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CHAPTER 5 
Neural correlates for treatment-induced changes in 

spontaneous speech variables and communicative abilities in 

chronic aphasia 
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5.1. Introduction 

Post-stroke recovery in people with aphasia is a complex and diversified process 

comprised of spontaneous recovery and treatment-induced changes observed in 

acute, subacute, and chronic stages. The success of recovery depends on multiple 

factors, with structural properties (or damage) of specific brain areas being amongst 

the most important (Plowman et al., 2012). Investigating factors crucial for positive 

treatment-induced changes in chronic aphasia is essential due to the need to better 

understand underlying neural processes and the practical urge to determine the part 

of the clinical population for which high treatment costs at the chronic stage would 

be justified. 

Due to the complex nature of language deficits in aphasia, recovery can be 

tracked along various behavioral dimensions. One of the most common behavioral 

measures used in neuroimaging studies is overall aphasia severity, often 

established with comprehensive aphasia batteries (Bonilha et al., 2016; Goldenberg 

&Spatt, 1994; Hees et al., 2014; Kim & Jang, 2013; Zavanone et al., 2018). 

Another metric in aphasia studies focusing on recovery is the assessment of specific 

deficits, explicitly targeted by a given experimental treatment, for example, for 

anomia (Bonilha et al., 2016; Fridrikson, 2010; Meinzer et al., 2010; Menke et al., 

2009; Parkinson et al., 2009). However, unlike these experimental treatments, 

treatment in traditional clinical settings aims at reducing or compensating 

difficulties encountered in daily life. In aphasia, the main consequence of language 

impairments is a verbal communication deficit that affects the individual’s quality 

of life (Lam & Wodchis, 2010; Spaccavento et al., 2014). A substantial 

communication deficit is usually caused by severe nonfluency in spontaneous 

speech, that is also associated with worse performance on quality of life 

assessments (Bahia & Yu Shon Chun, 2014; Sinanović et al., 2012). However, the 

predictors of recovery in communicative abilities have not yet been studied 

thoroughly. Only one study related improvement in communicative skills to 

changes in white matter tracts. In this single-case study, only the Arcuate fasciculus 



Chapter 5 Neural correlates for treatment induced changes 

 120 

(the AF) and the Frontal aslant tract (the FAT) were examined bilaterally and were 

found to increase in an individual with chronic aphasia after language therapy 

combined with pharmacological treatment (Berthier et al., 2017).  

The current study aims to provide evidence on the neural correlates of 

treatment-induced improvement of spontaneous speech, communicative skills, and 

aphasia severity in chronically aphasic speakers. In previous chapters, we 

established that the spontaneous speech of individuals with chronic aphasia 

improves at the group level after intensive multidisciplinary rehabilitation 

treatment. In some individuals, communicative abilities and aphasia severity 

improved as well. We also investigated which parameters of white matter structures 

correlated with the baseline performance on language tasks in speakers with 

chronic aphasia when no treatment was applied. It is unknown whether greater 

treatment-induced improvement can be associated with the same structures as lack 

of improvement in chronic aphasia. It has been shown that short- and long-term 

outcome in aphasia, as well as spontaneous and treatment-induced recovery, can 

be related to different brain regions (Berthier et al., 2011; Zavanone et al., 2018). 

With this in mind, in this chapter we will investigate the bilateral neural correlates 

of treatment-induced changes in the same behavioral variables considered in 

Chapter 3: spontaneous speech, communicative abilities, and aphasia severity.  

 

5.1.1. Mean length of utterance and fluency in spontaneous speech 

As highlighted in Chapter 3, the mean length of utterance (MLU) is one of the 

variables measuring grammatical abilities and fluency in aphasia. Considering 

limited sources on neural correlates for treatment-induced changes in MLU, we 

also review studies that used other approaches to measure fluency in spontaneous 

speech.  

Interestingly, most of the available literature on post-treatment improvement 

in MLU or speech fluency reported links between recovery and the right 

hemisphere (RH) structures. Naeser and Helm-Estabrooks (1985) demonstrated 
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that less improvement in grammatical speech characteristics as measured with 

scales of the Boston Diagnostic Aphasia Examination (the BDAE) after melodic 

intonation therapy (MIT) was observed in those nonfluent speakers that had lesions 

either in the RH or in Wernicke’s area as opposed to those who had lesions only in 

Broca’s area. Another single-case report associated improvement of spontaneous 

speech, auditory comprehension, repetition, and naming after (non-specified) 

therapy with microstructural changes in the corpus callosum and its connections 

with the left superior temporal gyrus (the STG) and the right inferior frontal gyrus 

(the IFG), the homologue of Broca’s area (Yu et al., 2018). These findings suggest 

that post-treatment recovery, especially in speech production, can be at least 

partially attributed to the physical properties of RH structures. 

Amongst white matter tracts, the right AF and FAT were highlighted as 

structures related to treatment-induced speech fluency changes in chronic aphasia. 

In a study that focused only on the right AF, an increased number of fibers in this 

tract showed a positive correlation trend (non-significant, probably due to the low 

number of participants) with an increase in correct units of information (CIU) per 

minute in spontaneous speech after MIT in six nonfluent individuals (Schlaug et 

al., 2009). In contrast, another study that tested nonfluent individuals after the same 

type of therapy found a negative correlation between the improvement in CIU/min 

and the increase in the fractional anisotropy (FA) in the white matter below right 

pars opercularis – one of the cortical terminals of the AF and the FAT, located in 

the right Inferior Frontal Gyrus (IFG) (Wan et al., 2014). The difference in 

methodological approaches can explain the dissimilarities in results. Although both 

studies used the diffusion tensor imaging (DTI) as their neuroimaging analysis tool, 

Wan and colleagues (2014), unlike Schlaug and colleagues (2009), did not dissect 

any particular tracts but investigated specifically the white matter area below their 

cortical regions of interest. As mentioned before, the reinforcement in the 

connection between the corpus callosum and the right IFG was also associated with 

improvement in different linguistic variables, including the spontaneous speech 

rating scale of the Chinese version of the Western Aphasia Battery (Yu et al., 
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2018). Notably, the same research group demonstrated that left AF damage or 

preservation do not influence improvement on any of the BDAE or WAB subtests, 

including those related to spontaneous speech (Yu et al., 2019).  

Finally, a unique single-case study investigated combined pharmacological 

(Donepezil) and speech therapy outcome in a right-handed individual suffering 

from chronic aphasia due to a stroke in the RH. The authors reported an increase 

in CIU, as well as inspeech fluency (together with other behavioral variables that 

will be mentioned below), which the authors associated with an increase in the 

intact right FAT and a decrease in the partially damaged right AF (Berthier et al., 

2017).  

 

5.1.2. Communicative abilities 

A thorough search of the relevant literature yielded only one study investigating 

the relationship between pharmacological and language treatment-induced changes 

in communicative skills. As mentioned in the previous section, Berthier and 

colleagues (2017) described a person with a non-canonical distribution of the 

language network in the brain who suffered from the RH stroke. One of the used 

behavioral examination methods was the Communicative Activity Log 

(Pulvermüller & Berthier, 2008) – a task to measure communication in daily life 

activities. As with spontaneous speech, a post-treatment improvement was 

observed in participant’s communicative skills, with these changes being linked to 

a volumetric increase in the intact right FAT and a decrease in the damaged right 

AF. 

 

5.1.3. Aphasia severity 

Research on treatment-induced improvement has been focused on aphasia severity 

more often than on communicative abilities. As mentioned in previous chapters, 

aphasia severity can be assessed through different methods, with various aphasia 

batteries or screening tests being the most commonly used tools. In this section, we 
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discuss neuroimaging studies that employed these approaches. To do so, it is 

essential to start with the study by Basso and Farabola (1997), in which the authors 

state that albeit more critical in large cohort studies, lesion site fails to predict 

aphasia severity in single cases. 

Post-treatment decrease in aphasia severity, unlike spontaneous speech 

fluency or communication skills, have been related to the damage or preservation 

of certain structures in the left hemisphere (LH). For instance, one such area is 

located in the left temporal lobe. Less recovery on the Aachen Aphasia Test (Huber 

et al., 1983) was observed in individuals with lesions to the left Wernicke’s area 

(Goldenberg & Spatt, 1994). The importance of the left temporal lobe was also 

reported by Zavanone and colleagues (2018). More severe aphasia, as measured 

with the Aphasia Rapid Test (Azuar et al., 2013) in six-months post onset in treated 

aphasic individuals (the amount of treatment in this study was used only as a 

confounding covariate), correlated with damage to the ventral pathway at the level 

of the left uncinate fasciculus (the UF) and of the inferior fronto-occipital 

fasciculus (the IFOF) and with damage to the dorsal pathway at the level of the left 

AF. Complete damage of left AF was also associated with a lower aphasia quotient 

on the Korean version of the WAB (Kim & Na, 2004) after spontaneous recovery 

(Kim & Jang, 2013). 

The right hemisphere structures associated with treatment-induced changes 

in aphasia severity measured with the WAB aphasia quotient were again 

highlighted in a single-case study by Berthier and colleagues (2017). A post-

treatment decrease in aphasia severity coincided with volume increase in the right 

FAT and volume decrease in the right AF. 

 

5.1.4. The current study  

The objective of the current study was to examine the bilateral white matter 

correlates of treatment-induced changes in grammatical abilities in spontaneous 

speech (measured by MLU), verbal communicative abilities (measured by the 
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ANELT), and aphasia severity (measured by the Token Test – TT) in Russian-

speaking individuals with chronic aphasia. Specifically, three research questions 

were addressed: 

(1) Which structural properties of white matter tracts in both hemispheres 

correlate with treatment-induced changes in mean length of utterance in 

chronic aphasia? 

(2) Which structural properties of white matter tracts in both hemispheres 

correlate with treatment-induced changes in communicative abilities in 

chronic aphasia? 

(3) Which structural properties of white matter tracts in both hemispheres 

correlate with treatment-induced changes in aphasia severity in chronic 

aphasia? 

 

In the light of previous findings, we hypothesized that treatment-induced 

increase in MLU would be linked to the structural properties of the right AF and 

the right FAT, both of which terminate in the IFG (Berthier et al., 2017; Schlaug 

et al., 2009; Wan et al., 2014; Yu et al., 2018). It was unclear what to expect 

regarding the LH structures, due to the lack of available literature. 

Regarding the neural correlates of improvement in communicative abilities, 

we made no predictions based on the lack of literature. The single-case described 

by Berthier and colleagues (2017), being the only study of its kind, only highlighted 

possible interaction between changes both in the right AF and FAT and 

communicative skills.  

We expected that lesser decrease of aphasia severity would be linked to 

damage of associative tracts of the LH terminating in the temporal lobe and the 

IFOF, as previously demonstrated in several studies (Goldenberg & Spatt, 1994; 

Kim & Jang, 2018; Zavanone et al., 2018). Specifically, the tracts that we predicted 

to be correlated with post-treatment changes in aphasia severity were the Inferior 

longitudinal fasciculus (the ILF), the UF, the AF, and the IFOF. No predictions 

were made regarding the RH, as the only study that reported on the connection 
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between post-treatment changes in white matter structures and aphasia severity was 

a single case report included in Berthier and colleagues (2018), mentioned above. 

 

5.2. Methods  

5.2.1. Participants 

The same group of 27 individuals with chronic aphasia as in Chapter 4 participated 

in this study. More detailed information on inclusion can be found there. 

Participants were speakers with nonfluent (n = 18), fluent (n = 5), and 

unclassifiable (n = 4) aphasia. They were native speakers of Russian who suffered 

from a LH ischemic (n = 24) or hemorrhagic stroke (n = 2), or an ischemic stroke 

with hemorrhagic transformation (n = 1). Two participants were bilingual 

(Russian-Ukrainian), but Russian was their dominant language. There were 13 

women and 14 men. Their age ranged from 41 to 71 years (M = 56.7, SD = 8.3), 

and their years of formal education from 10 to 20 (M = 14.4, SD = 2.47). The time 

post onset, calculated as the interval between the cerebrovascular accident and MRI 

acquisition, ranged from 6 to 112 months (M = 33.6, SD = 27.76). Given that all 

participants were at the chronic stage, time post onset was not a criterion for 

exclusion, as it does not influence treatment outcomes in chronic aphasia (Moss & 

Nicholas, 2006). No restrictions on aphasia type or severity were applied. 

Participants were excluded only if they were unable to comprehend or follow the 

verbal instructions provided during the experiments. Aphasia type was diagnosed 

by experienced speech and language pathologists according to Luria’s 

classification (Luria, 1970, 1980; Luria & Tsvetkova, 1968). In order to facilitate 

comparison for the purposes of this study, diagnoses were transformed according 

to Akhutina (2016). The nonfluent group included dynamic, efferent motor and 

afferent motor aphasia types, and their combinations. The fluent group comprised 

of semantic, acoustic-amnestic, and sensory aphasia, and their combinations. The 

mixed group consisted of cases that could not be classified as fluent or nonfluent. 
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More information on diagnosis is provided in Chapters 2 and 3.  Participants gave 

informed consent prior to participation in the study. Further individual 

demographic data can be found in Appendix B1.  

All participants were admitted to the Center for Speech Pathology and 

Neurorehabilitation (the Center) in Moscow for intensive, multidisciplinary 

treatment. During treatment, participants followed the standard deficit-specific 

treatment program; therefore, individuals with the same type and severity of 

aphasia followed the same program, but the specific exercises could vary among 

the speech and language pathologists. During the entire stay at the Center, each 

participant received individual and group therapy sessions provided by trained 

speech and language pathologists. Treatment was provided five days a week. The 

amount of therapy varied from 80 to 160 minutes/day. Due to administrative 

limitations, it was impossible to give every participant the same amount of therapy. 

As already mentioned, no further information about the content of speech therapy 

can be provided, however, the current project’s question is not whether speech 

therapy is effective, but rather whether tractography can help predict language 

outcome after treatment. Participants stayed in the Center between 25 and 45 days 

(mean = 35.5, SD = 7). Further information on the treatment and in-hospital stay 

for each participant can be found in Appendix B1. The study was approved by the 

local ethics committee.  

 

5.2.2. Language assessment and procedure 

A combination of three tasks was used to assess language skills: a semi-structured 

interview, the ANELT (Blomert et al., 1994), and the Token Test (De Renzi & 

Vignolo, 1962). 

 The interview consisted of open-ended questions referring to the present 

and the past, with a detailed description of the interview method and the analysis 

of samples provided in Chapter 2. As in the studies presented in the previous 
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chapters, the MLU (in words) was considered a global measure of speech output 

and syntactic complexity.  

The Russian version of the ANELT (Blomert et al., 1994; Russian 

adaptation: Akinina, n.d.) was used to assess verbal communicative abilities. The 

test includes ten short scenarios of everyday life situations that require an adequate 

verbal reaction. The maximum score on this task is 50. A more detailed description 

can be found in Chapter 2. 

The Token Test via App (De Renzi & Vignolo, 1962; De Renzi & Faglioni, 

1978; Akinina et al., 2017; Bastiaanse et al., 2016) was used to determine the 

severity of aphasia. In this study, a tablet-based version of the Token Test was used 

in which participants follow pre-recorded audio instructions and interact with 

“tokens.” The test automatically generates the participant’s score (ranged between 

0 and 36) directly at the end of the testing session. The cut-off value for classifying 

a speaker as aphasic in the Russian version is 29, with values below this threshold 

indicating aphasic linguistic abilities (Akinina et al., 2017). 

Each participant was tested four times, a few weeks before hospitalization 

(test1), immediately after hospitalization (test2), before the discharge (test3), and 

a few weeks after the discharge (test4). Based on the research questions, this study 

focuses on the test2 and test3 data points. The mean interval between these two 

assessments was 30 days (21 – 49; SD = 6.6). The examination was carried out 

within one session, albeit some assessments were conducted over several test 

session, if requested by participants. In all examinations, breaks were scheduled to 

ensure participants’ comfort. 

The interview and ANELT were audio-recorded. The Token Test required 

the use of a tablet device. Participants were already familiar with these procedures 

due to their participation in the studies presented in previous chapters. There were 

two parallel protocols of experimental procedure, differing in order of assessment 

(interview at the beginning vs. interview at the end of the assessment) and version 

of ANELT (version A vs. version B). The type of protocol was initially assigned 

based on participant’s experimental number (even vs. uneven), and order of 
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assessment was varied for each participant depending on the experimental time 

point (test1 vs. test2 vs. test3). 

 

5.2.3. Neuroimaging acquisition and preprocessing 

Behavioral assessments and MRI examinations were carried out when the patients 

were admitted to the Center (test2). Mean time between behavioral assessment and 

MRI examination was 4.4 days (0-16 days; SD = 3.6), with behavioral asssessment 

always taking place first. MRI data were collected using a 1.5T Siemens Magnetom 

Avanto scanner.  

 A high-resolution structural T1 (1 x 1 x 1 mm), a T2-weighted, and fluid-

attenuated inversion recovery (FLAIR) volume (0.5 x 0.5 x 4.8 mm) of the whole 

brain were acquired for each individual. Also, axial diffusion-weighted imaging 

(DWI; 2.5 x 2.5 x 2.5 mm, 96 x 96 x 50 matrix) data were collected within the 

same scanning session. The DWI sequence consisted of two repetitions with 64 

diffusion-weighted directions (b-value 1000 s/mm2) each, and one non-weighted 

image with opposite phase encoding. Two additional non-weighted images (also 

with opposite phase encoding) were acquired. 

 

5.2.4. MRI preprocessing: lesion masks and tractography 

MRI preprocessing was conducted similarly to what was previously described in 

Chapter 4. Acquired images were first converted from DICOM to NIfTI format. 

Further preprocessing was performed using the SPM12 software (Penny et al., 

2006). T1, T2, and FLAIR images were manually reoriented to the AC-PC plane, 

and the T1 images were resliced to the MNI152 (Grabner et al., 2006) template 

resolution (1 x 1 x 1 mm) with 4th degree B-spline transformation. T2 and FLAIR 

images were co-registered and resliced to the new T1 images using trilinear 

transformation. Transformed T1, T2, and FLAIR images were used to manually 

delineate individual lesion masks in ITK-snap (Yushkevich et al., 2006). The 

boundaries of a lesion were established based on the tissue damage noticeable at 
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T1 and then corrected and expanded with the areas containing hemosiderin or 

gliosis visible on T2 and FLAIR, respectively. All masks were verified by a 

researcher experienced in lesion delineation. In some cases, a semi-automatic 

random-forests algorithm within ITK-snap (Yushkevich et al., 2016) was used to 

help with the preliminary delineations which were manually verified and corrected 

later. Then, masks were normalised to the MNI152 template with a custom 

MATLAB script based on the SPM8 unified segmentation/normalization tool 

(Turken, D’Esposito & Dronkers, 2010; for a detailed description, see Ivanova et 

al., 2018).  The normalised lesion mask overlay to the MNI template was then 

visually verified against the lesion mask overlay on T1 in the native space. 

Significant inconsistencies, such as lack of or excessive lesion in the cortical or 

subcortical structures, and lesion mask protruding outside the meninges or inside 

the ventricles, were manually adjusted in the normalised lesion mask.   

DWI data were first preprocessed and corrected for artefacts, such as eddy 

current, head motion, and EPI distortions. Additionally, the volume of the brain 

mask was extracted. This preprocessing stage for the DWI data was performed 

using the Oxford Centre for FMRIB Software Library (FSL; Jenkinson et al., 

2012).   

The following preparation was executed in ExploreDTI (Leemans et al., 

2009) using the deterministic diffusion tensor imaging approach. The seed-point 

voxel resolution was 2 x 2 x 2 mm. The threshold for streamlines tractography was 

set at FA > 0.15. The streamline propagation was stopped either when FA < 0.15 

or when the angle between the connected voxels was ≥ 45 degrees. At the final step 

of preprocessing, FA and MD maps were extracted. 
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5.3. Analysis 

5.3.1. Spontaneous speech analysis 

The procedure used for spontaneous speech analysis was described in detail in 

Chapter 2 and Chapter 3. Audio samples obtained during the interview and ANELT 

tasks were pseudo-anonymised by a person who was not involved in data collection 

or analysis. This person assigned new filenames and removed information on dates, 

participants’ identity, or any indications of the time points of the assessment.  

MLU was calculated from 200-word samples taken from the spontaneous 

speech transcript. In some severe aphasia cases, where participants were not able 

to produce 200 words in their interviews, samples of at least 150 words were 

included in the analysis. This was done to avoid excluding too many participants 

with severe aphasia. Three participants produced such a sample between 150 and 

200 words at one time point. One participant produced a similarly short sample at 

both assessments. A sample shorter than 150 words was produced at one time point 

by one participant. It was treated as a missing value. MLU (in words) was 

calculated as described in Chapter 2. 

 

5.3.2. Tractography analysis 

The structures of interest in this study were the long associative tracts usually 

related to language processing. These are the anterior, posterior, and long segments 

of the AF, the FAT, the UF, the IFOF, and the ILF. The analysis was performed on 

both hemispheres. The tracts were reconstructed manually in TrackVis (Wang et 

al., 2007) using anatomical regions of interest. The procedure for reconstruction 

and seeding regions of interest for each tract is described in Chapter 4. The 

descriptive measures of each tract, such as volume, length, and fractional 

anisotropy (FA) values, were further extracted. Tract volume and length were 

normalised to the volume of the individual’s brain mask. The structural parameters 

thus obtained were used together with behavioral data in the statistical analysis. 
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5.3.3. Statistical analysis 

The statistical analysis of the acquired data was conducted using R (R-core-team, 

2019). Multiple linear regression models (‘lme4’ R package, Bates et al., 2014a) 

were used to answer the research questions. 

As shown in Chapter 3, results for the participants between two baseline 

measurements test1 and test2 did not show any significant changes, thus, we did 

not consider the test1 outcome in further analyses. The dependent variables used 

were MLU, the ANELT, and the Token Test scores at test3. At each step of the 

analysis, baseline performance at test2 was used as a covariate to control for initial 

differences in participants’ performance. The first-level models also included age 

and volume of the native lesion mask corrected to the individual’s brain volume. 

These three variables were controlled throughout each step of the statistical 

analysis.  

In order to control for additional and potentially critical variables gender, 

educational level (in years), type of stroke (ischemic vs. hemorrhagic), time post 

onset (in months), and number of days between test2 and test3 (in days) were 

incrementally introduced in the model. Subsequently FA, corrected volume, or 

corrected length of the three segments of the AF, the FAT, the UF, the IFOF, the 

ILF in both hemispheres were also incrementally added to the model. Different 

tractography parameters were always tested independently. Factors that did not 

significantly improve the model (threshold of a = 0.05) were excluded from further 

analysis. At each step, an ANOVA test was used for model comparison.  

 

5.4.  Results  

5.4.1. Mean length of utterance 

The summary statistics for MLU can be found in Table 5.1. MLU values at test3 

correlated to the baseline MLU at test2 (F (1, 24) = 83.76, p < .001, R2 = .768). 

Neither age (ß = -.015, SE = .023, t = -.641, p = .528), nor lesion volume (ß = -
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10.645, SE = 7.305, t = -1.457, p = .159) influenced the MLU. One demographic 

and one treatment-related variable were significant for MLU at test3. Male 

participants showed longer post-treatment MLU (ß = -.806, SE = .321, t = 2.509, p 

= .020). An even stronger relation was found for the number of days between test2 

and test3 (ß = .085, SE = .021, t = 4.09, p < .001). None of the remaining 

demographic- or stroke-related factors influenced MLU.  

When tract statistics were added to the model with age, lesion volume, 

gender, and the number of days elapsed between test2 and test3 (F (5, 20) = 34.1, 

p < .001, R2 = .869), the volume of the long segment of the left AF was negatively 

correlated with the dependent variable (ß = -146400, SE = 63000, t = -2.324, p = 

.031, F (6, 19) = 35.56, p (model) < .001, R2 = .892). However, this effect was 

present only when the number of days between test2 and test3 was added to the 

model. 

In the RH, the length of the posterior segment of the AF was positively 

correlated with the MLU at test3, but only when the number of days between test2 

and test3 was removed from the model (ß = 141700, SE = 58000, t = 2.443, p = 

.024, F (5, 20) = 29.3, p (model) < .001, R2 = .85). 

The model that explained most of the variability (R2 = .85) in MLU at test3 

included the length of the long segment of the right AF, age, lesion volume, gender, 

and the number of days between test2 and test3.  

 

5.4.2. Communicative abilities 

The summary statistics for the ANELT can be found in Table 5.1. The scores of 

the ANELT at test2 and test3 were correlated (F (1, 23) = 46.29, p < .001, R2 = 

.654). Neither age (ß = .032, SE = .134, t = .24, p = .812), nor lesion volume (ß = -

16.585, SE = 44.62, t = -.372, p = .714) were significant for the post-treatment 

ANELT scores at test3, both separately and when added to the same model (F (3, 

21) = 14.24, p < .001, R2 = .623). None of the remaining non-anatomical variables 

were correlated with the ANELT scores at test3.  
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In the RH, only the volume of the long segment of the AF correlated with 

ANELT scores at test3 (ß = 795000, SE = 351800, t = 2.260, p = .035, F (4, 20) = 

14.04, p (model) < .001, R2 = .685). This model also explained most of the 

variability in the data (R2 = .685).  

There were no tracts in the LH that were significant for the post-treatment 

ANELT scores.  
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Table 5.1. Partial correlation coefficients of tractography indices for long 
associative tracts with MLU, and ANELT and Token Test scores, taking baseline 
scores, age, and lesion volume into account. For MLU, sex and longevity of 
treatment in days were also controlled for.  

 
Note: +In the RH, length of the posterior segment of the AF was positively 
correlated with the MLU at T3, but only when the number of days between T2 and 
T3 were removed from the model (ß = 141700, SE = 58000, t = 2.443, p = .024, F 
(5, 20) = 29.3, p (model) < .001, R2 = .85). 
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5.4.3. Aphasia severity 

The statistics for the Token Test are summarized in Table 5.1. The baseline 

performance at test2 influenced the results at test3 (ß = .827, SE = .105, t = 7.889, 

p < .001, F (1, 21) = 62.24, p (model) < .001, R2 = .736). The results of the Token 

Test at test3 were not dependent on age (ß = .043, SE = .094, t = .455, p = .654) or 

on lesion volume (ß = -15.45, SE = 30.06, t = -.514, p = .613). Neither age nor 

lesion volume were informative predictors of Token Test score at test3, with the 

respective model not being significantly better than the baseline (F (3, 19) = 19.21, 

p < .001, R2 = .713). 

In the LH, the parameters of the long and posterior segments of the AF were 

correlated with the scores on the TT. All three measured parameters of the long 

segment of the AF were positively correlated with the post-treatment Token Test 

scores (Volume: ß = 735800, SE = 285700, t = 2.576, p = .019, F (4, 18) = 20.33, 

p (model) < .001, R2 = .779; FA: ß = 12.254, SE = 4.847, t = 2.528, p = .021, F (4, 

18) = 20.09, p (model) < .001, R2 = .776; Length: ß = 89200, SE = 36090, t = 2.472, 

p = .024, F (4, 18) = 19.81, p (model) < .001, R2 = .774). In the posterior AF 

segment, FA (ß = 8.542, SE = 3.664, t = 2.332, p = .032, F (4, 18) = 19.13, p 

(model) < .001, R2 = .767) and length (ß = 89300, SE = 37440, t = 2.385, p = .028, 

F (4, 18) = 19.38, p (model) < .001, R2 = .77) were significantly correlated with the 

post-treatment Token Test results.  

The white matter correlates of the improvement in Token Test scores in the 

RH were the UF and the IFOF. In both tracts, the FA was positively correlated with 

post-treatment Token Test scores (the UF: ß = 106.721, SE = 44.066, t = 2.422, p 

= .026, F (4, 18) = 19.56, p (model) < .001, R2 = .771; the IFOF: ß = 63.615, SE = 

29.716, t = 2.141, p = .046, F (4, 18) = 18.27, p (model) < .001, R2 = .758). 

Two complex models explained the variability in post-treatment Token Test 

scores best. The first one included length values of the long and posterior segments 

of the left AF and the right UF (F 6, 16) = 18.97, p (model) < .001, R2 = .83). The 
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second model comprised FA values of the long segment of the AF and the right 

IFOF (F (5, 17) = 18.68, p (model) < .001, R2 = .8). 

 

5.4.4. Summary of the results 

The results of this study highlighted the white matter correlates for MLU, ANELT, 

and the Token Test scores (Figure 5.1). Lesion size did not influence any of these 

variables.  

Treatment-induced changes in MLU, a measure of grammatical ability, were 

negatively correlated with the volume of the long segment of the left AF. This 

shows that less improvement was observed in people with a thicker (more 

preserved) long segment in the left hemisphere. Nevertheless, this interaction was 

present only when the length of treatment in days was controlled for. In contrast, 

length of the posterior segment of the right AF was positively correlated with post-

treatment MLU measures only when the length of treatment in days was not taken 

into account. In other words, more improvement was present in individuals with a 

longer posterior segment of the right AF regardless of treatment duration.  

The improvement in communicative abilities measured by the ANELT was 

solely associated with a larger volume of long segment in the right AF. No other 

neural correlates were found for the ANELT in our study. 
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Figure 5.1. Visual representation of tracts, with parameters significantly correlated 
with treatment-induced changes in MLU, ANELT, or Token Test scores 
highlighted. Positively correlated tracts appear in shades of red, and negatively 
correlated tracts in shades of blue. Tracts: 1 – long segment of the arcuate 
fasciculus; 2 – posterior segment of the arcuate fasciculus; 3 – uncinate fasciculus; 
4 – inferior fronto-occipital fasciculus. 

 

As for pre- vs. post-treatment changes in the Token Test scores, four white 

matter tracts were found to be significant predictors in this study, reflecting 

correlation to aphasia severity. In the LH, higher values in measurements of the 

long (volume, FA, length) and the posterior (FA, length) segments of the AF were 

associated with an increase in the Token Test scores. In the right hemisphere, the 

significant parameter was FA of the UF and the IFOF. These results summarize as 

follows: positive post-treatment changes in aphasia severity were observed in cases 

with a preserved dorsal streamline within the LH, and a more structurally profound 

ventral streamline in the RH. 
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5.5. Discussion  

The results of this study provide insights on white matter structures associated with 

treatment-induced improvement in chronic aphasia. We aimed to establish neural 

correlates for changes in spontaneous speech, communicative abilities, and aphasia 

severity variables. None of the investigated variables were affected by lesion size. 

 

5.5.1. White matter correlates for improvements of mean length of 

utterance 

The first research question was which structural properties of white matter tracts 

correlate with treatment-induced changes in MLU in chronic aphasia. We provided 

an answer to this question, and our expectations on specific white matter structures 

interacting with improvement in MLU were partially met.  

As expected, the structural properties of the right AF were correlated with 

improvement in MLU. The longer posterior segment of the right AF was associated 

with a higher post-treatment increase in MLU. When comparing these results with 

previous findings, it is important to bear in mind that in our analysis, unlike in other 

studies, the AF was represented by its three segments separately. Previously, in 

agreement with our results, an increased number of fibers in the right AF measured 

with DTI in six speakers with chronic aphasia was associated (as a trend) with 

higher CIU/minute in spontaneous speech after MIT (Schlaug et al., 2009). Another 

study on a single participant indirectly supported our finding by associating 

increased connectivity between the corpus callosum and the right IFG, one of the 

cortical terminals of the AF, with improvement on several behavioral metrics, 

including the spontaneous speech scale of the WAB (Yu et al., 2018). Although the 

particular role of the right AF in language is yet to be discovered, studies on tumor 

patients suggest that the right AF supports language function when the left AF is 

damaged or removed and facilitates compensation mechanisms and recovery 

(Chernoff et al., 2020; Jehna et al., 2017).  
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Our second expectation regarding the interaction between the structural 

parameters of the right FAT and the increase of MLU was not met. This prediction 

was based on findings provided by studies methodologically different from ours. 

First of all, similarly to the right AF, we assumed that the right FAT could be 

related to the post-treatment changes in the MLU based on the observation of the 

bilateral connectivity change following treatment in the right IFG, already 

discussed in the previous paragraph (Yu et al., 2018). However, it was not the case 

for the FAT, probably because the FAT and AF only share one frontal terminal in 

Broca’s area. Another single-case report that does not confirm our results was 

performed on a right-handed aphasic speaker who suffered from a stroke in the RH 

(Berthier et al., 2017). In contrast to our findings, the post-therapy improvement 

on behavioral variables, including the number of CIU and scores for the speech 

fluency scale of the WAB, coincided with an increase in the volume of an intact 

right FAT and a decrease in the partially damaged right AF. Such difference in 

results can be explained by the atypical lateralization of language function in the 

participant and by different treatment protocols that included additional 

pharmacological treatment.  

An unexpected interaction with an increase in MLU was found for the long 

segment of the left AF. Lesser improvement in spontaneous speech was associated 

with thicker, hence, more preserved left AF. A possible explanation is that 

participants with intact left AF initially perform better (and even at the ceiling 

level) than those in whom the left AF is damaged. A similar observation was 

reported in Chapter 4. This finding is indirectly supported by previous research. 

One study did not find any significant influence of damage to the left AF on the 

post-treatment improvement in language functions, including spontaneous speech 

(Yu et al., 2019). Based on an anatomically less detailed analysis, Naeser and 

Helm-Estabrooks (1985) demonstrated that better response to treatment as 

measured by ratings for phrase length and grammatical form was observed in 

patients with lesions restricted to Broca’s area as compared to those with bilateral 

lesions or lesions in Wernicke’s area. This also supports the general conclusion of 
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this subsection, as our results suggest that greater treatment-induced improvement 

of syntactic complexity in spontaneous speech in chronic aphasia relies on a more 

prominent right AF. At the same time, these changes are more noticeable in people 

with damage to the left AF.  

 

5.5.2. White matter correlates of communicative abilities 

The second research question concerned the structural properties of white matter 

tracts in both hemispheres that correlate with treatment-induced changes in 

communicative abilities in chronic aphasia. 

Due to the lack of previous research, we could not make any predictions on 

this issue. Consistent with our findings for spontaneous speech, the anatomical 

correlate for the treatment-induced improvements in communicative abilities was 

the right AF. In particular, a thicker long segment of the right AF was associated 

with higher ANELT scores after treatment. The only study that tried to link the 

post-treatment changes in communicative skills with neuroimaging parameters was 

the single-case report by Berthier and colleagues (2017). Contrary to our results, in 

their study, improvement on the communication task was associated with a volume 

decrease in the damaged right AF and a volume increase in the intact right FAT. 

However, these observations should be treated with caution, considering that the 

single participant suffered from crossed aphasia.  

 

5.5.3. White matter correlates of aphasia severity 

The third and final research question addressed in this study was which structural 

properties of white matter tracts in both hemispheres correlate with treatment-

induced changes in aphasia severity in chronic aphasia.  

Based on the available evidence, we predicted that post-treatment changes 

in aphasia severity measured by the Token Test would correlate with the 

associative LH tracts terminating in the temporal lobe. These include the AF, the 

ILF, and the UF. No predictions were made regarding the RH structures. 
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Our expectations were partially met. The only structure terminating in the 

left temporal lobe that correlated with aphasia severity was the left AF. In 

particular, the parameters that positively correlated with reduced aphasia severity 

were all the three measured metrics of the long segment of the left AF, the FA, and 

the length of the posterior segments of the left AF. Both these segments terminate 

in the temporal lobe cortices, particularly in the Wernicke’s area located in the left 

STG. Our results regarding the left AF are in agreement with previous observations 

of treatment-induced changes in the severity of chronic aphasia. The left temporal 

lobe appeared to play a significant role in the response to treatment, as a poorer 

improvement on the AAT was associated with lesions to Wernicke’s area 

(Goldenberg & Spatt, 1994). Our observations were also supported by experiments 

investigating exclusively the white matter. Similarly to our study, the structural 

parameters of the AF were previously correlated with improvement on aphasia 

severity measured with the AQ of the WAB (Kim & Jang, 2013). Another study 

that looked at the time course of recovery as measured by Aphasia Rapid Test but 

had no specific interest in treatment-induced changes partially agreed with our 

findings, as more severe aphasia cases were found in individuals with damage not 

only to the left AF but also to the left UF and the IFOF (Zavanone et al., 2018). 

Although we also expected to find the left UF, together with the left ILF, to be 

significant for improvement on the TT, this was not the case for our results.  

All the studies mentioned in this section so far had at least one major 

difference from our design: they did not investigate the involvement of the RH 

structures in recovery. Due to the lack of evidence, we did not make any 

assumptions regarding the role of RH tracts in post-treatment aphasia severity. 

Nevertheless, our results suggest that the structural parameters of the right UF and 

IFOF are positively correlated with the post-treatment increase of the Token Test 

scores. Although our analyses do not allow the identification of critical voxels in 

the tracts to which the changes we observed can be attributed, an explanation for 

why parameters of both the UF and the IFOF correlated with the post-treatment 

outcome of the Token Test could be that these tracts run side by side in the frontal 
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lobe, both terminating in the orbitofrontal cortex, an area associated with decision 

making and memory (e.g., Sharpe & Schoenbaum, 2016).  

It is worth noting that in the study described in Chapter 4, more severe 

aphasia at baseline was associated with damage to the left UF and more prominent 

right UF. There, we speculated that the disruption of inner speech, represented by 

reduced verbal working memory is caused by the damage the left UF. We assumed 

that the contrasting results regarding the involvement of the left and right UF were 

due to counterbalancing involvement of the contra-lesional right-hemisphere 

homologue, when verbal working memory is disrupted by damage to its natural 

neural substrate – the left UF. A similar alternating interaction between homologue 

tracts and performance at baseline or after treatment was already discussed in this 

Chapter in the section on MLU. Damage to the left AF had a negative influence on 

the baseline MLU but correlated positively with post-treatment improvement, 

probably due to the initially better results in participants with preserved left AF. 

Therefore, we observe that the same structures can play different roles in the same 

behavioral variables in the chronic stage. Also, they may influence treatment effect, 

depending on their lateralization. Results suggest that the initial condition of some 

language functions in aphasia depends on its substrates in the left hemisphere, 

while rapid treatment-induced changes correspond more with the preserved RH 

homologues of the same structures. This conclusion is supported by activation 

studies where training success was facilitated by bilateral changes in activation 

(Meinzer & Breitenstein, 2008; Mohr, 2017). 

To conclude, the current study highlighted the structural white matter 

correlates of treatment-induced improvement of grammatical abilities in 

spontaneous speech, of communicative abilities, and of aphasia severity in chronic 

disorders of language. The better recovery of grammatical ability in spontaneous 

speech, as measured by the MLU, correlated positively to structural parameters of 

the right AF, and negatively to those of the left AF. Improvement in communicative 

abilities was also positively associated with the right AF. Treatment-induced 

changes in aphasia severity as measured by the Token Test relied on the 
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preservation of the dorsal streamline in the LH (the AF), and on structural 

properties of the ventral streamline in the RH (the UF and the IFOF).    
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