech after stroke
	Introduction
	Current study

	Materials and methods
	Participants
	Connected speech assessment
	Neuroimaging acquisition and processing
	Statistical analysis
	Data availability

	Results
	Connected speech recovery from the acute stage of stroke
	Predicting connected speech recovery from acute white matter tract damage

	Discussion
	Connected speech impairments and recovery
	Acute white matter tract damage and connected speech recovery
	Other predictors of connected speech recovery
	Limitations

	Conclusion
	Acknowledgements
	Funding
	Competing interests
	Supplementary material
	References




