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Anterior connectivity critical for recovery 
of connected speech after stroke

Junhua Ding1 and Tatiana T. Schnur2,3

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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Graphical Abstract

Introduction
Left hemisphere stroke is a high-frequency and high-risk dis-
ease that profoundly affects communication by impairing the 
ability to produce words1,2 and combine them into con-
nected speech.3–6 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,7–9 but the neural predictors of 
the recovery of connected speech are unknown. In this 
large-scale longitudinal analysis (n = 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 

to retrieve grammatically marked words (pars opercularis5

cf.10) and their verbal quantity (i.e. number of total or dis-
tinct content words) and quality (i.e. content words/total 
words; pars opercularis3 cf.11). 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 gyrus5 cf.10). 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)4,6 and increased se-
mantic and unrelated word errors (posterior superior/middle 
temporal gyri and angular gyrus)12 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 topography13–15 (cf.11). 
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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.16,17 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).18–21

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).11,22 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),23 was also associated with speech fluency 
impairments.22 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,24,25 has not been directly found 
to impact either lexical or discourse aspects of connected 
speech.11,21 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.3 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)21,22, which connects the IFG (BAs 44, 45 and 47) 
with the superior anterior temporal lobe and posterior tem-
poral lobe.26,27 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 speech22 [cf.21 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).

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)22 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.21

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.3,18–20 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,28,29 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.

Current study
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)30,31 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.5 In contrast to speakers with chronic apha-
sia who typically have large lesions spanning adjacent cor-
tical regions,32–34 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,35–37 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).5,11,18–22 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.5 By examining longitudinal recovery 
in large sample sizes (>20 participants; total n = 40) at four 
time points while controlling for baseline performance,38,39

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
Participants
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 = 

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: n = 33, interval: M = 56 days, 
SD = 29, range = 23–124; post 6 months: n = 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.5,31,40,41 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 mm3;42 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.43 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)44 matched in age and education with the patient group 
(|t|’s < 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.

Connected speech assessment
Participants viewed a picture book of the Cinderella story45

for as long as they wished with printed text occluded, and 
then told the story in their own words without viewing the 
book.5,40 Connected speech narratives were transcribed 
and scored according to the procedures of QPA30,46,47 to 
yield 13 lexical–syntactic measures of connected speech. 
The transcription and QPA inter-reliability scoring was ori-
ginally reported in a previous study.40 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 (n = 65) 
in Ding et al.5 to calculate component scores for each partici-
pant. We used results from the Ding et al.5 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.,5 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 × interquar-
tile range or >75% quartile + 3 × 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.

Neuroimaging acquisition and 
processing
We acquired diffusion-weighted and high-resolution struc-
tural scans (T1 and T2 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 1 × 1 × 
4.5 mm, and 0.5 × 0.5 × 4.5 mm, respectively.

Acute lesions were delineated manually. We first 
co-registered the diffusion-weighted images with the high- 
resolution structural images (T1 or T2) using AFNI (https:// 
afni.nimh.nih.gov/).48 Lesions were delineated on the 
diffusion-weighted images, using ITK-snap (http://www. 
itksnap.org/pmwiki/pmwiki.php).49 Next, we normalized 
the individual structural images to the Colin-27 template/ 
MNI space using ANTs registration (http://stnava.github. 
io/ANTs/).50 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.51–53 We defined the tracts using a probabilistic atlas 
where voxels within white matter tracts were defined using 
a 50% probability criterion.25 Tracts were considered da-
maged if the intersection volume was above 100 mm3.

Statistical analysis
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.54,55 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/),56 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.1,57 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.58 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).

Data availability
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/
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Results
Connected speech recovery from the 
acute stage of stroke
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.

Predicting connected speech 
recovery from acute white matter 
tract damage
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 (n’s 
≥ 8; 29–45% of patients), whereas the PSAF and UF had 
damage to the fewest patients (n’s ≤ 7; 16–23% of patients). 
This pattern was also similar for those who were tested 
across all timepoints (LSAF, FAT, and IFOF n’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 

Figure 1 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.

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

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).

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac266#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac266#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac266#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac266#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac266#supplementary-data
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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.’s5 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% 

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 1 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

Fluency
Syntactic 
accuracy

Lexical 
selection

Structural 
complexity

Subacute 
(n= 31)

10/18 (56%) 4/5 (80%) 4/5 (80%) 2/3 (67%)

6 months 
(n= 31)

11/18 (61%) 6/7 (86%) 6/9 (67%) 4/5 (80%)

12 months 
(n= 25)

6/12 (50%) 3/3 (100%) 4/5 (80%) 3/3 (100%)

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.
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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.22,59

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;3 cf.60 for similar results in primary progressive 
aphasia), qualitative assessment of fluency59 and word gen-
eration during categorical fluency tasks.61,62 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 

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.
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with a qualitative 10-pt scale assessment (via the Western 
Aphasia Battery63) which captures other functions including 
prosody, syntax, and lexical retrieval.59 Additionally com-
plicating the picture, fluency is dependent on multiple cap-
acities (e.g. articulation, phonology, comprehension, 
working memory; cf.64). 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 
acutely5 and chronically.10,65–67 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 

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.
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of frontal connectivity for connected speech during re-
organization of function.

Other predictors of connected speech 
recovery
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.6,19,34,36,68–70; cf.18), lesion volume does not predict 
the degree of general language71 or domain-specific cognitive 
function recovery.72 Instead, initial performance was more 
important to the recovery degree (cf.71,72). 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.73

Limitations
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 

recovery of connected speech after stroke, as evidence sug-
gests its role in language recovery (cf.20,69,74).

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.
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