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In this chapter, we discuss the findings and implications of the current work and 

provide recommendations for future research. This dissertation aimed to identify 

the bilateral neural correlates of treatment-induced improvements in spontaneous 

speech, communicative abilities and aphasia severity of speakers with chronic 

aphasia. This was achieved with a longitudinal multiple-baseline study design 

implementing a combination of behavioral and neuroimaging techniques.    

 

6.1. Research questions addressed in the dissertation 

As described in detail in the Chapter 1 and the literature review presented in 

Chapter 2, as well as in other sections of this dissertation, the majority of previous 

studies on anatomical or lesion correlates used a composite measure of aphasia 

severity or naming accuracy as their primary behavioral outcome. However, these 

variables do not generalize to problems in speech production or communication, 

which are the main problems people with aphasia face in their daily lives. Our 

choice of behavioral methods in this dissertation was made with this background 

in mind. To evaluate the language abilities of aphasia patients we analyzed their 

spontaneous speech lexically and grammatically and used the Amsterdam-

Nijmegen Everyday Language Test (ANELT) as a measure for communicative 

abilities and the Token Test via App as a measure for aphasia severity. Within this 

dissertation, four studies were reported in order to address the following research 

questions: 

1) On which grammatical and lexical spontaneous speech variables do fluent and 

nonfluent aphasic speakers differ from non-brain-damaged speakers? 

2) To which extend are fluent and nonfluent aphasic speakers impaired in 

language use in daily life (communicative abilities)? 

3) How severe is the aphasia in the fluent and nonfluent group? 

4) Are there treatment-induced changes in spontaneous speech, communicative 

abilities, or aphasia severity of fluent and nonfluent aphasic speakers?  
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5) Which structural properties of white matter tracts in both hemispheres correlate 

with the mean length of utterance in chronic aphasia? 

6) Which structural properties of white matter tracts in both hemispheres correlate 

with communicative abilities in chronic aphasia? 

7) Which structural properties of white matter tracts in both hemispheres correlate 

with aphasia severity in chronic aphasia? 

8) Which structural properties of white matter tracts in both hemispheres correlate 

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

aphasia? 

9) Which structural properties of white matter tracts in both hemispheres correlate 

with treatment-induced changes in communicative abilities in chronic aphasia? 

10) Which structural properties of white matter tracts in both hemispheres correlate 

with treatment-induced changes in aphasia severity in chronic aphasia? 

 

The major conclusions drawn from the results and prospects for future 

research are discussed in this chapter. 

 

6.2. Major conclusions 

(1) Spontaneous speech and communicative abilities in individuals with 

nonfluent and fluent chronic aphasia differ from non-brain-damaged 

speakers                                            

The first objective of this dissertation was to provide a review of the literature 

linking spontaneous or treatment-induced recovery in aphasia to structural 

parameters of grey and white matter regions in both hemispheres. This goal was 

met in Chapter 2. This review highlighted several weak points in previous research. 

First, there is a lack of studies on treatment-induced recovery that take white matter 

structures in the right hemisphere into account. Second, only a restricted range of 

language assessment tools and of aphasia treatment methods were included. Third, 

most previous neuroimaging studies either did not control for treatment or used 
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specific targeted treatment (e.g., anomia treatment for anomic speakers), and the 

experimental methods of evaluation were quite often reduced to those accounting 

for the targeted deficit (e.g., a naming test) or to comprehensive aphasia batteries. 

Therefore, we identified the need to provide a neuroimaging study on treatment-

induced recovery in a large cohort of aphasic individuals that used the standard 

clinical setting for treatment and utilized behavioral evaluation to account for real-

life communication deficits. We designed the study presented in this dissertation 

with these prerequisites in mind. 

In Chapter 3, we described and provided the results of two behavioral 

studies. As mentioned at the beginning of this chapter, our experimental methods 

included interview-based spontaneous speech analysis, the ANELT, and the Token 

Test. Study 1 investigated the differences in grammatical and lexical variables of 

spontaneous speech and communicative abilities in fluent and nonfluent aphasia 

speakers and non-brain damaged subjects. This study also examined the severity 

of aphasia in both aphasia groups. Results suggested that, in comparison with 

healthy participants, individuals with chronic aphasia present with specific deficits 

in spontaneous speech and in communicative abilities, regardless of aphasia type. 

Both fluent and nonfluent aphasic speakers produced shorter utterances that often 

were grammatically incorrect. Similar observations were previously made in 

several studies on sentence production and on spontaneous speech in chronic 

aphasia (Abuom & Bastiaanse, 2012; Arslan et al., 2016; Bastiaanse et al., 2006; 

Bird & Franklin, 1996; Butterworth & Howard, 1987; Edwards & Bastiaanse, 

1998; Faroqi-Shah & Thompson, 2003; Hussmann et al., 2012; Miceli et al., 1989; 

Rossi and Bastiaanse, 2008; Saffran et al., 1989; Wagenaar et al., 1975). 

Additionally, both groups presented a lexical deficit shown by a reduced number 

of noun types in spontaneous speech as compared to non-brain-damaged speakers. 

Although finding noun deficits in the nonfluent group was less expected, there is 

some evidence that agrammatic and nonfluent speakers omit arguments in 

sentences or experience difficulties in object naming (Dragoy & Bastiaanse, 2010; 

Howard & Gatehouse, 2006). However, reduced use of nouns by fluent aphasic 
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speakers was expected as it is a well-described phenomenon (Boyle et al., 2004; 

Edwards & Bastiaanse, 1998; Faroqi-Shah & Thompson, 2003; Zingeser & Berndt, 

1990).  Only nonfluent speakers showed additional deficits, such as reduced speech 

rate and a lower proportion of grammatically correct sentences. Meanwhile, both 

fluent and nonfluent individuals exhibited communicative difficulties at the group 

level, and they were below cut-off on the aphasia severity task. While speakers 

with nonfluent aphasia are known to experience communication difficulties 

(Doesborgh et al., 2002; Herrmann et al., 1989; Holland, 1982), impairment of 

communicative skills in fluent aphasia has not been studied to the same extent. 

However, at least one study that also used the ANELT in order to assess verbal 

communication skills partially confirmed our findings (Doesborgh et al., 2002). 

 

(2) After therapy, the improvement at the group level is observed only on 

grammatical variables in spontaneous speech in nonfluent chronic aphasia  

The second part of Chapter 3 focused on treatment-induced changes of the 

variables investigated in Study 1. Since participants’ performance was stable 

between two baseline measurements, changes observed after therapy were assumed 

to be treatment-induced. Despite pre-treatment deficits in spontaneous speech and 

communicative abilities in both fluent and nonfluent aphasia, post-treatment 

changes were observed exclusively in spontaneous speech in the nonfluent group. 

After therapy, similarly to previous reports (Bastiaanse et al., 2006; Grande et al., 

2008; Hussmann et al., 2012; Links et al., 2010), nonfluent speakers increased the 

number of grammatically correct sentences, and utterances were longer.  However, 

such changes in spontaneous speech did not generalize to aphasia severity and 

communicative abilities. No significant changes were found in the group of 

speakers with fluent aphasia. We suggest that the absence of treatment success for 

the fluent speakers in our study may be due to the lack of generalization of the 

effects of their deficit-specific therapy to spontaneous speech production (Adelt et 

al., 2016). Nevertheless, they also did not improve on the Token Test.  
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(3) In chronic aphasia, speech production is associated with the intactness of 

the left white matter tracts only, while communicative abilities and aphasia 

severity results correlate positively with left and negatively with right white 

matter structures 

In Chapter 4, we used behavioral results to pinpoint the neural correlates of 

spontaneous speech production, communicative abilities, and aphasia severity in 

chronic aphasia. For further analysis in Chapters 4 and 5, we selected mean length 

of utterance as a single measure of spontaneous speech output and syntactic 

complexity, in order to avoid inflating comparisons in this study. We chose mean 

length of utterance because it was shown to be abnormal in both fluent and 

nonfluent speakers and because it is sensitive to post-treatment changes in aphasia, 

as demonstrated by our results and in the literature (e.g., Links et al., 2010; Naeser 

et al., 1989). The bilateral in-vivo tractography analysis of associative tracts 

traditionally linked with language processing was used as our primary 

neuroimaging method. For this and the next study, aphasic participants were no 

longer divided into groups based on their fluency, and speakers with unclassifiable 

(mixed) aphasia types were added to the cohort. This increase in the number of 

participants allowed us to account for behavioral and lesion diversity in our results. 

The results show that utterance length in chronic aphasia is related to 

anatomical structures exclusively in the left hemisphere. A positive correlation was 

observed with the structural parameters of the Arcuate fasciculus (AF; long 

segment), the Frontal Aslant tract (FAT), and the Inferior Fronto-Occipital 

fasciculus (IFOF). With the exception of the IFOF, these findings were consistent 

with previous reports showing that damage to white matter tracts is related to more 

severe nonfluency (Basilakos et al., 2014; Bates et al., 2003; Bernal & Ardila, 

2009; Catani & Mesulam, 2008; Catani et al., 2013; Dick et al., 2019; Fridriksson 

et al., 2013; Halai et al., 2017; Ivanova et al., 2016; Naeser et al., 1989; Zyryanov 

et al., 2020). The unexpected contribution of IFOF, a tract supposedly involved in 

semantic processing, could relate to the influence of word-finding difficulties on 

reducing the length of utterances (Bird & Franklin, 1999; Zaroff et al., 1997). An 
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unexpected negative correlation was found between utterance length and the 

Inferior Longitudinal Fasciculus (ILF). A possible explanation is that lesion 

distribution varies across aphasia types, and damage to the ILF is usually associated 

with fluent aphasia. While our results show that fluent aphasic speakers also have 

reduced utterance length, in most cases they still fare better than nonfluent 

speakers. 

Communicative abilities and aphasia severity variables appeared to have 

neural correlates in both hemispheres. All structures in the left hemisphere were 

correlated positively with chronic aphasia performance, while all structures in the 

right hemisphere correlated negatively. The tracts significant for both 

communicative abilities and aphasia severity were the left and the right Uncinate 

fasciculi (the UF). Additionally, communicative ability scores had two other 

significant tracts: the left IFOF and the right FAT. We did not have specific 

expectations regarding the neural correlates for communicative abilities due to the 

lack of previous studies, but our neuroanatomical findings are supported by studies 

on abnormalities in social communication skills and emotional behavior (Bakhtiari 

et al., 2012; Catani et al., 2003; Im et al., 2018; Radua et al., 2011; Uddin et al., 

2011). Another explanation for the correlation between these tracts and the ANELT 

could be their role in language processing, which is a major part of verbal 

communication. As discussed previously, the left IFOF is known for its 

contribution to semantic operations (Almairac et al., 2015; Sierpowska et al., 

2019), and a more prominent right FAT is observed more often in patients with 

larger damage to the left language-related areas (Chivukula et al., 2018; Naeser et 

al., 2005; Saur et al., 2006). 

In summary, our findings in Chapter 4 allowed us to suggest that speech 

production in chronic aphasia relies on the vast network of the dorsal and ventral 

streamlines in the left hemisphere, and that people with more frontal lesions tend 

to be less successful in this modality than people with damage to the ILF. The 

literature supports both our conclusion on the importance of the left frontal lobe for 

fluent speech production (Borovsky et al., 2007; Fridriksson et al., 2013; Halai et 
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al., 2016), and the alternative assumption that combined damage to the dorsal (the 

AF, the FAT) and the ventral (the IFOF) pathways leads to more severe aphasia 

(Yang et al., 2017). 

Both communicative abilities and aphasia severity measurements depend 

mostly on the bilateral ventral streamlines, and better performance is associated 

with larger and/or longer tracts in the left and smaller tracts in the right. A 

remarkable association was found regarding the left and right UF. Higher 

communicative ability and aphasia severity scores were correlated with a bigger 

left and smaller right UF.  

 

(4) The parameters of the right dorsal streamline tracts correlated positively 

with improvements in speech production and communicative abilities. In 

addition, improvements in speech production alone correlated negatively 

with the left dorsal streamline tracts, rendering their preservation 

disadvantageous to recovery. A decrease in aphasia severity during 

recovery relied on more profound dorsal streamline in the left, and a more 

profound ventral streamline in the right hemisphere 

Our investigation continued in Chapter 5 with the final objective: to establish the 

neural correlates of treatment-induced changes in spontaneous speech, 

communicative abilities, and aphasia severity in chronic aphasia. This was done 

via the same behavioral and neuroimaging methods as in Chapter 4. It is essential 

to add that, in Chapter 3, improvement was observed in spontaneous speech 

production, but not in communicative abilities nor in aphasia severity tasks. 

Despite that, we continued using these variables in Chapter 5. The reason is that 

the research questions and study design presented in Chapter 4 did not account for 

individual variation, as only group comparisons were used. Therefore, individual 

progress was beyond the scope of Chapter 3, but it played an important role in this 

final study. Individual behavioral and anatomical variation is what allowed us to 

answer the research questions in Chapter 5.  
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Treatment-induced improvement in speech production, as opposed to the 

non-treated condition, was unexpectedly negatively correlated with the length of 

the long segment of the left AF. We suggest that this outcome is due to a ceiling 

effect in participants with intact left AF, as they fared better pre-treatment, as 

shown in Chapter 4. Meanwhile, better speech production was positively correlated 

with a longer posterior segment of the right AF, as reported in previous studies on 

improvement of spontaneous speech in aphasia (Schlaug et al., 2009; Yu et al., 

2018). Improvement in communicative abilities were also positively linked with 

the right AF, but with its long segment. We cannot relate these findings to previous 

research on communicative skills due to the novelty of this particular research 

subject. 

A decrease in aphasia severity was associated with a broad bilateral set of 

neural correlates. In the left hemisphere, variables of the long and posterior 

segments of the left AF were positively correlated with an increase in the Token 

Test scores. In the right hemisphere, there was again a positive correlation, this 

time with the IFOF and the UF parameters. These results can be summarized as 

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

with a preserved dorsal streamline within the left hemisphere and/or a more 

structurally profound ventral streamline in the right. Although the left AF was 

already reported as a correlate of chronic aphasia severity or post-treatment 

changes (Kim & Jang, 2013; Zavanone et al., 2018), none of the previous studies 

highlighted the same expanded set of white matter tracts in both hemispheres. 

(5) Performance in untreated chronic aphasia and post-treatment 

improvements do not rely on the same white matter structures in the same 

way, and left and right homologue structures often act as antagonists 

The overall results for two neuroimaging studies described in Chapters 4 and 5 are 

summarized in Table 6.1 and Figure 6.1. 
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Table 6.1. Summary of results 

 
Note: AF, ant = anterior segment of the arcuate fasciculus; AF, long = long segment 
of the arcuate fasciculus; AF, post = posterior segment of the arcuate fasciculus; 
FAT = the frontal aslant tract; IFOF = the inferior fronto-occipital fasciculus; ILF 
= the inferior longitudinal fasciculus; UF = the uncinate fasciculus. Improv. = 
improvement. 
 

The neuroimaging studies presented in Chapters 4 and 5 indicate that 

performance in chronic aphasia and treatment-induced improvement on the same 

behavioral variables either do not correlate with the same structures, or, when they 

do, they have an opposite value for pre- and post-treatment. For instance, this is the 

case for the relationships between utterance length and the long segment of the left 

AF, and between the aphasia severity task and the right UF. There are two 

explanations for such a phenomenon. The first is that less improvement can be 

observed in people with initially milder deficits as they reach an ability ceiling. 

Hence, the structural parameters that are associated with better performance at the 

baseline are still significant for the improvement but change the direction of the 

correlation. Alternatively, several studies employing structural or functional MRI 

methods demonstrated that the brain regions facilitating spontaneous recovery and 
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chronic aphasia or non-treated and treated chronic aphasia performance differ 

(Berthier et al., 2011; Garciá et al., 2020; Zavanone et al., 2018). Moreover, 

previous research suggests that the contribution of perilesional structures and 

contralesional right hemisphere regions, including homologues of damaged 

structures to language recovery change over time (Hartwigsen & Saur, 2019). In 

fact, our findings support this idea. Our overall results suggest that better 

performance in chronic aphasia relies on more substantial functionally-related 

structures in the left and less substantial functionally-related structures in the right 

hemisphere. Still, greater post-treatment improvement, especially in spontaneous 

speech and communicative abilities, is linked to a more prominent AF in the right 

hemisphere. However, lateralization of the neural correlates of improvement on the 

aphasia severity task is not so straight-forward, possibly due to the complex nature 

of the test, as already discussed in this dissertation. 

 

 

 

 

 

 

 

 

 

 



Chapter 6 General discussion 

 157 

 

 

 
Figure 6.1. Visual comparisons of tracts, with parameters significantly correlated 
with baseline performance or treatment-induced changes in MLU, ANELT, and 
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 – frontal aslant 
tract; 4 – uncinate fasciculus; 5 – inferior fronto-occipital fasciculus; 6 – inferior 
longitudinal fasciculus. 
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With regard to lateralization, it is important to add that we observed that in 

several cases homologue structures are the neural correlates of the same behavioral 

measurement but with opposite values. This applies to the AF and post-treatment 

improvement on length of utterance; and to the UF and baseline performance in 

both communicative abilities and aphasia severity tasks. In a review, Hartwigsen 

and Saur (2019) propose that involvement of right hemisphere homologues in 

recovery may depend on the premorbid language lateralization, the lateralization 

of the language function of interest, or the characteristics of left hemisphere 

damage. 

 
6.3. Limitations and future prospects  

We identified some limitations in our experimental approaches that future research 

should consider. Our choice of purely structural neuroimaging methods did not 

allow us to generalize findings to the functional organization of the processes we 

studied. Moreover, our study did not account for grey matter structural properties 

or damage, and our analysis of the white matter was limited to pre-selected 

associative tracts. Additionally, the tractography methods used in this study fail to 

measure voxel parameters that lay within supposedly damaged, hence, 

unreconstructed tracts. We hope that future research will investigate treatment-

induced improvement in spontaneous speech and communicative abilities with a 

wider set of neuroimaging techniques. We also believe that the comparison of acute 

spontaneous and late treatment-induced recovery within the same cohort may 

improve our understanding of the time course and anatomical support of neural 

plasticity after stroke.  

The findings of this project contribute to the understanding of speech and 

communication deficits in chronic aphasia and their treatment-induced 

improvement, as well as to the knowledge of white matter structures that impact 

these phenomena. Results shed some light on the lateralization of white matter 

neural correlates for stable and treated aphasia performance.  



Chapter 6 General discussion 

 159 

This study is among the largest longitudinal cohort studies on neural 

correlates of improvement in chronic aphasia. It is also one of the few studies that 

strictly controlled treatment methods using deficit-specific treatments 

conventionally applied in clinical practice. It is probably the only study that 

investigated neural correlates for pre- and post-treatment communicative abilities 

in chronic aphasia. Finally, it is the first neuroimaging study of this kind in the 

Russian language. 
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