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1.1. Introduction 

This thesis aims to investigate the brain networks that are putatively involved in 

treatment-related behavioral changes in chronic aphasia. The study focuses on 

chronic, rather than acute, aphasia because the presence and the amount of 

spontaneous recovery in the acute phase of stroke are hard to measure and control. 

Although some studies question the efficacy of deficit-oriented treatment in 

chronic aphasia (Bowen et al., 2012; Laska et al., 2011), it is widely applied in 

clinical and research settings (Basso & Farabola, 1997; Della Rossa et al., 2014; 

Goldenberg & Spatt, 1994; Weniger et al., 1987). However, the mechanisms 

underlying aphasia recovery and its prognosis are still not fully understood. 

Therefore, it is essential to establish the neurological factors that influence 

treatment-induced improvements.  

Some differences in treatment-induced recovery patterns can be attributed to 

neuroanatomical features unique to individual patients, such as the distribution of 

damaged and spared brain tissue. Unfortunately, the majority of studies 

investigating the neural correlates of aphasia recovery used a composite measure 

of the severity of the language deficit  as their primary behavioral outcome (e.g., 

aphasia quotient - AQ; Bonilha et al., 2016; Forkel et al., 2014; Forkel & Catani, 

2018; Goldenberg & Spatt, 1994; Hope et al., 2013; Hosomi et al., 2009; Kertesz 

et al., 1993; Laska et al., 2001) and/or concentrated on naming accuracy before and 

after anomia treatment (Bonilha et al., 2016; Fridriksson, 2010; Hees et al., 2014; 

Meinzer et al., 2010; Parkinson et al., 2009). These outcome measures have 

limitations. They cannot directly measure, nor generalize to, the speech production 

deficit, which is the main problem that people with aphasia encounter in daily life. 

In addition, some studies do not provide data on presence and amount of treatment 

(Kertesz et al., 1993; Laska et al., 2001; Naeser & Palumbo, 1994; Xing et al., 

2016, 2017). These methodological factors were taken into account in the design 

of the present study. Since cognitive functions presumably affected by brain 

damage can be placed on a scale from totally impaired to unimpaired, it is essential 
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to examine not only the properties of the affected brain tissue but also of the 

supposedly intact ipsi- and contralesional regions. 

This work has four main objectives. The first is to provide an in-depth review 

of the available literature that links language deficits in aphasia and spontaneous 

or treatment-induced recovery to structural parameters of grey and white matter 

regions in both hemispheres (Chapter 2). 

The second objective is to investigate spontaneous speech in chronic aphasia 

before and after therapy (Chapter 3). Since a speech production deficit is one of the 

primary causes of communication disability in people with aphasia, this study also 

explores pre- and post-treatment communicative skills and aphasia severity 

(Chapter 3).  

The third objective of the study is to highlight the neural correlates of the 

deficits in spontaneous speech, communicative abilities and aphasia severity 

measurements in chronic aphasia (Chapter 4). The fourth and final objective is to 

establish the neural correlates of treatment-induced changes in spontaneous speech, 

communicative abilities, and aphasia severity variables (Chapter 5). 

Due to the longitudinal nature of the current study, the behavioral and the 

neuroimaging data were collected simultaneously and then treated separately in 

three chapters according to the research questions. Therefore, behavioral data 

described and analyzed in Chapter 3 are also used in Chapters 4 and 5 as a set of 

dependent variables.  

In combination, the four research objectives allowed us to extend the 

evidence on the neural mechanisms underlying the deficits and post-treatment 

improvement in spontaneous speech and in communicative skills in chronic 

aphasia.  

 

1.1.1. Research questions addressed in the dissertation 

The main findings on the neural correlates of treatment-induced recovery in 

chronic aphasia result from the remediation of anomia in experimental settings. 
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However, it remains unknown which subcortical structures support or undermine 

the changes triggered by deficit-specific therapy, that is usually provided in a 

clinical environment. Moreover, the behavioral measurements commonly used to 

investigate recovery in chronic aphasia do not provide sufficient information on 

the domains that are typically most affected – spontaneous speech and 

communicative abilities.  

To fill these research gaps, we first need to identify the variables deviant 

in Russian fluent and nonfluent aphasic speech and establish the verbal 

communicative abilities and the aphasia severity before treatment. For that, 

the first three research questions have been formulated. The following 

research question is included to study treatment-induced changes. Research 

questions 5–7 focus on the correlation between the language measure and 

white matter integrity, whereas questions 8–10 study the correlation 

between treatment-induced changes and the language measure: 

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 groups? 

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

communicative abilities, or aphasia severity of fluent and nonfluent 

aphasic speakers?  

5) Which structural properties of white matter tracts in both hemispheres 

correlate with the mean length of utterance in chronic aphasic speech? 

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? 
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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? 

 

1.1.2. Structure of the dissertation 

Chapter 2 will provide a review of the literature on neural predictors for language 

deficits in untreated chronic aphasia, as well as in spontaneous and treatment-

induced recovery. An overview of the experimental chapters is provided in Table 

1.1. We will address the first four research questions in Chapter 3, which deals with 

the initial performance and treatment-related differences in spontaneous speech 

variables and on tests for communicative abilities and aphasia severity. We also 

contrast spontaneous speech variables in fluent and nonfluent individuals with 

aphasia with those in non-brain-damaged speakers in order to compare the 

discrepancies between normal and aphasic speech before and after treatment. 
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Table 1.1. An overview of experimental chapters 

Chapter Time 

points 

Treatment Behavioral 

variables 

Neuroimaging 

Chapter 3 test1-test3 Yes Spontaneous 

speech  

variables 

ANELT 

Token Test 

No 

Chapter 4 test1-test2 No MLU 

ANELT 

Token Test 

Yes 

Chapter 5  test2-test3 Yes MLU 

ANELT 

Token Test 

Yes 

Note: Spontaneous speech variables include speech rate, MLU, proportion of 
correct sentences, proportion of embedded clauses, number of lexical verbs, 
proportion of correctly inflected verbs, diversity of lexical verbs, number of nouns, 
proportion of correctly inflected nouns, diversity of nouns; MLU = mean length of 
utterance. 
 

We will address research questions 5-7 in Chapter 4 by exploring the neural 

correlates of the baseline performance in chronic aphasia reported in Chapter 3. 

We will apply a neuroimaging technique (tractography) that allows investigation 

of both damaged and intact brain regions in both hemispheres.  

The last three questions will be answered in Chapter 5, where, with the use of 

tractography, we will study the neuroanatomical variables linked to the better post-

treatment improvement in spontaneous speech, communicative abilities, and 

aphasia severity.    

In Chapter 6, we will discuss the study results and relate them to the current 

body of evidence on the subject. 
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2.1. Neural predictors of recovery in aphasia 

This chapter provides a review of the literature on the neural correlates of aphasia. 

It is divided according to the differences in the anatomical and functional 

organization of grey and white matter regions. The grey and white matter 

structures’ dissimilarities cause variation between methods and measurements that 

are used to assess their anatomical features. These features are of interest in 

neuroimaging studies that aim to find relations between behavior and brain 

damage. We start this chapter with highlighting those brain areas that are 

purportedly involved in impaired language processing in untreated aphasia. Then, 

we will report on the structural parameters of particular brain regions that perform 

as either correlates or predictors for treatment-induced recovery in aphasia. Finally, 

we will focus on with the gaps existing in current research on the neural 

mechanisms of recovery in aphasia.   

 

2.1.1.  Predicting recovery in aphasia        

Aphasia is a language disorder resulting from brain damage. About 30% of stroke 

survivors suffer from aphasia in the hyperacute and acute phases of stroke (Flowers 

et al., 2013; Maas et al., 2012; Watila & Balarabe, 2015). Across studies, between 

26% (Maas et al., 2012) and 98% (Flowers et al., 2016) individuals who have 

aphasia in the acute phase retain a language deficit over time. Aphasia negatively 

affects communicative skills and sometimes leads to severe disability and poor 

quality of life (Lam and Wodchis, 2010) while improvement in language abilities 

has been linked to an increase in patients’ quality of life (Spaccavento et al., 2014). 

Apart from the impact on the individual's life, aphasia has negative economic 

consequences for society, due to the direct and indirect costs resulting from loss of 

income and need for life-long care. Therefore, a reliable prognosis is essential not 

only for the individuals with chronic aphasia and the professionals working with 
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them, but also for governmental/private health organizations that must decide on a 

responsible allocation of resources.  

The factors influencing recovery in aphasia are hard to establish because of 

the complexity of language disorders and the differing underlying mechanisms. 

These factors can be divided into two large groups: stroke-related and patient-

related factors (Plowman et al., 2012). Stroke-related factors may include the type 

of stroke, initial aphasia severity, type of aphasia, treatment time window, lesion 

site, and lesion size. Patient-related factors are gender, age, handedness, 

educational level, socio-economic status, and intelligence level. Stroke- and 

patient-related factors are not easy to disentangle, as anatomical damage may be 

also affected by age, gender, or lateralization of brain functions (Catani et al., 

2007).  

A review by Plowman et al. (2012) demonstrated that stroke-related factors, 

especially aphasia severity, lesion site, and lesion size, are more important 

determinants of aphasia recovery than patient-related factors. This encourages 

researchers to consider lesion characteristics as prominent predictors for aphasia 

recovery. Different lesion parameters may affect language impairments and 

recovery differently.  

Lesion size seems to be a critical dimension. In a prospective cohort study 

of 669 subjects with acute stroke, smaller lesions correlated with better aphasia 

recovery at six-month post onset (Maas et al., 2012). Goldenberg and Spatt (1994) 

also found that lesion size had a negative correlation with both spontaneous and 

treatment-induced recovery. A large retrospective study demonstrated that long-

term outcomes in aphasia can be predicted by lesion volume, lesion location, and 

length of time since the stroke (Hope et al., 2013). Forkel et al. (2014) reported that 

in acute stroke, when only left-hemisphere parameters are taken into account, 

lesion size was the only prognostic factor for aphasia severity. Another study on 

100 participants with acute stroke found a negative correlation between the lesion 

volume and both repetition and comprehension scores (Kümmerer et al., 2013). 



Chapter 2 A review: neural correlates 

 29 

According to Geva et al. (2015), lesion size can also predict the behavioral 

outcomes at the chronic stage (Geva et al., 2015).  

However, lesion size is not the only critical lesion parameter. Naeser and 

Palumbo (1994) concluded that lesion size is of prognostic value only in the case 

of very small or very large lesions, and that lesion site has a more significant 

correlation with aphasia outcome. This argument was supported by later findings 

from several neuroimaging studies (Hosomi et al., 2009; Laska et al., 2001; 

Marchina et al., 2011; Meinzer et al., 2010; Rosso et al., 2015; Sul et al., 2016). 

Although other authors have argued that lesion site may be less relevant than lesion 

size for the outcome at the single-patient level (Basso & Farabola, 1997), cohort 

studies suggest that specific anatomical structures are associated with language 

outcomes at the different stages of aphasia evolution (Basilakos et al., 2014; 

Bonilha et al., 2016). It is essential to mention here that the pace of recovery may 

be influenced not only by the damage but also by the preservation of specific brain 

areas. However, the impact of particular brain structures in recovery remains 

unclear.  

For this review, studies on aphasia resulting from left-hemispheric stroke are 

used to assemble evidence on brain structures significant for recovery of aphasia. 

Since recovery can be attributed to conditions emerging at different time points, 

we include not only studies that describe spontaneous and therapy-induced 

recovery in the acute stage, but also prediction studies that observed language 

changes as a consequence of recovery at the chronic stage of aphasia. We will start 

by describing the neural correlates of aphasia regardless of treatment. We will 

include studies dealing with spontaneous recovery from acute stroke and with 

language deficits in chronic aphasia. Then we will review studies focusing on the 

relations between damage/sparing of brain tissue and treatment-induced changes 

in aphasia.   
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2.1.2. Neural correlates for language deficits in aphasia 

Neural correlates in the grey matter  

Frontal lobe 

Broca’s area, the Inferior Frontal Gyrus (IFG) in the left hemisphere, was the first 

area to be identified as a language-related brain region and to be linked to a specific 

disorder of linguistic behavior. Although there is a tendency to revise the views on 

its functional role (Bates et al., 2003; Fadiga et al., 2009), studies have shown that 

damage to the IFG and other prefrontal regions correlates with aphasia outcome 

(Borovsky et al., 2007; Fridriksson et al., 2013; Sul et al., 2016).  

In chronic aphasia, damage to the left inferior frontal gyrus (IFG) was related 

to a reduced overall number of produced tokens and mean length of utterance (in 

morphemes) in conversational speech (Borovsky et al., 2007). Whole-brain 

analysis in the study by Fridriksson et al. (2013) showed that lower fluency scores, 

as measured by the Western Aphasia Battery (WAB; Kertesz et al., 1993) fluency 

scale, were associated with damage to the rolandic operculum, pars opercularis, 

pars triangularis, precentral gyrus, and to the white matter underlying the IFG and 

surrounding structures. In Sul et al. (2016), less spontaneous recovery as measured 

by the WAB aphasia quotient was associated with damage to the IFG, inferior 

prefrontal gyrus, and premotor cortex; and, extensive damage to the IFG was 

associated with poor prognosis for spontaneous recovery. 

In acute aphasia, damage to the IFG was associated with a comprehension 

deficit, and lesions in the primary sensory-motor and premotor cortex correlated 

with impaired repetition (Kümmerer et al., 2013). Aphasia severity at 6 months 

post onset was linked to lesions of the posterior and ventral region of the left frontal 

lobe (Forkel & Catani, 2018). 

Frontal regions of the right hemisphere also appeared to correlate with the 

course of language deficits in aphasia. In a prospective study, Hope et al. (2017) 

investigated the changes in cortical thickness expected to correspond to the 

variability in the scores of the Comprehensive Aphasia Test (CAT – Swinburn et 
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al., 2004) over time in people with chronic aphasia. Each subject was scanned and 

tested twice. Results suggest that an increase of grey matter volume in the right 

precentral gyrus, in particular in premotor area BA 6, is associated with lower 

object naming scores in chronic aphasia. However, a significant drawback of this 

study is the failure to consider treatment that could have influenced the behavioral 

outcome. Additionally, there was considerable within-group inconsistency 

between the time points of scanning and testing sessions of participants. Since the 

period needed for structural reorganization, especially in the chronic phase, is 

unknown, the different time gaps between examinations and post onset time in this 

study may have affected its findings. At face value, increased cortical thickness in 

the frontal lobe of the right hemisphere following a lesion in the left hemisphere 

seems to have a negative influence on language performance.  

 

Insular cortex 

Insular damage may result in impaired articulation and reduced fluency in 

spontaneous speech (Bates et al., 2003; Dronkers et al., 1996). In two studies, 

insular damage in chronic aphasia predicted reduced speech fluency (Fridriksson 

et al., 2013), lower mean length of utterance and reduced number of tokens in 

conversational speech (Borovsky et al., 2007). In a study by Kümmerer et al. 

(2013), in the acute stage lesions of the anterior insula and the deep white matter 

between the insula and the putamen were associated with poor word and sentence 

comprehension, while damage to the posterior insula was linked to impaired 

repetition. 

 

 Temporal lobe, temporal-parietal, and temporal-occipital junction 

In Wernicke’s aphasia, lesions in the anterior mid-temporal regions correlate with 

poor spontaneous recovery as measured by the WAB Aphasia Quotient. Sul et al. 

(2016) found that, apart from frontal lobe areas, temporal lobe damage had the 

highest correlation with a low Aphasia Quotient measured by the Korean version 

of the WAB after spontaneous recovery (time of second assessment range from 3 
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till 10 months). This was especially true when damage affected the superior 

temporal gyrus (STG), Wernicke’s area (posterior part of the superior temporal 

gyrus), and the middle temporal gyrus (MTG). Damage to the STG was associated 

with the worst prognosis. Damage to the STG and Heschl’s gyrus (the transverse 

temporal gyrus) in the acute phase was associated with more severe aphasia at 6-

months post onset, as reflected in the Aphasia Quotient (Forkel & Catani, 2018). 

Another study on acute aphasia showed that co-occurring disorders of repetition 

and of word/sentence-level comprehension were associated with STG and MTG 

lesions (Kümmerer et al., 2013). In chronic aphasia, mean length of utterance and 

the number of tokens in spontaneous speech correlated with damage to anterior 

temporal areas, and decrease in the type-token ratio correlated with posterior 

temporal damage (Borovsky et al., 2007).  

There is also evidence for a relationship between right temporal regions and 

outcome in chronic aphasia. For instance, increased grey matter volume in 

temporoparietal cortex positively correlated with better scores in spontaneous 

speech, naming, and repetition scores on the WAB (Xing et al., 2016). However, 

increased volume in the right MTG and inferior temporal gyrus (ITG) has been 

linked to decreased scores in object naming (Hope et al., 2017). 

 

Parietal lobe  

Damage to the inferior parietal lobe correlated with poor aphasia recovery 

measured with the WAB Aphasia Quotient in individuals with Wernicke’s aphasia 

(Kertesz et al., 1993). Damage to the same brain area was linked to fewer words 

produced in conversational speech in a heterogeneous group of chronic speakers 

with aphasia (Borovsky et al., 2007). Damage to the inferior portion of the 

supramarginal gyrus and the parietal operculum was associated with poor 

repetition in acute aphasia (Fridriksson et al., 2010; Kümmerer et al., 2013). 
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Basal ganglia 

Kümmerer et al. (2013) found that comprehension deficits in acute aphasia are 

associated with a lesion extending to the basal ganglia.  

  

Neural correlates in the white matter 

Methods to study white matter tracts 

Before discussing the current findings on the white matter correlates of aphasic 

deficits, we provide a short overview of the main methods used to quantitatively 

measure structural parameters of white matter regions in vivo. By pointing out the 

principles and limitations of the neuroimaging techniques, we aim to demonstrate 

an explanation for the diversity of findings presented in the following section.  

Several methods for calculating the extent of white matter damage rely on 

lesion overlay techniques. The main advantage is that they can be applied by using 

standard structural magnetic resonance imaging (MRI) or computer tomography 

(CT) sequences and do not require additional scanning. With this approach, lesion 

masks delineated on structural scans are overlaid over white matter atlases of large 

cohorts of non-brain-damaged individuals. This method has several limitations. 

First, it is an indirect measure, like all non-invasive neuroimaging techniques (this 

shortcoming applies to all the techniques discussed in this chapter). Second, atlases 

provide averaged white matter skeletons. Due to significant anatomical variability 

across human brains, atlas-based techniques are rather imprecise, especially when 

used against a clinical aphasia population, in which abnormalities in brain tissue 

occur due to brain damage and possible neuroplasticity or comorbid pathology. 

Finally, the best approach to quantify the extent of damage to white matter 

pathways is still debated (Hope et al., 2015). One way to establish the extent of 

damage is to calculate the proportion (i.e., the lesion load) of the tract voxels 

overlapping with an individual lesion mask, without controlling for the spatial 

distribution of the supposedly damaged area within a tract (Marchina et al., 2011; 

Rorden et al., 2009). An alternative approach is to calculate the degree of 

disconnections between the extremes of a tract (Hope et al., 2016). This method 
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would allow researchers to detect the impact of a smaller lesion that cuts across a 

tract, which may lead to a more severe disconnection than a bigger lesion that 

partially overlaps a tract lengthwise.  

Other methods for quantifying white matter parameters require particular 

MRI sequences and further processing, such as diffusion weighted imaging (DWI; 

Le Bihan et al., 1985; Le Bihan et al., 1986). DWI is a form of MRI that allows 

investigating body tissue organization based on water molecules diffusion in that 

tissue’s cells and extracellular fluid. A widely used extension of DWI is diffusion 

tensor imaging (DTI), where white matter tract direction is taken into account. 

Alternatives methods rely on other mathematical models to transform raw DWI, 

but they are rarely used in current aphasia research; thus, we do not discuss them 

here. 

In tensor modelling, water molecule diffusion is rendered as an ellipsoid that 

can be described with a three-dimensional tensor – a [3x3] array of numbers 

representing diffusion rates in different directions. DTI images can provide various 

diffusion tensor scalar maps that are used in further white matter analysis. These 

maps are the images representing specific diffusion characteristics of a tissue. For 

instance, fractional anisotropy (FA) map shows the degree of anisotropy in the 

diffusion tensor. Another scalar map is the mean diffusivity (MD) map, which 

indicates the mean amount of diffusion (three eigenvalues of the tensor), 

disregarding its direction. There are also axial (AD) and radial diffusivity (RD) 

maps, that present the first largest eigenvalue and the average of the two other 

eigenvalues in the tensor, respectively. Yet another type of maps are the colour-

coded maps (i.e., RGB). Additional parameters that can be derived from DTI data 

will not be considered, as they are not frequently used in the studies we will 

discuss.  

Even though, in some studies, diffusivity parameters are used as measures 

of ‘white matter integrity’ (Basilakos et al., 2014; van Hees et al., 2014; Ivanova 

et al., 2016; Meinzer et al., 2010; Menke et al., 2009), the limitations of the 

mathematical modelling and data acquisition do not allow extrapolating these 
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values to the actual anatomical properties of the white matter. For instance, voxels 

with crossing white matter fibers naturally have lower FA values even in normal 

brain tissue (Jones et al., 2013). Therefore, to avoid confusion, we will not use the 

term ‘white matter integrity’, even when the cited study employed this expression. 

Instead, we mention the measured diffusivity parameters. 

Diffusivity maps can be used in various ways according to specific research 

questions. Whole brain analysis of white matter may be performed by tract-based 

spatial statistics (TBSS) and by the histogram analysis of diffusion parameters. 

TBSS is a voxel-vise method allowing to create a whole-brain fractional anisotropy 

skeleton for a group and to produce statistical maps with the behavioral variables 

of interest (Smith et al., 2006). The drawbacks of this method are the lack of tract-

specificity and incorrect anatomical representation, especially in small structures 

(Bach et al., 2014). Histogram analysis enables comparison between groups of 

subjects based on the mean value, the peak value and the location of various 

diffusion parameters. However, the method does not provide data on the location 

of anomalies and is biased to the occurrence of atrophy in brain tissue (Delle Nave 

et al., 2007; Soares et al., 2013).  

In voxel-based analysis (VBA), diffusion maps are normalised to the 

standard space to align anatomical structures across subjects, before voxel-wise 

statistical analysis is applied. In contrast to TBSS and histogram analysis, voxel-

based analysis and tractography are used for region-of-interest (ROI) analyzes. The 

ROI analysis takes into account only pre-defined clusters of voxels and not the 

whole brain volume. While this approach reduces error inflation caused by multiple 

comparisons, it limits the findings only to the chosen region. The main issue of this 

method is the problematic co-registration for the tensor-related data (Abe et 

al., 2010; Soares et al., 2013).  

Unlike voxel-based analysis, tractography does not require within-subjects 

alignment of the images. White matter tracts are first separately delineated and 

visualised based on pre-determined seed points (Basser et al., 2000; Behrens et al., 

2006). Then individual tract statistics are extracted, and selected parameters can be 
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obtained both for the whole tract and for specific segments. The most widely used 

tract-related parameters are FA, MD, AD, RD, the volume and length of a tract, 

and the number of streamlines (usually referred to in the literature as ‘fiber count’; 

Jones et al., 2013). Because a voxel fits a number of streamlines passing through 

it, one voxel often corresponds to multiple overlapping tracts. When this is the case, 

dissection of a particular tract may be significantly affected by curving fibers or by 

crossing fibers belonging to another tract (Jones, 2008). Another drawback of 

tractography is operator-dependency, especially when it comes to placing the 

anatomically-based seed points for a tract in group or longitudinal studies.  

Connectomics is another complex neuroimaging analysis that is gaining 

popularity in aphasia research. This approach aims at establishing a connectivity 

network between cortical regions (Sporns et al., 2005). Functional and structural 

connectivity networks can be reconstructed. In this work we do not discuss 

functional neuroimaging, as it addresses research questions different to those 

addressed in this study, and focus instead on the structural connectome. Structural 

connectivity networks are built based on DTI data. The connectome model allows 

the study of connections at the whole-brain and at the regional level. Thus, in 

contrast to lesion-mapping techniques, it also provides information on non-

lesioned areas in people with brain damage, (Kuceyeski et al., 2016). Since the 

structural connectome method uses tractography data, it shares its limitations 

(image acquisition artefacts, processing flaws, and operator-dependant parcellation 

choice).  

A limitation of all the DWI-based techniques mentioned so far is the inability 

to disentangle the significance of the white versus grey matter initial damage in the 

measured parameters. Moreover, white matter changes after stroke can be caused 

not only by direct anatomical damage but also by neuroplasticity phenomena 

(which may have both negative and positive behavioral outcomes; Forkel et al., 

2014; Forkel & Catani, 2018; Schlaug et al., 2009; Xing et al., 2016; Zipse et al., 

2012). This inevitably results in uncertainty when relating cognitive functions to 

neural substrate. This drawback may be partially solved by combining tractography 
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with other neuroimaging techniques that provide additional structural or functional 

data (e.g., voxel-based lesion symptom mapping (VLSM; Baldo et al., 2012; Bates 

et al., 2003;) or fMRI.  

In summary, there is considerable variability in the methods used to study 

white matter tracts. Each has its own advantages and limitations; it is crucial to be 

aware of them when considering the results acquired with these methods.  

 

The arcuate fasciculus and the superior longitudinal fasciculus 

For a visual compilation of white matter structures associated with various 

linguistic variables in non-treated aphasia discussed further in this section, see 

Figure 2.1(a).  

There is still inconsistency in the anatomical labeling and definition of some 

brain structures, especially related to the segregation between the superior 

longitudinal fasciculus (SLF) and the arcuate fasciculus (AF), and most of the 

studies reviewed here focused only on one of them. We discuss them jointly in this 

paragraph. In chronic aphasia, damage to the SLF has been correlated with reduced 

mean length of utterance and lower number of produced tokens in spontaneous 

speech (Borovsky et al., 2007). In acute aphasia, higher fractional anisotropy of the 

SLF positively correlated with higher Aphasia Quotient on the WAB (Yang et al., 

2017). 

The volume of the left AF in a healthy population is usually larger than that 

of the right AF (Catani et al., 2005; Nucifora et al., 2005). Loss of the leftward 

asymmetry in the number of AF fibers in individuals in acute stroke predicted 

aphasia at the time of discharge (Hosomi et al., 2009). In the acute stage, a 

correlation between damage to the posterior portion of the AF and poor repetition 

was also observed (Fridriksson et al., 2010; Kümmerer et al., 2013).  

Most studies on the impact of AF on aphasia outcomes focused on the 

chronic stage. There, severity of aphasia correlated with damage to the AF, 

especially in the regions where it overlaps with the inferior fronto-occipital 

fasciculus (IFOF; Rosso et al., 2015). Griffis et al. (2017) also found that damage 
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to the “posterior temporal white matter bottleneck” (i.e., region the overlap where 

AF/SLF, inferior fronto-occipital fasciculus, and inferior longitudinal fasciculus 

(ILF) overlap) reliably predicted the composite scores of verbal fluency comprised 

of the results of the Boston Naming Test (Kaplan et al, 2001), Semantic Fluency 

Test (Kozora & Cullum, 1995), and Controlled Oral Word Associative Test (Lezak 

et al., 1995). 

Fridriksson et al. (2013) performed both a whole-brain and a ROI analysis 

to identify the brain regions most critical for speech fluency scores in chronic 

aphasia. The ROI analysis showed a correlation between nonfluency and damage 

to the anterior segment of the left arcuate fasciculus (ASAF). Similar results were 

obtained by Basilakos et al. (2014). They based their study both on the previous 

finding that the extent of damage in the left ASAF strongly predicts nonfluent 

speech in stroke-induced aphasia, and on the role of the frontal aslant tract on 

nonfluency in primary progressive aphasia (Catani et al., 2013). As expected, the 

highest correlation with the fluency scores in chronic aphasia was found in the area 

of overlap between the anterior segment of the arcuate fasciculus and the aslant 

tract.  

Ivanova et al. (2016) linked lower fractional anisotropy (FA) in the middle 

(parietal) portion of the AF to worse performance on speech production subtests 

and lower fractional anisotropy in the inferior ventral (temporal) portion of the AF 

to the comprehension deficits. Xing et al. (2017) reported that the AF lesion 

overlap, but not the tractography-based diffusivity parameters, correlated with 

sentence comprehension deficits. Apart from this deficit, Geva et al. (2012, 2015) 

also attributed poorer word repetition, object naming, sentence comprehension, and 

homophone and rhyme judgment scores to AF damage.   

As mentioned before, the prediction power of structural data may differ as a 

function of the methods used to quantify the involvement of white matter tracts. 

For example, Marchina et al. (2011) used a lesion load variable, assigned to the 

volume of the tract affected by lesion, to investigate the correlates between three 

different white matter structures (the AF, the extreme capsule, and the uncinate 
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fasciculus (UF)) and speech rate, informativeness, and efficiency of spontaneous 

speech.  The AF lesion load was the best structural predictor for all three 

spontaneous speech variables.  

Wang et al. (2013) tested different prediction models for object naming and 

speech fluency in chronic aphasia. They measured the latter by the number of 

correct information units (CIU) and speech rate (words/minute). They contrasted 

the prediction power of the lesion load of the AF, the extreme capsule, and the 

uncinate fasciculus with that of the lesion load of the functional grey matter derived 

from the fMRI activation map. The AF lesion load was the only white matter 

measure to predict speech fluency and naming ability in aphasia, and was the best 

parameter for categorizing participants according to aphasia severity.  

Challenging the methods of the previously described studies, Hope et al. 

(2015) set out to prove that there are more reliable measurements than lesion load 

to assess post-stroke tract damage. They compared the lesion load variable for the 

AF and the uncinate fasciculus with their disconnection parameters. For the tract 

disconnection measurement, they applied an algorithm quantifying the amount of 

disconnection between the extremes of each tract. Both tract disconnection and 

lesion load of the AF significantly correlated with fluency and CAT naming scores 

in chronic aphasia. Furthermore, of all structural parameters, only AF 

disconnection explained variance within the language outcomes.  

Forkel et al. (2014) focused on the neural predictors of aphasia recovery in 

acute stroke in both hemispheres. Apart from anatomical variables, their model 

included patient-related variables, such as age, gender, and level of education. Of 

the right hemisphere variables, recovery was predicted by age and volume of the 

long segment of the AF at 2 weeks post onset, while for the left hemisphere only 

lesion size predicted the Aphasia Quotient of the WAB at 6 months post onset. The 

volume of the long segment of the right AF doubled the power of the predictive 

model. Results support the assumption that intact right hemisphere pathways play 

a role in spontaneous aphasia recovery. 
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The frontal aslant tract 

Naeser et al. (1989) investigated the relationship between lesion characteristics and 

nonfluent spontaneous speech in aphasia. The most profound deficits in 

spontaneous speech were observed in patients with damage to the most medial and 

rostral portion of the subcallosal fasciculus and to the periventricular white matter 

near the body of the lateral ventricle. This area presumably overlaps with the left 

frontal aslant tract, which has recently become prominent in neuroanatomy studies 

(Catani et al., 2013). A study by Basilakos et al. (2014) on chronic aphasia also 

reported a correlation between damage to the overlap of the left aslant region and 

the anterior segment of the arcuate fasciculus and reduced speech fluency. 

In a more recent study (Forkel & Catani, 2018), the fractional anisotropy of 

the right aslant tract was correlated in the acute stage with aphasia severity as 

assessed by the Aphasia Quotient of the WAB. Although the result did not survive 

the correction for multiple comparisons, these data are consistent with the view that 

low fractional anisotropy values of the tract correlate with language impairment. 

 

The uncinate fasciculus 

In untreated chronic aphasia, only the disconnection but not the lesion load of the 

UF predicted fluency and naming scores (Hope, 2015; Marchina et al., 2011; 

Wang, 2013). Including lesion overlap for the UF to the model for fluency scores 

in chronic aphasia added to the predictive power of the model (Fridriksson et al., 

2013). Moreover, the anterior white matter bottleneck (i.e., UF, inferior fronto-

occipital fasciculus, and anterior thalamic radiation) strengthened the prediction 

model for the composite fluency scores in chronic aphasia (Griffis et al., 2017). 

Finally, UF damage correlated with word comprehension deficits in aphasia (Xing 

et al., 2017). 
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Figure 2.1. A comparison of bilateral white matter correlates of various aphasia-
related variables in (a) non-treated and (b) treated aphasia as found in the 
literature. Variables: 1 – aphasia severity; 2 – MLU; 3 – “verbal fluency”; 4 – object 
naming; 5 – action naming; 6 – repetition; 7 – speech rate; 8 – “informativeness” of 
spontaneous speech; 9 – homophone/rhyme judgement; 10 – speech production; 11 
– word comprehension; 12 – sentence comprehension.   
 

The inferior frontal-occipital fasciculus  

Overall severity in chronic aphasia measured with the Boston Diagnostic Aphasia 

Examination (Goodglass & Kaplan, 1983) and the Aphasia Rapid Test (Azuar et 

al., 2013) was associated with damage to the area where the left IFOF and the left 

arcuate fasciculus overlap (Rosso et al., 2015). As mentioned earlier, also Griffis 

et al. (2017) focused on regions of white matter pathway overlap, showing that both 

damage to the posterior and to the anterior bottleneck, that include the posterior 

and the anterior parts of the left IFOF, respectively, predicted fluency scores in 

chronic aphasia (Griffis et al., 2017). Also, the severity of acute aphasia expressed 

by the Aphasia Quotient correlated with the fractional anisotropy in the left IFOF 

(Yang et al., 2017). More specifically, damage to the left IFOF was associated with 

low scores on word and sentence comprehension (Xing et al., 2017). The 
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contribution of left IFOF damage to chronic aphasia was also analyzed by Ivanova 

et al. (2016). Lesions of the middle and posterior segments correlated with poor 

word and sentence comprehension, while damage to the anterior segment was 

linked to impaired production of words and sentences. In acute aphasia, the 

fractional anisotropy of the right IFOF was significantly linked with baseline 

aphasia severity (Aphasia Quotient; Forkel & Catani, 2018).  

 

The inferior longitudinal fasciculus 

Several studies have linked ILF damage to comprehension deficits. Damage to its 

anterior and middle portions was associated with poor results on an auditory word 

-picture matching task (Fridriksson et al., 2013). Poor sentence comprehension was 

also positively related to damage to the ILF (Xing et al., 2017). Ivanova et al. 

(2016) reported ILF damage results in not only poor word and sentence 

comprehension but also deficits in language production. 

 

2.1.3. Neural correlates for treatment-induced changes in aphasia 

Neural correlates in grey matter 

Frontal lobe 

Intriguingly, Parkinson et al. (2009) found that larger anterior lesions had a positive 

correlation with better naming scores before gestural or semantic/phonologic 

treatments and also with considerable improvement after the therapy. The authors 

speculated that these results are the consequence of the suppression of left frontal 

activity or that the presence of large anterior lesions in their participants affected 

the results of the statistical analysis. However, the method of analysis implemented 

in this study had several limitations. The structural scans used for the neuroimaging 

analysis were obtained with multiple different techniques (Computed tomography 

– CT; Magnetic resonance imaging sequences: T1-weighted, and T2-weighted 

fluid-attenuated inversion recovery – FLAIR) and time of acquisition (pre-acquired 

images for clinical purposes in eight out of 15 participants). Moreover, the lesion 
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assessment was based on the ROI approach, where the presence of the damage 

caused by the stroke was rated with the five-score system separately for 18 brain 

regions. Then these scores were composed into ratings for damage of three 

extensive regions – anterior cortices, posterior/temporal cortices, and basal ganglia. 

Therefore, the measure for the lesion characteristics used in this study was 

composite, and the large size of the regions included in the final analysis may have 

influenced and distorted the results presented of this study.  

 

Temporal lobe 

Goldenberg and Spatt (1994) published a longitudinal study where eight weeks of 

spontaneous recovery were followed by eight weeks of deficit-specific therapy and 

then by eight weeks without therapy in a heterogeneous group of aphasic 

individuals. Participants with more extensive damage to the temporobasal regions 

displayed less improvement during therapy and demonstrated less overall recovery. 

They did not differ from participants with an intact temporobasal region in the 

degree of spontaneous recovery. The authors assumed that lesions in this particular 

area may have disrupted the connection between hippocampal formation and 

perisylvian language areas and that this damage may have interfered with learning 

and memory contribution to compensatory mechanisms.  

Damage to the posterior portion of the left middle temporal lobe and the 

temporal-occipital junction (BA 37) had a negative effect on anomia treatment 

outcomes in a group with mixed aphasia types in the chronic stage (Fridriksson, 

2010). Another study from this group on anomia treatment in chronic aphasia 

indicated that naming improvement was associated with preservation of the left 

temporal lobe structural connectivity (Bonilha et al., 2016).  

 

Limbic system 

As mentioned above, a disconnection between the hippocampus and perisylvian 

language areas may negatively influence recovery patterns in aphasia (Goldenberg 
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and Spatt, 1994), suggesting the significance of the hippocampus for re-learning 

lost language abilities. In a functional magnetic resonance imaging study by Menke 

et al. (2009) improvement after short-term treatment was correlated with increased 

activation bilaterally in the hippocampal formation, the right precuneus and 

cingulate gyrus, and bilaterally in the fusiform gyri. This study was the incentive 

for Meinzer et al. (2010) to investigate the specific role of memory-related 

structures in treatment-induced recovery of anomia. They showed that post-therapy 

improvement correlated with intactness of the left hippocampus and the 

surrounding white matter.  

Basal ganglia 

Parkinson et al. (2009) indicated that, when controlled for damage to the anterior 

cortices, a greater extent of the damage in basal ganglia was associated with worse 

scores on an object and action naming task before and after the gestural or 

semantic/phonologic treatments for naming in chronic aphasia. Criticism for this 

study can be found in the paragraph dedicated to the frontal lobe. 

 

Neural correlates in white matter 

The arcuate fasciculus 

Linguistic variables correlated with arcuate fasciculi post-treatment are highlighted 

in Figure 2.1(b). Van Hees et al. (2014) reported that before anomia treatment, 

participants with chronic aphasia had significantly fewer fibers and lower mean 

general fractional anisotropy in the left AF compared to non-brain-damaged 

subjects. After treatment, mean general fractional anisotropy increased and was 

comparable to that of control subjects. Additionally, mean general fractional 

anisotropy in the left AF both pre- and post-treatment positively correlated with 

post-treatment naming scores, but none of the measures were statistically 

significant for the treatment-induced improvement in naming.  

Another treatment study demonstrated that improvement after Melodic 

Intonation Therapy (MIT; Albert et al., 1973) was associated with an increase in 



Chapter 2 A review: neural correlates 

 45 

the number of fibers and the volume of the right AF in people with chronic aphasia 

(Schlaug et al., 2009). These changes in the anatomical properties of the right AF 

correlated with increased picture-naming accuracy, the number of correct 

information units per minute, and the number of syllables per phrase in 

spontaneous speech. While these findings are consistent with those in spontaneous 

recovery (Forkel et al., 2014; Forkel & Catani, 2018), their correspondence to the 

anatomical properties of the left AF is unclear. This tract was initially excluded 

from the analysis because it was damaged in all six participants of the Schlaug et 

al. (2009) study.   

 

2.2. Conclusion 

Brain lesion characteristics and especially lesion site correlate with aphasia 

outcome both in the acute and in the chronic stage. Studies stress that the neural 

underpinnings of aphasia are not limited to grey matter damage, and, thus, that the 

involvement of white matter pathways cannot be ignored by studies investigating 

mechanisms of aphasia recovery. Moreover, while many studies focus on the 

classical perisylvian cortical language network, evidence is still needed in relation 

to the role of subcortical regions on treatment-induced aphasia recovery. Only two 

studies sought and showed a correlation between treatment outcome and the 

parameters of the left and right AF (Van Hees et al., 2014; Schlaug et al., 2009, 

respectively). Of the studies of recovery in chronic aphasia, only one performed 

extensive tractography analysis based on multiple ROIs (Bonilha et al., 2016). The 

influence of the right hemisphere on recovery is also understudied. Available 

literature suggests that the right hemisphere may contribute to spontaneous and 

treatment-induced recovery both in a positive and in a negative way. However, 

only three studies provide evidence consistent with a role of right hemisphere 

pathways in aphasia recovery. Two studies focused on spontaneous recovery in the 

acute phase but did not control for treatment (Forkel et al., 2014; Forkel & Catani, 

2018). The third study investigated the effects of treatment in chronic aphasia, but 
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only considered one ROI – the right arcuate fasciculus (Schlaug et al., 2009). More 

evidence is needed to establish the role of the right-hemisphere white matter in 

aphasia recovery, specifically where structures in both hemispheres are taken into 

account.  

One crucial factor that should be considered when discussing neuroimaging 

studies is the statistical power of the results, which can only be ensured by a large 

number of participants. Unfortunately, large cohorts of aphasic speakers are 

challenging to recruit due to the high comorbidity and high rates of participant 

exclusion. Longitudinal studies are even harder to perform as they require a high 

level of administrative control and substantial time and personnel investments, 

while rates of withdrawal among participants drastically increase. Until this 

project, the largest study investigating the neural correlates of treatment-induced 

recovery in chronic aphasia included 26 participants (Fridriksson, 2010).  

Another methodological caveat of the reviewed studies is related to the 

behavioral part of their design. All but one of the treatment studies on chronic 

aphasia mentioned here provided different kinds of preset anomia treatment 

(Bonilha et al., 2016; Fridriksson, 2010; van Hees et al., 2014; Meinzer et al., 2010; 

Menke et al., 2009; Parkinson et al., 2009). The control for the type of the treatment 

may be beneficial for investigating a particular type of aphasia. However, little is 

known about the effects of a deficit-specific treatment that is usually applied in 

clinical settings. In the only two studies that examined the neural correlates of 

improvement caused by deficit-specific treatment, the heterogeneity of post-stroke 

intervals in the groups prevents considering the language deficits of these subjects 

as chronic (Basso & Farabola, 1997; Goldenberg & Spatt, 1994).   

Another shortcoming of the studies presented here is that most of them 

focused on very broad behavioral measures, such as an aphasia quotient or ‘speech 

fluency’ scores (Basilakos et al., 2014; Forkel et al., 2014; Forkel & Catani, 2018; 

Fridriksson et al., 2014; Goldenberg & Spatt, 1994; Griffis et al., 2017; Hope et al., 

2013; Hope et al., 2015; Kertesz et al., 1993; Rosso et al., 2015; Sul et al., 2016; 

Xing et al., 2016, 2017; Yang et al., 2017). The heterogeneity of the measures that 
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make up the overall scores further complicates the interpretation of neuroimaging 

results.  

There is also insufficient evidence of neuroimaging research on the 

communication abilities of people with aphasia. Even though difficulty in everyday 

communication reportedly has the highest impact on aphasia-related disability, 

only one study used the Amsterdam-Nijmegen Everyday Language Test (ANELT) 

as the primary treatment outcome measure in a group with acute aphasia (Laska et 

al., 2001). Whether improvement of language impairment and communicative 

skills have the same neural correlates is another crucial issue in need of 

investigation.  

Considering the discussed limitations, we performed four studies described 

in the following chapters. We examined spontaneous speech variables, verbal 

communicative abilities, and aphasia severity in a cohort of speakers with chronic 

aphasia before and after the deficit-specific treatment provided in clinical settings. 

We then investigated possible white matter neural correlates in both hemispheres 

for these behavioral variables in chronic aphasia and their treatment-induced 

improvements.  
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CHAPTER 3 
Treatment-induced changes in spontaneous speech, 

communicative ability, and severity in chronic aphasia 
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3.1. Introduction 

Until now, the topic of recovery in aphasia causes many controversies and debates 

in the field of aphasiology. The question of improvement in chronic aphasia deficits 

is particularly problematic since the treatment requires the investment of both 

substantial time and financial resources for uncertain profit. Hence, it is essential 

to find a sensitive and reliable tool to track changes in chronic aphasia and 

determine the value of chronic aphasia treatment. 

Traditionally, improvement in aphasia is measured with language batteries 

and diagnostic tests, such as the Boston Diagnostic Aphasia Evaluation (BDAE; 

Goodglass & Kaplan, 1972), the Aachen Aphasia Test (AAT; Huber et al., 1983), 

the Western Aphasia Battery - Revised (WAB-R; Kertesz, 2007), and others. Such 

tests usually aim at generalized aphasia diagnosis based on the comprehensive 

assessment of language and other cognitive functions. However, the main issue 

bothering speakers with aphasia is their verbal communication, which affects their 

quality of life (Engell et al., 2003; Spaccavento et al., 2014). Moreover, because 

the treatment of individuals with aphasia usually aims at decreasing their disability, 

the evaluation of spontaneous speech and communicative abilities is crucial to 

measure the real-life improvement of their impairment. Another reason to choose 

the variables of spontaneous speech and communicative abilities to track 

improvement in chronic aphasia is their sensitivity to changes that are not 

detectable with the convenient aphasia batteries (Bird & Franklin, 1996; Fromm et 

al., 2017; Grande et al., 2008; Hussmann et al., 2012; Jaecks et al., 2012).  

Previous treatment studies on chronic aphasia usually investigated the 

effects of therapies specifically designed to train a particular linguistic deficit in a 

specific type of aphasia or in (multiple) case studies. However, in clinical settings, 

patients with aphasia usually receive deficit-specific treatments. Therefore, in the 

current study we measured treatment-induced changes in aphasia in a setting as 

close as possible to the real-life clinical conditions. We measured changes in 

spontaneous speech, verbal communicative abilities, and aphasia severity induced 
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by deficit-specific treatment in individuals with chronic aphasia without 

restrictions on aphasia severity or type. Since we used spontaneous speech as one 

of our outcomes, and the characteristics of spontaneous speech in nonfluent and 

fluent aphasia are very different on the spontaneous speech variable, we divided 

the aphasic individuals into two groups on the basis of their (Lurian) aphasia type: 

individuals with motor efferent, motor afferent, and dynamic aphasia were 

classified as nonfluent, and individuals with acoustic-mnestic, sensory and 

semantic aphasia as fluent. 

In Study 1, we determined the characteristics of spontaneous speech, 

communicative ability, and aphasia severity in chronic aphasia. This provides us 

with a more detailed picture of the initial language deficit in chronic aphasia. In 

Study 2, we investigated the post-treatment change in spontaneous speech and 

communicative characteristics, as well as in aphasia severity. Finally, we 

determined how speakers with nonfluent and fluent aphasia improve after therapy.  

 

3.1.1. Spontaneous speech in aphasia 

Spontaneous speech is a term that has been used for different discourse forms (see 

Prins and Bastiaanse, 2004). Here, we mean semi-spontaneous speech elicited by 

an interview with fixed questions (see Methods section). The most distinctive and 

the most fully described characteristics of impaired spontaneous speech production 

are present in the nonfluent aphasia types. Speakers with nonfluent aphasia 

demonstrate multi-dimensional deficits in spontaneous speech.  

For instance, in some languages, they produce shorter a or incomplete utterances 

with omissions of function words and inflectional morphemes1. This leads to the 

reduction of the length of the utterances in their output (Abuom & Bastiaanse, 

2012; Arslan et al., 2016; Bastiaanse et al., 2006; Hussmann et al., 2012; Miceli et 

                                                
1 Some languages (e.g., English) license apparent omissions of grammatical morphemes, 
which are, in fact, substitutions of fully inflected forms with 0 inflections – the boy walks > 
boy walk. This is not possible in many other languages (e.g., Italian), in which citation forms 
are often used instead of fully inflected forms (Miceli et al., Brain and Language, 1983). 
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al., 1989; Rossi and Bastiaanse, 2008; Wagenaar et al., 1975). Moreover, the 

produced utterances are often grammatically incorrect (Abuom & Bastiaanse, 

2012; Arslan et al., 2016; Faroqi-Shah & Thompson, 2003; Saffran et al., 1989). 

Another characteristic of grammatical deficits in nonfluent aphasia is the reduced 

complexity of the utterances that usually can be measured as the decreased 

proportion of utterances with embedded clauses (Abuom & Bastiaanse, 2012; 

Arslan et al., 2016; Bird & Franklin, 1996; Hussmann et al., 2012). The shortened 

incorrect utterances are often accompanied by a decreased speech rate (Cohen & 

Masse, 1993; Marini et al., 2007).  

Agrammatic speech is also characterised by lexical deficiencies, for 

example, a reduced number of verbs or a reduced variety of verbs. The verb forms 

that are produced are usually grammatically simple: infinitives, gerunds, and 

participles are overused, whereas the production of finite verbs is reduced (see, 

e.g., Abuom & Bastiaanse, 2012 for Swahili and English; Arslan et al., 2016 for 

Turkish; Bastiaanse & Jonkers, 1998 for Dutch; for English; Miceli et al., 1989 and 

Rossi & Bastiaanse, 2008 for Italian; Saffran et al., 1989 for English). Although 

communicative abilities are usually affected in agrammatic aphasia, the severity of 

the communicative impairment does not parallel the speech production deficit, 

especially in the cases of severe nonfluency (Doesborgh et al., 2002; Herrmann et 

al., 1989; Holland, 1982).  

The speech rate of fluent aphasic speakers is usually normal (Grande et al., 

2008; Hussmann et al., 2012; Wagenaar et al., 1975) or lower than normal because 

of word finding problems (Dédé & Salis, 2020). Fluent aphasic speakers 

experience problems with the production of grammatical sentences, although not 

at the level of the nonfluent speakers: their speech differs from that of non-brain-

damaged (NBD) speakers on various grammatical variables, such as proportion of 

correct sentences, utterance length and proportion of embeddings (Bird & Franklin, 

1996; Butterworth & Howard, 1987; Edwards & Bastiaanse, 1998; Faroqi-Shah & 

Thompson, 2003; Martin & Blossom-Stach, 1986). At the lexical level, fluent 

aphasic speakers have more pronounced impairments: their spontaneous speech is 
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characterised by the limited production of nouns (Boyle et al., 2004; Faroqi-Shah 

& Thompson, 2003; Zingeser & Berndt, 1990). Since individuals with fluent 

aphasia typically show a more or less normal speech rate, their language disorders 

may range from anomic aphasia with mild word finding problems to severe 

Wernicke’s aphasia with jargon speech output. This implies that their 

communicative abilities largely vary as well.  

Although fluent and nonfluent aphasics share some impairments (reduced 

proportion of correct sentences and of embeddings, reduced use of verbs), they also 

differ along other dimensions (mean length of utterance (MLU), speech rate, use 

of nouns, production of finite verbs). 

 

3.1.2. Communicative abilities in aphasia 

Just as with spontaneous speech, the definition of, as well as the tools to measure 

communicative abilities are diverse (see Prins and Bastiaanse, 2004). For the 

current study, we focus on verbal communication. The Amsterdam-Nijmegen 

Everyday Language Test (Blomert et al., 1994; Russian version: Akinina, n.d.) is a 

reliable and valid tool to measure language use in daily life. This test uses a number 

of scenarios of everyday situations and invites aphasic speakers to tell what they 

would say in such a situation (e.g., “Suppose you are at the dry cleaner’s. When 

you come to collect this, you get it back like this [shirt with burn hole]. What would 

you say?”). Answers are scored on two 5-point scales: understandability and 

intelligibility. For the current study, we only used understandability. There are two 

parallel versions, testing 10 scenarios each. 

Although communicative abilities are usually affected in nonfluent aphasia, 

the degree of the communication impairment does not correspond directly to the 

speech production deficits, especially severely nonfluent cases (Doesborgh et al., 

2002; Herrmann et al., 1989; Holland, 1982). Controversial results have been 

reported on the status of communicative abilities in fluent aphasia. Schienberg and 

Holland (1980) showed that communication skills remain largely intact in fluent 
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aphasia, when measured as a turn-taking allocation in the conversation setup. 

However, Doesborgh et al. (2002) stated that low understandability of the messages 

in fluent aphasia measured with the Amsterdam Nijmegen Everyday Language test 

(ANELT) parallels the lexical-semantic deficit often present in the fluent aphasic 

speakers. 

 

3.1.3. Aphasia severity 

The Token Test is one of the few tests that have a high sensitivity and specificity 

in assessing the existence of aphasia. Apart from that, it is a very good test to 

measure the severity of aphasia and, thus, to measure improvement. This is the 

reason why the Token Test is included in the Aachen Aphasia Test (Huber et al., 

1983). The Token Test requires a person to manipulate tokens of various shapes, 

sizes, and colors based on the given verbal instruction that gradually gets more 

difficult. The original Token Test has been adapted to many languages and formats. 

For the current study, we used the shortened version of De Renzi & Faglioni 

(1978), that was recently launched as an App in a wide range of languages 

(Bastiaanse et al., 2016; Russian version: Akinina et al., 2017). 

 

3.1.4. Treatment-induced changes in spontaneous speech and 

communicative abilities  

The severity of the language disorder in the acute period of stroke is not permanent 

and usually changes as time passes (Kertesz & McCabe, 1977; Laska et al., 2001). 

Spontaneous speech variables of speakers with aphasia also change due to 

spontaneous recovery or treatment.  

Grande and colleagues (2008) investigated the sensitivity of parameter-

based computational spontaneous speech analysis in comparison to the rating 

scales of the Aachen Aphasia Test (AAT). The proposed spontaneous speech 

analysis variables were the percentage of words (compared to percentage of 

interjections, neologisms, and non-intelligible items), the percentage of open class 
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words in contrast to closed class words, syntactic completeness (the percentage of 

complete clause-like units), complexity (the percentage of clause-like units in 

sentences), and MLU. Results showed that the spontaneous speech analysis was 

more sensitive than the AAT scales in detecting recovery on spontaneous speech 

variables induced by intensive language treatment in a group of 28 aphasic speakers 

with various types of sub-acute and chronic aphasia. A significant change in at least 

one of these basic parameters was observed in 20 participants, while only four 

participants showed improvement on the AAT. Another study on treatment-

induced changes conducted with the same spontaneous speech analysis method 

also showed good sensitivity, with the sentence complexity variable and MLU 

increased after the therapy in the group of 52 speakers with sub-acute and chronic 

aphasia (Hussmann et al., 2012).  

Links et al. (2010) studied the effect of training verb and sentence production 

in a group of agrammatic speakers in the subacute or chronic stage. Training 

resulted in an increase of MLU and of the proportion of finite verbs in spontaneous 

speech. Language use in daily life, as measured with the ANELT, also improved, 

and the aphasia was less severe after training, as measured by the Token Test. This 

shows that deficit-oriented treatment may be effective at improving the aphasic 

speaker’s communication.  

Partially conflicting results were reported by Hoover et al. (2015). In 

individuals with chronic nonfluent aphasia, training of the production of transitive 

verbs failed to improve verb production in general. However, syntactic measures 

of speech (MLU and number of correct sentences) and communicative abilities did 

improve.  

Studies of the improvement in communicative abilities in aphasia have 

yielded contradictory results. Two studies (Grande et al., 2008; Laska et al., 2001) 

reported no improvement in communicative abilities, which dissociated from 

improvement in the linguistic domain in acute and chronic stroke, both when 

controlled and when not controlled for the therapy. However, in the study of 
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Carlomagno et al. (2001), participants with chronic aphasia improved their 

communicative abilities but not their oral language performance after the 

treatment. In contrast to the reported conflicts between communicative and 

linguistic improvement, Irwin et al. (2002) showed a correlation between linguistic 

impairment on the one hand and severity of functional communication and 

pragmatic performance on the other at specific time points between 4- and 48-

weeks post onset in post-treatment recovery. In the study of Bakheit et al. (2005), 

aphasic individuals improved their communicative abilities, and their aphasia was 

less severe after the treatment in the acute and subacute post-stroke phases. Finally, 

Breitenstein and colleagues (2017) reported improvement in communicative 

abilities after intensive treatment in a group of individuals with various aphasia 

types in the chronic stage. It is clear that spontaneous and treatment-induced 

recovery outcomes have different implications for communication skills in aphasia. 

This difference is likely to be due to differences in the therapeutic approach and 

the initial demographic and linguistic characteristics of the participants. 

Speech rate also shows a variable response to treatment across studies. In 

one study, speech rate improved in participants with nonfluent speech production 

who suffered from various chronic neurological disorders and received rhythmic 

and singing therapy (Cohen & Masse, 1993). However, this study lacks a detailed 

description of the aphasic individuals, and the contribution of aphasia-related 

deficits to these results remains unknown. Marini et al. (2007) showed improved 

speech rate in three nonfluent aphasic speakers in the acute phase after two 

consecutive therapy programs: one aiming at the improvement in morpho-syntactic 

domain, and the other at increasing communicative informativeness.  

In summary, analyzes of spontaneous speech and communicative abilities 

are useful both for scientific and clinical purposes. They can be used to diagnose 

aphasia type and severity, and to measure spontaneous recovery or the effects of 

speech and language therapy. So far, these methods have not been used for 

prognosis.  
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3.1.5. The current study 

As described earlier, spontaneous speech variables are more sensitive to changes 

after treatment than conventional rating scales included in typical aphasia 

assessments (Prins and Bastiaanse, 2004). Therefore, the current study was 

designed and conducted as a prospective longitudinal cohort investigation of post-

treatment changes in spontaneous speech production and verbal communicative 

abilities in a group of Russian-speaking individuals with chronic aphasia. The 

study consists of two parts.  

The first study was designed to assess differences in spontaneous speech and 

communicative abilities between a group of aphasic speakers and a group of NBD 

speakers and to assess the aphasia severity.  

 

The research questions for Study 1 were: 

(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? 

 

We expected the speech of participants with aphasia to differ from that of 

the NBDs. We hypothesized that aphasic speakers would produce shorter, 

grammatically simpler sentences that were incorrect more often compared to the 

NBDs. These predictions are consistent with previous findings in agrammatic 

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

and in a mixed aphasia group (Bird and Franklin, 1996; Jaecks et al., 2012). 

Additionally, we expected both fluency groups to be impaired in communicative 

abilities and to exhibit aphasia deficit based on the results of the Token Test. We 

also expected to find differences between the fluent and nonfluent group. We 
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predicted that nonfluent speakers would fare worse on variables related to the 

grammatical level. At the lexical level, we hypothesized that deficits would be 

more severe for verbs in nonfluent participants and for nouns in fluent participants.  

For Study 2, we compared spontaneous speech, communicative abilities, and 

aphasia severity in chronic aphasics, before and after treatment. We looked into the 

changes that occurred during a 4-6 weeks period of no treatment (baseline period) 

compared to the changes observed during a 4-6 weeks period of treatment. Notice 

that we were not seeking an answer to the question whether this particular aphasia 

treatment is effective. 

This study was performed in combination with a tractography study, to find 

out whether the condition of the subcortical tracts after stroke can predict 

treatment-induced changes. The tractography study is discussed in the next 

chapters. The aim of the second study was to answer the following research 

question: 

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

communicative abilities, or aphasia severity of fluent and nonfluent 

aphasic speakers?  

It has been shown that individuals with aphasia show post-treatment improvement 

in spontaneous speech, communicative abilities, and in aphasia severity in acute 

(Bakheit et al., 2005) and chronic aphasia (Hoover et al., 2015; Hussmann et al., 

2012). However, in Carlomagno et al., (2001), individuals with chronic aphasia 

improved after treatment in communicative abilities, but not in oral language 

performance. Prins and colleagues (1978) did not find changes in the spontaneous 

speech of a large group (n=74) of chronic aphasic speakers over a period of 2 years. 

It was, therefore, not sure what to expect in our cohort.  
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3.2. Methods  

3.2.1. Participants 

Participants were 30 Russian speakers (13 women and 17 men), who 

suffered from a single left-hemispheric stroke. One participant had an additional 

3mm stroke lesion in the right thalamus. They were recruited from the Center for 

Speech Pathology and Neurorehabilitation (the Center) in Moscow. Two 

participants were bilinguals (Russian – Ukrainian, but both of them considered 

Russian to be their primary language). Age varied from 41 to 71 years (mean 55.67 

years), and the years of education varied from 10 to 20 years (mean 14.6 years). 

Twenty-five participants had an ischemic stroke and 5 had a hemorrhage. The time 

post onset at the first assessment ranged between 5 and 95 months (mean: 35 

months). All participants were considered to have chronic aphasia. No restrictions 

on the type or severity of the aphasia were applied. Participants were not recruited 

for the study if they could not react adequately to the experimental instructions. 

Trained speech and language pathologists diagnosed aphasia type and severity 

according to Luria’s classification (Luria, 1970, 1980; Luria & Tsvetkova, 1968). 

Since Luria’s classification is not widely applicable outside Russia, we converted 

the diagnoses according to the system proposed by Akhutina (2016) and then 

assigned participants to the nonfluent (N = 23) and the fluent group (N = 7). The 

nonfluent group included dynamic, efferent motor and afferent motor aphasia, and 

their combinations. The fluent group consisted of semantic, acoustic-mnestic and 

sensory aphasia, and their combinations. All participants had normal or corrected-

to-normal hearing and vision. None of the participants had a history of alcohol or 

drug abuse (self or family reported and as indicated in the official medical record) 

or had been diagnosed with a psychiatric or neurological disease before the 

stroke. Informed consent to take part in the study was obtained from all 

participants. Individual demographic data are reported in Appendix A1.  
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All participants were admitted to the Center for an intensive, 

multidisciplinary treatment based on their aphasia diagnosis and comorbid 

conditions following stroke (hemiplegia, dysarthria, et cetera). Each participant 

received individual and group speech and language therapy sessions. 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. Participants stayed in the Center between 

25 and 45 days (mean: 37 days).  

Data from five age- and education-matched non-brain-damaged (NBD) 

speakers (2 females; mean age: 53) were used to compare variables of spontaneous 

aphasic speech. Their demographic data and individual results of spontaneous 

speech analysis can be found in Appendix A2.  

This study was approved by the local Ethical Committee.  

 

3.2.2. Language assessment 

Spontaneous speech was elicited from every participant by an interview with open-

ended questions referring to the present and the past. The procedure was similar to 

that of Abuom and Bastiaanse (2012) and Arslan and colleagues (2016), but the 

list of questions expanded.  

 

Interview questions 

• Как начались ваши проблемы с речью? “How did your speech problems 

start?” 

• Расскажите мне о вашей предыдущей работе. “Could you tell me about 

your previous job?” 

• Расскажите, где вы учились? “Could you tell me where you studied?” 

• Расскажите мне о ваших увлечениях. “Could you tell me about your 

hobbies?” 
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• Как вы обычно проводите ваш день? “How do you usually spend your 

day?” 

• Расскажите мне что-нибудь о месте вашего проживания. “Could you 

tell me anything about the place where you live?” 

• Расскажите о вашей семье. “Could you tell me about your family?” 

 

Participants were encouraged to tell as much as they could. In case of short 

replies, they were asked additional questions related to their response. 

The Russian version of the ANELT was also used. The order of assessment 

of version A and B was counterbalanced. As mentioned before, the ANELT is 

scored on two scales. Scale A is used to rate the understandability of the message; 

in other words, it measures the ability of the participant to reach his/her goals in 

the presented situation successfully. Scale B scores intelligibility. For the current 

study, only the scores on the A-scales were considered. The maximum score is 50.   

Aphasia severity was assessed with the Token Test via App (Bastiaanse et 

al., 2016; Russian version: Akinina et al., 2017); an interface screenshot can be 

found in Figure 3.1. This test was used to track post-treatment changes in aphasia 

severity. The Token Test via App generates the participant’s score at the end of the 

testing session. The App counts the number of correct items (0 – 36).  
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Figure 3.1. Screenshot of the Token Test App. 

 

3.2.3. Procedure 

The timeline overview can be found in Table 3.1. For every participant, the three 

tasks (interview, ANELT, and the Token Test) were administered at three time 

points (test1, test2, test3). There were two baseline measures (test1 and test2). The 

mean interval between these time points was 24.8 ± 6.9, (range: 13 – 43 days). Two 

breaks between baseline assessments were outliers due to unpredicted life events 

of the participants (75 and 103 days). These participants were retained for the study 

because they were 18- and 19-months post onset, and no treatment was provided 

in the indicated period. The test2 baseline was followed by 32.8 ± 5.9 days of 

treatment (21 to 49 days2). Assessments were conducted over several sessions if 

requested by the participant. 

                                                
2 This wide range was due to the fact the Center changed its policy, and treatment was 
reduced from 8 to 4 weeks. 
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Table 3.1. The overall experimental timeline for Chapter 3 

 
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. Since the question of the current project is not 

whether speech therapy is effective, but rather whether tractography can help 

predict language outcome after treatment, no further information about the content 

of speech therapy is provided. In some cases, the number of days in the Center 

exceeded the number of days between the test2 and test3 assessments due to time-

demanding discharge procedures. Further information on the treatment and in-

hospital stay for each participant can be found in Appendix A1.  

Both the interview and the ANELT were audio-recorded. The Token Test 

required tablet manipulation. Participants with no previous experience of tablet use 

were provided with a short instruction before testing.  

 

3.3. Analysis 

Before the analysis, the ANELT and spontaneous speech samples were pseudo-

anonymised by removing all reference to the participant’s identity or time of 

testing: New filenames were then given by a person not involved in data collection 

or analysis.  

The selected samples of spontaneous speech were orthographically 

transcribed and then analyzed blindly. The person who did the analysis was not 
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aware of the participant’s identity or of the time point of testing. When possible, 

200 words per sample were extracted. This is a reliable sample size for synthetic 

languages, as shown by Abuom & Bastiaanse (2012) for Swahili and Arslan et al. 

(2016) for Turkish. Due to severe language deficits, some participants produced 

fewer than 200 words. In order to avoid excluding too many participants due to 

severe aphasia, samples of at least 150 words were included in the analysis, and 

individual variables were multiplied by a coefficient if needed. Four participants 

produced a short word sample only at one time point; one produced short samples 

at test2 and test3. Three participants produced two short samples, where at least 

one sample was shorter than 150 words. One participant produced three short 

samples, one of which was shorter than 150 words. Two participants were missing 

one sample due to a technical error. Samples shorter than 150 words and missing 

samples were treated as missing values. The described participants were retained 

in the study because the rest of their behavioral data were preserved. 

 

In order to analyze spontaneous speech at the grammatical and lexical-

semantic level, the following variables were included:  

1) Speech rate (words per minute) 

2) Mean length of utterance (MLU; words per utterance) 

3) Proportion of correct sentences. Minor phonological or articulation 

errors were not scored as errors. Utterances with nominal predicates, 

when their usage was adequate, were considered to be correct. 

Utterances with grammatical, lexical-semantic, or syntactic errors were 

scored as incorrect.  

4) Proportion of embedded clauses 

5) Number of lexical verbs3 

6) Proportion of correctly inflected verbs 

                                                
3 The numbers of different verbs and nouns, as well as numbers of overall produced verbs 
and nouns, were multiplied by a coefficient in case of the short spontaneous speech sample. 
After these manipulations, the TTRs stayed the same. 
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7) Diversity of lexical verbs (measured by type-token ratio (TTR), where 

the number of verb types is divided by the overall number of produced 

verbs)3 

8) Number of nouns3 

9) Proportion of correctly inflected nouns 

10) Diversity of nouns (measured by TTR, where the number of noun types 

is divided by the overall number of produced nouns)3. 

 

Sample transcriptions were segmented into utterances based on syntactic 

structure. Minor utterances and discourse markers were included in the word count 

and in calculations of the speech rate. The MLU refers to the number of lexical 

items from all parts of speech, except for interjections, produced within one 

utterance. Discourse markers were also excluded from the MLU count when they 

were used within longer utterances. Minor utterances (e.g., Пойду ‘(I) Will go’) 

and discourse markers (e.g., да ‘yes’) were counted as a single-word utterance 

when they clearly formed a separate utterance. The end of an utterance was marked 

by the syntactical completeness of a string, and, in case of doubt, by prosodic 

criteria or by a major pause.   

 

3.3.1. Statistical methods Study 1 

Data were analyzed in R (R-core-team, 2019). The aphasia group was split into a 

nonfluent and a fluent group.  

We used the Mann-Whitney-Wilcoxon test for unpaired samples to compare 

the spontaneous speech variables of nonfluent, fluent, and NBD groups.  

 

3.3.2. Statistical methods Study 2 

All measured variables in the two groups of aphasic individuals were analyzed with 

linear mixed-effects regression models (‘lme4’ R package) as we had repeated 

measurements with two baselines (test1 and test2) and one post-treatment 
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assessment (test3). The effect of the number of days between test2 and test3 was 

tested with linear regression, where measured variables at test3 were treated as 

dependent variables, while baseline performance at test2 and the number of days 

between test2 and test3 were used as independent variables. 

We analyzed the nonfluent and fluent group results separately. Participants 

were introduced as random intercepts, as recommended in Baayen et al. (2008). 

First, we built our hypothesis models, where the time point was treated as a fixed 

effect. Since the purpose of our analysis was to establish if the dependent variables 

in the post-treatment condition differed from baseline and to control for the 

demographic and stroke-related factors, we added these variables one by one as 

fixed-effects. The models were compared with the ANOVA test. Factors that did 

not significantly improve the model were excluded.  

The post hoc analysis of the models was performed using the ‘Tukey’ test 

with the ‘multcomp’ package in R.  

 

3.4. Results  

3.4.1. Study 1: Characteristics of spontaneous speech in nonfluent and 

fluent aphasia at test1 

Individual spontaneous speech variables for the nonfluent and fluent groups can be 

found in Appendix A3; for NBDs – in Appendix A2. A Mann-Whitney-Wilcoxon 

test showed that at test1, spontaneous speech of both aphasic groups differs 

significantly from NBDs on several variables. 

Participants from the nonfluent (W = 6, p = .002) and fluent (W = 1, p = 

.005) group produced shorter sentences (Figure 3.2a). The proportion of 

grammatically correct sentences was reduced in both the nonfluent (Figure 3.2b; 

W = 2, p < .001) and the fluent (Figure 3.2b; W = 1, p = .003) group. Also, the 

number of produced noun types was lower in both the nonfluent (Figure 3.2c; W = 

21, p = .042) and the fluent group (Figure 3.2c; W = 0, p = .005). Individuals with 

nonfluent aphasia had slower speech rate (Figure 3.2d; W = 18, p = .027) and used 
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fewer sentences with embedded clauses (Figure 3.2e; W = 4, p < .001) than NBDs. 

Participants from the fluent group did not differ from NBDs in speech rate (Figure 

3.2d; W = 23, p = .432), nor in the proportion of sentences with embedded clauses 

(Figure 3.2e; W = 25, p = .08).  

  



Chapter 3 Treatment-induced changes 

 69 

 

       

       

 
Figure 3.2. Comparison between three groups of participants – non-brain-damaged 
(NBD), fluent, and nonfluent at test1 time point on the basis of spontaneous speech 
variables: MLU (a), proportion of correct sentences (b), number of produced noun 
types (c), speech rate (d), and number of sentences with embedded clauses (e). 
Boxes indicate the 25th and 75th percentiles; error bars represent the 10th and 90th 
percentiles. Significant difference from NBD: * p < .05. 
 

In both aphasia groups, the remaining spontaneous speech variables, that is, 

the number of verb types (Figure 3.3a; nonfluent, W = 39, p = .397; fluent, W = 

16.5, p = .935), the proportion of correctly inflected verbs (Figure 3.3b; nonfluent, 

W = 39, p = .319; fluent, W = 6, p = .09), the TTR for verbs (Figure 3.3c; nonfluent, 

W = 32.5, p = .2; fluent, W = 14, p = .623), the proportion of correctly inflected 

a b 

c d 

e 
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nouns (Figure 3.3d; nonfluent, W = 32.5, p = .12; fluent, W = 12.5, p = .465) and 

the TTR for nouns (Figure 3.3e; nonfluent, W = 26.5, p = .096; fluent, W = 12.5, p 

= .464) were similar to those in the NBD group.  

 

      

        

 
Figure 3.3. Comparison between three groups of participants – non-brain-damaged 
(NBD), fluent, and nonfluent at test1 time point on the basis of spontaneous speech 
variables: Number of verb types (a), proportion of correctly inflected verbs (b), 
TTR for verbs (c), proportion of correctly inflected nouns (d), and TTR for nouns 
(e). Boxes indicate the 25th and 75th percentiles; error bars represent the 10th and 
90th percentiles. 
 

The normative data of the Russian NBD speakers were used for the ANELT 

and the Token Test comparisons. Participants from both groups scored below 

a b 

c d 

e 
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normal on the ANELT (Figure 3.4a, nonfluent, W = 265, p < .001; fluent, W = 47, 

p = .003). The cut-off score for aphasia diagnosis for the Token Test in Russian is 

29 (Akinina et al., 2017). Both the nonfluent (Figure 3.4b, W = 203, p < .001) and 

the fluent (Figure 3.4b, W = 58, p < .001) group scored significantly lower than the 

NBDs. Four nonfluent and one fluent participant were within the normal range at 

test1 and test2. According to the cut off score of the Token Test, they were not 

aphasic. Nevertheless, their spontaneous speech variables were below the normal 

range.   

 

         
Figure 3.4. Comparison between normative data of non-brain-damaged (NBD) 
population, and fluent and nonfluent participants at test1 time point on the basis of 
the tests: ANELT (a), and Token Test (b). Boxes indicate the 25th and 75th 
percentiles; error bars represent the 10th and 90th percentiles. Significant difference 
between groups: * p < .05. 
 

3.4.2. Study 1: Summary of the results 

Before treatment, the spontaneous speech of the aphasic speakers in both the 

nonfluent and the fluent group differed from the spontaneous speech of the NBD 

speakers. Participants with nonfluent aphasia produced shorter sentences, which 

were simpler and more often ungrammatical. Additionally, their speech rate was 

lower than that of the NBDs. Finally, speakers with nonfluent aphasia 

demonstrated a lexical deficit, as shown by a reduced number of noun types. 

Participants with fluent aphasia generated shorter sentences that were more 

often grammatically incorrect than those of NBDs and produced fewer noun types. 

a b 
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Unlike the nonfluent group, speech rate and grammatical complexity were within 

the normal range. 

The two aphasic groups did not differ from the NBDs on some lexical 

variables. Surprisingly, the use, diversity and inflection of verbs in their 

spontaneous speech was normal. The same was true for nouns, even though the 

number of nouns was reduced. 

Participants in both aphasia groups had communicative difficulties. Also, at 

the group level, they were below the cut-off in the Token Test.  

 

3.4.3. Study 1: Interim discussion  

Spontaneous speech 

The first research question of this study was whether participants with nonfluent 

and fluent aphasia differ from the NBD speakers as regards spontaneous speech 

variables. As expected, this was the case.  

In line with previous studies, participants with nonfluent aphasia 

demonstrated a grammatical deficit. Their speech was filled with shorter utterances 

that were more often ungrammatical as compared to the NBDs. These results tie 

well with previous findings on grammatical disorders in nonfluent aphasia (Abuom 

& Bastiaanse, 2012; Arslan et al., 2016; Bastiaanse & Jonkers, 1998; Bastiaanse et 

al., 2006; Bird & Franklin, 1996; Faroqi-Shah & Thompson, 2003; Hussmann et 

al., 2012; Miceli et al., 1989; Rossi and Bastiaanse, 2008; Saffran et al., 1989; 

Wagenaar et al., 1975). In line with our expectations, the grammatical complexity 

measured as the proportion of sentences with embedded clauses was severely 

reduced in the nonfluent speakers. These findings also agree with the previous 

research (Abuom & Bastiaanse, 2012; Arslan et al., 2016; Saffran et al., 1989; 

Zingeser & Berndt, 1990). Nonfluent speakers also differed with the NBDs in 

speech rate. Of course, individuals with nonfluent aphasia produce fewer words per 

minute by definition; these results are consistent with those of other studies 
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(Abuom & Bastiaanse, 2012; Arslan et al., 2016; Saffran et al., 1989; Vermeulen 

et al., 1989).  

In the nonfluent aphasic speakers a lexical deficit was also observed. They 

produced a lesser variety of nouns than the NBDs. It is important to note that such 

difference was less dramatic than in the fluent group. A noun retrieval deficit in the 

spontaneous speech of nonfluent aphasia has not been frequently investigated 

and/or reported, as most studies focus on the comparison between nouns and verbs, 

contrasting the lack of nouns in fluent speakers with the lack of verbs in nonfluent 

aphasics. Nevertheless, several studies described noun-related difficulties in 

nonfluent speakers during other tasks. In Russian agrammatic speakers, 18% of 

ungrammatical responses in a sentence production task were due to errors with 

nouns (argument omissions or use of wrong case form; Dragoy & Bastiaanse, 

2010). Moreover, some nonfluent aphasic speakers demonstrate an impairment in 

object naming (e.g., Howard & Gatehouse, 2006).  

Unexpectedly, participants with nonfluent aphasia did not differ from NBDs 

in number, inflection, and variety of verbs. A similar conclusion was reached in a 

cross-linguistic study of Hindi, Islandic, and Finnish (Lorch, 1990), in which some 

agrammatic participants showed normal production of verb types. Additionally, the 

number and diversity of verbs were close to that of the NBDs in Indonesian and 

bilingual Swahili-English speakers (Abuom & Bastiaanse, 2012; Anjarningsih & 

Bastiaanse, 2011). In Turkish and Dutch agrammatic speakers, the number of verbs 

was normal, while diversity was reduced (Arslan et al., 2016; Bastiaanse & 

Jonkers, 1998). The ability to use correct inflections in aphasia has been proposed 

to be language-dependent (Abuom & Bastiaanse, 2012; Arslan et al., 2016). For 

example, bilingual agrammatic speakers experienced fewer problems with 

inflecting verbs in agglutinative Swahili than in analytic English (Abuom & 

Bastiaanse, 2012).  Since Russian is a syntactic language with a rather extensive 

use of agglutination, the relative lack of inflectional errors can be attributed to that.   

Some difficulties affected both fluent and nonfluent aphasics in our study. 

For instance, mean length of utterance and proportion of correct sentences, but not 



Chapter 3 Treatment-induced changes 

 74 

the grammatical complexity, were reduced. While the sentence production deficit 

in fluent aphasia has not been studied as extensively as in nonfluent aphasia, there 

is evidence of sentence production deficiencies in this cohort, which supports our 

findings (Bird & Franklin, 1996; Butterworth & Howard, 1987; Edwards & 

Bastiaanse, 1998; Faroqi-Shah & Thompson, 2003; Martin & Blossom-Stach, 

1986).  

Another expected abnormality in the speech of the fluent aphasics relates to 

the decreased number of noun types. Studies on spontaneous speech deficits in 

fluent aphasia converge with our results, as shortage of nouns is a distinctive 

feature of this type of aphasia (Boyle et al., 2004; Edwards & Bastiaanse, 1998; 

Faroqi-Shah & Thompson, 2003; Zingeser & Berndt, 1990). Although some 

studies have shown that individuals with fluent aphasia also present with a limited 

production of verbs (Bastiaanse, 2011; Bastiaanse & Jonkers, 1998; Edwards & 

Bastiaanse, 1998), our data from Russian do not support these findings. In the 

current study, the lexical deficit in fluent aphasia was limited to nouns. Importantly, 

despite the noun production deficit, noun inflections were unaffected. This finding 

supports the results of Hatchard and Lieven (2019), in which the inflectional error 

rate in speakers with fluent and nonfluent aphasia was low. However, the authors 

argued that error types might be more important than error rates.  

In contrast to the nonfluent group, fluent speakers had a normal speech rate. 

This is consistent with previous data (Grande et al., 2008; Hussmann et al., 2012; 

Wagenaar et al., 1975). In one study (Dédé & Salis, 2020) speech rate was 

decreased in fluent aphasics due to word finding problems, but this was not the 

case in our study.  

Language use in daily life 

Both nonfluent and fluent speakers experienced difficulties on the communicative 

abilities task, which is supposed to reflect language use in daily life. 

Communication difficulties in nonfluent aphasia are a well-studied phenomenon 

(Doesborgh et al., 2002; Herrmann et al., 1989; Holland, 1982).  Deficiency in 

communicative skills in fluent aphasia, on the other hand, are more controversial. 
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However, this disagreement is most likely due to the different methodological 

approaches. For instance, a turn-taking task in the conversation setup did not detect 

a decrease in the communication skills in fluent aphasia (Schienberg & Holland, 

1980). The ANELT, used in the current study, measures verbal communication and 

is sensitive to communicative difficulties in fluent speakers; this is in line with the 

findings of Doesborgh et al. (2002) in aphasic speakers with lexical-semantic 

deficit. 

 

Aphasia severity 

Aphasia severity was measured with the Token Test. With few exceptions, both 

nonfluent and fluent speakers scored below norm on the Token Test. Some 

participants scoring above the cut-off level had mild language impairments and 

were diagnosed with aphasia by trained speech and language pathologists. 

Moreover, a study on the Russian adaptation of the Token Test showed that a small 

percentage of the aphasia speakers perform within the normal range (Akinina et al., 

2017). 

 

Since mean length of utterance, proportion of correct sentences, number of 

noun types, scores on the ANELT and on the Token Test were abnormal in both 

aphasia groups, we decided to focus on these variables in Study 2. This study was 

aimed at investigating treatment-induced changes in spontaneous speech, 

communicative abilities, and aphasia severity in chronic aphasia. For the purposes 

of this study, speech rate and proportion of embedded clauses were included as 

further variables of interest, since nonfluent aphasics also exhibited deficits in these 

domains.  

 

3.4.4. Study 2: Treatment-induced changes in aphasia 

The results of Study 2 are visualised with box plots of the measured variables in 

Figure 3.5. The mixed-effect regression models were built for the ANELT (scale 
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A), the Token Test scores, and each of the spontaneous speech variables on which 

the aphasic speakers differed from NBD speakers in Study 1. Participants were 

added as random intercepts to the models, and the time point (test1 vs. test2 vs. 

test3) was used as a fixed-effect when needed. The controlled demographic, stroke- 

and treatment-related variables included age at test1 (in years), gender, education 

level (in years), post onset time at test1 (in months), type of stroke (ischemic vs. 

hemorrhagic), the type of the assessment protocol (1 vs. 2). These variables were 

added to the model one-by-one as fixed effects to determine if they improved the 

model. The number of days between the test2 and test3 that reflected the length of 

the treatment was tested separately with the linear regression. 

 

         
Figure 3.5. Visualization of treatment-induced changes in aphasia for fluent and 
nonfluent groups relative to NBD baseline measurements (NBD; MEAN +/- SD) 
for the ANELT (a) and Token Test (b). Test 1-3 corresponds to the assessment time 
points.  

 

Treatment-induced changes in nonfluent aphasia 

A stable baseline was observed for each of the measured variables. None of the 

variables had a significant effect on aphasia severity as measured by the Token 

Test, including the time point of the assessment (test2, ß = -1.109, SE = .796, t = -

1.393, p = .171; test3, ß = .89, SE = .823, t = 1.081, p = .286).  The understandability 

of the speech output measured with the ANELT scale A was also not explained by 

demographic variables, nor by the time point of the assessment (test2, ß = -0.045, 

SE = .98, t = -.046, p = .963; test3, ß = 1.152, SE = .997, t = 1.156, p = .254).  

a b 
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The time point condition was significant for mean length of utterance in 

spontaneous speech samples (test2, ß = .095, SE = .162, t = .585, p = .562; test3, ß 

= .773, SE = .159, t = 4.857, p < .001). Utterance length did not change between 

the baseline assessments. By contrast, participants produced longer utterances after 

treatment (test1 vs. test2, ß = -.095, p = .829; test2 vs. test3, ß = -.679, p < .001; 

test1 vs. test3, ß = -.776, p < .001). Additionally, length of utterance at test3 was 

influenced by the number of days between test2 and test3 (ß = .09, SE = .028, t = 

3.203, p = .005). Participants treated for longer time produced longer sentences at 

discharge. 

The proportion of grammatically correct sentences in a sample was 

influenced only by the time point (test2, ß = .016, SE = .025, t = .654, p = .517; 

test3, ß = .08, SE = .024, t = 3.285, p = .002). Participants produced significantly 

more correct sentences after treatment than at baseline (test1 vs. test2, ß = -.016, p 

= .791; test2 vs. test3, ß = -.063, p = .036; test1 vs. test3, ß = -.08, p = .006). 

The proportion of sentences with embedded clauses did not increase after 

treatment (test2, ß < .001, SE = .008, t = .071, p = .944; test3, ß = .005, SE = .008, 

t = .546, p = .588), and was not influenced by any of other variables. 

Speech rate measured in words per minute was not explained by the 

controlled variables and did not change over time (test2, ß = 1.244, SE = 2.223, t 

= .56, p = .579; test3, ß = 2.732, SE = 2.183, t = 1.252, p = .218). 

The number of noun types did not improve after treatment (test2, ß = -.071, 

SE = 2.013, t = -.035, p = .972; test3, ß = 1.74, SE = 1.98, t = .879, p = .385).  The 

only variable related to the number of noun types was the time post onset measured 

in months (ß = -.161, SE = .058, t = -2.786, p = .011). Participants with longer post 

onset intervals tended to produce fewer noun types in their spontaneous speech at 

all time points (ß = -.161, SE = .058, t = -2.786, p = .011). The same tendency was 

observed when tested only for the post-treatment performance at test3, with 

adjustments made for the baseline (ß = -.154, SE = .052, t = -2.967, p = .009). This 

suggests that participants with shorter post onset time had stronger increase in the 

number of noun types in their spontaneous speech after the treatment. 
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Treatment-induced changes in fluent aphasia 

Participants in the fluent group demonstrated stable performance at baseline on all 

variables. Aphasia severity as measured by the Token Test did not change after 

treatment (test2, ß = .286, SE = 1.199, t = .238, p = .816; test3, ß = .214, SE = 

1.199, t = .179, p = .861), and was not influenced by the controlled variables. 

Communicative abilities as measured by the ANELT scale A did not improve as 

well (test2, ß = -.334, SE = 3.202, t = -.105, p = .918; test3, ß = .38, SE = 3.202, t 

= .119, p = .908), and could not be linked to the demographic variables. 

None of the controlled variables influenced mean length of utterance, 

including the time point (test2, ß = .08, SE = .412, t = .194, p = .85; test3, ß = .687, 

SE = .434, t = 1.583, p = .142). Similarly, the proportion of grammatically correct 

sentences did not change over time (test2, ß = -.05, SE = .082, t = -.06, p = .557; 

test3, ß = .088, SE = .086, t = 1.023, p = .329), and the remaining independent 

variables did not correlate with it. 

The proportion of sentences with embedded clauses did not change after 

treatment (test2, ß = -.006, SE = .031, t = -.192, p = .852; test3, ß = .003, SE = .033, 

t = 0.087, p = .932), and could not be predicted by demographic variables. Speech 

rate did not depend on any of the variables, including the time point (test2, ß = -.8, 

SE = 5.197, t = -.155, p = .88; test3, ß = -6.117, SE = 5.508, t = -1.110, p = .292). 

The time point condition did not affect the number of noun types (test2, ß = 1.389, 

SE = 2.314, t = .6, p = .562; test3, ß = -.593, SE = 2.447, t = -.242, p = .813).  

 

3.4.5. Study 2: Summary of the results 

For visualization of treatment-induced changes, see Figure 3.6. Participants in both 

fluency groups were stable in all variables during the baseline, no-treatment period.  

After treatment, changes were observed exclusively in spontaneous speech 

in the nonfluent group. In this group, the focus was on their grammatical 

deficit. In the fluent group, the word finding problems were treated. 

Apparently, this had no effect on utterance length, even though the short 



Chapter 3 Treatment-induced changes 

 79 

sentences produced by these aphasic individuals were most likely caused by 

a word retrieval deficit (Edwards & Bastiaanse, 1998; Howard & 

Butterworth, 1987). Aphasia severity and communicative abilities were 

unaffected. No changes at all were observed in the group of fluent aphasics. 

 

      

      

 
Figure 3.6. Visualization of treatment-induced changes in aphasia for fluent and 
nonfluent groups relative to NBD baseline measurements (NBD; MEAN +/- SD) 
for the MLU (a), proportion of correct sentences (b), number of produced noun 
types (c), speech rate (d), and number of sentences with embedded clauses (e). Test 
1-3 corresponds to the assessment time points. Significant difference between time 
points: * p < .05. 

c d 
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The variables that improved in the nonfluent speakers were related to the 

grammatical features of spontaneous speech, namely mean length of utterance and 

proportion of correct sentences. After treatment, these participants produced longer 

utterances that were more often grammatically correct than before treatment. It is 

essential to add that the change in mean length of utterance depends on the length 

of treatment (in days). In other words, sentence length increased more in 

participants who were treated for a longer time.   

Also, the proportion of grammatically correct sentences improved in 

nonfluent aphasic speakers. This variable was influenced only by treatment.  

 

3.5. Discussion 

The results of this study contribute to an understanding of how spontaneous speech 

characteristics and communicative abilities may be affected by treatment in chronic 

aphasia.  

In Study 1, we showed (see Interim discussion for Study 1) that the 

spontaneous speech of individuals with chronic aphasia differs from that of non-

brain-damaged speakers on some variables, but not on others, and that these 

differences are sometimes specific to the aphasia type. While both fluent and 

nonfluent aphasia speakers deviated from NBDs in the mean length of utterance, 

proportion of correct sentences, and the number of produced noun types, only the 

nonfluent group showed a reduced proportion of embedded clauses and decreased 

speech rate. Both groups demonstrated a decline in their communicative abilities 

and scored significantly lower on the Token Test.  

The choice of the spontaneous speech variables that we used to address the 

research question in Study 2 was based on these findings of Study 1. 
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3.5.1. Treatment-induced changes in chronic aphasia 

The research question for Study 2 was whether spontaneous speech features, 

communicative abilities and aphasia severity change after deficit-specific 

treatment in chronic aphasia. We did not formulate specific expectations regarding 

the improvement after treatment as previous research yielded conflicting results.  

Both fluent and nonfluent participants showed stable baseline behavior and, 

thus, did not exhibit significant improvement without treatment. After treatment, 

aphasic speakers experienced changes only in their spontaneous speech. The main 

treatment effect was found in the variables related to grammatical features.  

Only participants with nonfluent aphasia produced longer sentences, in line 

with previous research (Bastiaanse et al., 2006; Grande et al., 2008; Hussmann et 

al., 2012; Links et al., 2010). Utterance length did not change in participants with 

fluent aphasia, even though, contrary to previous studies (Grande et al., 2008; 

Hussmann et al., 2012; Wagenaar et al., 1975), below-norm values were observed 

in this group in the current study. It is possible that the effects of fluent aphasia 

treatment did not generalize to production (Adelt et al., 2016) – but they did not 

generalize to the Token Test either. 

Both groups initially produced grammatically incorrect sentences, but 

difficulty was more pronounced in the nonfluent than in the fluent group. After 

treatment, only participants with nonfluent aphasia increased the proportion of 

correct sentences in their speech. Similar treatment-induced changes in the 

grammatical correctness of the speech output were found in nonfluent participants 

by Hoover et al. (2015).  

Lack of improvement in the fluent group can be explained by the fact that 

the sentence production deficit mechanisms in fluent aphasia differ from those in 

the nonfluent aphasia (Butterworth & Howard, 1987; Faroqi-Shah & Thompson, 

2003). Moreover, it is possible that the deficit-oriented treatment had no effect on 

spontaneous speech and communicative abilities, nor on aphasia severity in the 

fluent group. While these results are rather disappointing, similar findings were 
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reported by Prins and colleagues (1978). In their study, a group of individuals with 

fluent, mixed, nonfluent, and severely nonfluent aphasia did not show any clinical 

improvement after a year. The authors state that although some of the spontaneous 

speech variables improved, others deteriorated. 

The grammatical complexity measured as the proportion of sentences with 

embedded clauses was impaired only in the nonfluent speakers. Hussmann et al. 

(2012) pinpoint the inconsistency in the post-treatment changes in sentence 

complexity in nonfluent speakers. Also, in our study, this variable did not improve 

in nonfluent participants.   

Speech rate did not improve in either fluency group. This outcome contrasts 

with a study in which increased speech rate was observed after treatment in three 

nonfluent individuals (Marini et al., 2007). However, these patients were in the 

acute phase, and spontaneous recovery may have played a more significant role 

than the treatment itself. Another study showed the positive effect of rhythmic and 

singing therapies on the speech rate of speakers with communicative disorders 

caused by diverse neurological conditions, including post-stroke aphasia (Cohen & 

Masse, 1993). However, little is known about the aphasia types in this study, which 

makes it hard to interpret results.   

Surprisingly, a deficit in noun production was observed in the fluent and the 

nonfluent group, and no treatment-induced positive changes in noun retrieval were 

detected in either group. Similar observations were reported in a study on naming-

targeted treatments in fluent aphasia, where the improvement in naming trained 

nouns did not generalize to noun production in narrative speech (Boyle, 2004). 

Although in our study participants did not undergo specific training narrowly 

targeting specific linguistic features, they received deficit-specific treatment – 

speakers with naming difficulties received treatment aimed at, among other things, 

reducing anomia. Therefore, our results for the fluent group can be compared to 

those of Boyle (2004). Lack of nouns in nonfluent spontaneous speech has not been 

reported often, and in the case of deficit-specific therapy, it may have been 
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overlooked. As mentioned before, even in specifically designed naming training, 

results do not generalize to the production of nouns in spontaneous speech.  

We did not detect a verb production deficit in our cohorts. Although these 

results may sound surprising, they can be attributed to methodological reasons. In 

Study 1, we measured only the number and diversity (type-token ratio) of verbs, in 

comparison to a more sophisticated approach that allowed to tract the abnormalities 

of verbs use in aphasic spontaneous speech (Abuom & Bastiaanse, 2012; 

Bastiaanse & Jonkers, 1998).  

Unfortunately, the aphasic speakers did not improve in communicative 

abilities, nor in aphasia severity. These results partially contradict those of Bakheit 

et al. (2005) and Hoover et al. (2015), which showed reduced post-treatment 

aphasia severity and improved communicative abilities. However, in Bakheit et al. 

(2005), the participants received therapy in the acute and subacute phases of their 

stroke, which makes improvement more likely. In Hoover et al. (2015), nonfluent 

participants underwent a specific treatment targeting verb difficulties, while in our 

design, participants received deficit-specific treatment, and no boundaries were set 

for the aphasia severity or type. Our results are very similar to those of Grande et 

al. (2008), who observed a dissociation between the post-treatment improvement 

in speech production, communicative abilities, and the aphasia severity. Our results 

on the functional communicative skills also correspond to the findings by Laska 

and colleagues (2011). They stated that therapy did not influence the results of the 

ANELT in a randomly selected group of speakers with aphasia. However, it is 

possible that the ANELT with its qualitative scoring system was not sufficiently 

sensitive to track the changes in communicative abilities, as previously shown by 

Ruiter et al. (2011).  

In the light of the current findings, we suggest that spontaneous speech 

analysis with linguistically sophisticated variables is a sensitive tool to measure 

changes in individuals with aphasia. Speakers with language disorders that initially 

suffer from nonfluent aphasia benefit from deficit-specific treatment in their 
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spontaneous speech. However, these improvements do not carry over to 

communicative abilities or severity of aphasia. 

This study was not meant to measure the efficacy of any particular speech 

and language therapy; the main goal was to see which variables improve in treated 

chronic aphasia, in real-life clinical settings. According to our findings, length of 

utterance and proportion of grammatically correct sentences increase in the speech 

output of nonfluent aphasia speakers after the treatment.  

As discussed in Chapter 1, the characteristics of the brain lesions in patients 

with aphasia may have the most significant impact on the rate of their recovery. 

Thus, in Chapters 3 and 4 we will examine the neuroanatomical correlates of 

treatment-induced improvement using mean length of utterances (MLU) as a 

critical variable in nonfluent speakers. We focus on the anatomical features of 

intrahemispheric and interhemispheric white matter tracts. 
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Neural correlates of spontaneous speech and communicative 

abilities in chronic aphasia 
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4.1. Introduction 

Aphasia is a common consequence of a stroke in the language-related areas of the 

dominant hemisphere. The disorder varies in range and severity, often depending 

on lesion localization and size (Plowman et al., 2012) and can be influenced by the 

anatomical properties of intact structures in the contralesional hemisphere (Forkel 

et al., 2014; Xing et al., 2016). The symptoms observed in chronic aphasia are the 

combined result of a residual disorder and spontaneous or treatment-induced 

recovery. About one-third of individuals who present with aphasia in the acute 

phase still suffer from it in the chronic stage (Flowers et al., 2016; Maas et al., 

2012).  

A growing body of evidence links language deficits in chronic aphasia to 

lesion characteristics and grey and white matter structural parameters (see Forkel 

et al., 2014; Forkel & Catani, 2018; Ivanova et al., 2016; Marchina et al., 2011). 

The most common primary measure used in research on the neural correlates of 

aphasia is severity of the language disorder, quantified as either the overall result 

of standardised test batteries, or individual results for variables for ‘speech 

fluency,’ ‘speech comprehension,’ and ‘naming,’ among others (Basilakos et al., 

2014 ; Bonilha et al., 2016; Forkel et al., 2014; Forkel & Catani, 2018; Fridriksson 

et al., 2013; Geva et al., 2012, 2015; Griffis et al., 2017; Hope et al., 2015; Kertesz 

et al., 1993; Rosso et al., 2015; Sul et al., 2016; Xing et al., 2016, 2017; Yang et 

al., 2017; Yourganov et al., 2016). While standardised test batteries for aphasia 

examination are relatively easy to normalize, administer, and analyze in clinical 

settings, their results are sometimes hard to interpret due to the synthetic nature of 

the overall score, which poorly reflects the real-life and pragmatic consequences 

of aphasia.  

Alternative methods of investigation are natural speech analysis and 

assessment of communicative abilities. Only few studies have incorporated 

analyses of spontaneous speech in the behavioral analysis of aphasia symptoms 

(Borovsky et al., 2007; Halai et al., 2016; Marchina et al., 2011; Naeser et al., 1989; 
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Wang et al., 2013), and only three paid attention to the neural correlates of 

communicative abilities in chronic aphasia (Kuceyeski et al., 2016; Laska et al., 

2001; Stark et al., 2006). However, none of the available studies examined 

spontaneous speech, communicative abilities, and aphasia severity simultaneously. 

In addition, the relationship between spontaneous speech and/or communication 

skills and the status of white matter tracts in both hemispheres has not been studied 

yet. 

In the previous chapter, we investigated spontaneous speech and 

communicative difficulties in fluent and nonfluent aphasic speakers before and 

after treatment. Both aphasia groups were impaired on both dimensions before 

treatment. In the current study, we use the same behavioral dimensions for this 

same untreated patient group to investigate the neural correlates of the language 

deficit in chronic aphasia. We will provide an in-depth analysis of the neural 

correlates of untreated chronic aphasia.  

Most importantly, we examined the correlations between functional 

variables (spontaneous speech, verbal communicative abilities and aphasia 

severity) and ipsi- and contralesional damage to white matter tracts. To minimize 

the number of comparisons, we focus on only one spontaneous speech variable as 

a measure of grammatical deficit – mean length of utterance (MLU).  

 

4.1.1. Mean length of utterance and spontaneous speech fluency 

Both MLU and speech fluency can be used to measure sentence production skills 

in aphasia. Previous studies suggest that dorsal white matter tracts, specifically the 

arcuate fasciculus (the AF), the superior longitudinal fasciculus (the SLF), and the 

frontal aslant tract (the FAT), play an important role in language production. For 

example, in the paper that introduced the voxel-based lesion-symptom mapping 

approach (Bates et al., 2003), the left AF/SLF correlated with the scores in the 

fluency rating scale of the Western Aphasia Battery (WAB, Kertesz, 2007; Shewan 

& Kertesz, 1980). Similar results were obtained by Fridriksson and colleagues 
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(2013). In the latter study, damage to the anterior segment of the left AF was the 

main structural predictor of nonfluency in a group of heterogeneous aphasic 

individuals. In a tractography study on Russian aphasic speakers, where speech 

production was examined with the subtests on word- and sentence-level production 

from the Assessment of Speech in Aphasia (Ivanova et al., 2016; Tsvetkova et al., 

1981) the same involvement of the AF was observed.  

Some studies suggest that the most reliable predictor of syntactic impairment 

in chronic aphasia is combined damage to the AF and the FAT. These pathways 

share their cortical terminations in the Broca’s area (Catani et al., 2012; Ford et al., 

2010), often leading to shared damage in these regions in stroke patients. At least 

two studies provided evidence consistent with this theory. In Basilakos et al. 

(2014), low WAB fluency scores were best predicted by high T1-signal intensity 

at the overlap of the anterior segment of the AF and the FAT. Analogous results 

were obtained in a study, using the same neuroimaging technique (Halai et al., 

2017), in which speech fluency was defined as a principal component analysis-

driven combination of spontaneous speech variables (number of overall produced 

words, speech rate, and the MLU in morphemes). In an earlier study, Naeser and 

colleagues (1989) reported on a white matter area damaged only in patients with 

very severely nonfluent or abolished spontaneous speech. Although the FAT had 

not yet been described in humans by the time of the study, the anatomical area 

highlighted in that study can be referred to as the overlap of the AF and the FAT 

(Catani et al., 2013). There was also indirect evidence that damage to the AF and 

FAT is crucial for nonfluency in a study employing a lesion- and connectome-

based analysis and the fluency scale of the WAB was used (Yourganov et al., 

2016). Although the authors did not include long-ranged tracts into their analysis, 

they do report damage to the cortical terminations of both the AF and the FAT. In 

this lesion-based analysis, low fluency scores were predicted by damage to the 

precentral gyrus, the opercular part of the inferior frontal gyrus, and the posterior 

part of the superior temporal gyrus, which can be attributed to the AF. In the 
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connectome-based analysis, the best predictor of nonfluency was damage between 

the precentral gyrus and pars opercularis – two boundaries of the FAT.  

In a tractography study, Catani and colleagues (2013) demonstrated that 

damage to the FAT was indeed linked to nonfluency in primary progressive aphasia 

as measured by MLU and the speech rate. However, in this study only the FAT and 

the uncinate fasciculus (UF) were investigated. This latter tract has also been linked 

to speech fluency in aphasia. In two other studies, damage to the UF also predicted 

poor performance on the fluency scale of the WAB, even though its effect was 

weaker than that of the AF (Basilakos et al., 2014; Fridriksson et al., 2013).  

Only one study on spontaneous speech in non-treated chronic aphasia looked 

explicitly at right hemisphere (RH) structures. Scores on the spontaneous speech-

related scales of the WAB-Revised (WAB-R) positively correlated with grey 

matter volume in the right posterior superior temporal gyrus – one of the cortical 

terminations of the AF (Xing et al., 2016).  

 

4.1.2. Communicative abilities 

Communicative abilities include verbal and non-verbal skills. For the purpose of 

this study, we will focus on verbal communicative skills in aphasia. Stark and 

colleagues (2006) demonstrated that LH damage has a stronger negative impact 

than the RH on verbal communicative abilities as measured with the Amsterdam-

Nijmegen Everyday Language Test (ANELT; Blomert et al., 1994) than RH 

damage. Nevertheless, LH lesion characteristics did not correlate with ANELT 

scores in a mixed aphasia group at 18 months post onset (Laska et al., 2001). 

Unfortunately, this latter study did not control for treatment.  

 

4.1.3. Aphasia severity 

Aphasia severity is one of the most common behavioral measures in neuroimaging 

studies on aphasia. However, previously reported neural correlates for aphasia 

severity are diverse, probably due to the use of various behavioral methods and 
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functionally complex design of some of them. Most often, aphasia severity is 

measured as a generic outcome of the complex batteries (e.g., Aachen Aphasia Test 

– AAT, Huber et al., 1983; Boston Diagnostic Aphasia Examination – BDAE, 

Goodglass & Kaplan, 1972; the WAB) or with screening scores (e.g., Aphasia 

Rapid Test – ART, Azuar et al., 2013; Frenchay Aphasia Screening Test – FAST, 

Enderby et al., 1987). Additionally, some stand-alone tests have been used to assess 

aphasia severity (e.g., The Token Test – TT, Bastiaanse et al., 2016; De Renzi & 

Vignolo, 1962).  

The more severe cases of aphasia, as measured with WAB Aphasia Quotient, 

are usually correlated with frontal and temporal damage in the left hemisphere. In 

the frontal lobe, the critical regions were the insula and the inferior frontal gyrus, 

including Broca’s area (Forkel & Catani, 2018; Sul et al., 2016). In the temporal 

lobe, the structures most frequently involved in various aphasia types were the 

superior temporal gyrus, including Wernicke’s area, and the Heschl’s gyrus (Forkel 

& Catani, 2018; Sul et al., 2016). In addition to the previously mentioned studies, 

the severity of Wernicke’s aphasia was predicted by structural damage to the 

anterior middle temporal area and the angular gyrus (Kertesz et al., 1993). The 

involvement of anterior temporal regions was also observed by Forkel and Catani 

(2018). Their tractography analysis showed that the UF was one of the correlates 

for aphasia severity, but this result did not survive the correction for multiple 

comparisons.   

Lower scores on the Aphasia Rapid Test (ART) and the BDAE have been 

linked to lesions in the posterior portions of the internal and external capsules and 

the white matter within the supramarginal and the superior temporal gyrus, which 

together comprise the temporo-parietal junction (Rosso et al., 2015). The authors 

suggest that damage to this region disrupts both the AF and the inferior fronto-

occipital fasciculus (the IFOF), resulting in a disconnection of the cortical regions 

that are linked by both dorsal and ventral pathways. 

The only measure of aphasia severity used for correlates in the intact right 

hemisphere was the Aphasia Quotient of the WAB. Greater volume of the long 
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segment of the right AF, as shown with tractography analysis, was linked to less 

severe aphasia in the chronic stage (Forkel et al., 2014; Forkel & Catani, 2018). 

These findings on the right AF are indirectly supported by voxel-based 

morphometry study, where greater white matter volume in the right temporo-

parietal junction including the supramarginal gyrus and the posterior portion of the 

superior temporal gyrus correlated positively with the Aphasia Quotient of the 

WAB (Xing et al., 2016).  

 

4.1.4. The current study 

The current study was administered as a prospective neuroimaging investigation of 

language abilities in Russian-speaking individuals with chronic untreated aphasia. 

The objective was to examine the white matter correlates of both hemispheres for 

grammatical abilities and fluency (measured by MLU), verbal communicative 

abilities (measured by the ANELT) and aphasia severity (measured by the Token 

Test). 

To address this issue, we established three research questions: 

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

correlate with the mean length of utterance in chronic aphasic speech? 

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

correlate with communicative abilities in chronic aphasia? 

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

correlate with aphasia severity in chronic aphasia? 

Considering the previous literature, we expected MLU to correlate with 

white matter tract features. We hypothesised that lower MLU would be linked to 

the damage of the AF and the FAT. Although damage to the UF has been shown 

to be related to speech fluency (Basilakos et al., 2014; Fridriksson et al., 2013), we 

had no clear expectations regarding this tract, as in most studies it could not be 

related to a behavioral outcome (e.g., Catani et al., 2013; Ivanova et al., 2016; 

Marchina et al., 2011; Wang et al., 2013). It was also unclear what to expect 
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regarding the involvement of RH white matter tracts, based on the limited literature 

being available. 

We had no predictions for the neural correlates of communicative abilities, 

as this variable has only been studied by Laska et al. (2001), who failed to find 

correspondences. 

Based on previous research (Forkel et al., 2014; Forkel & Catani, 2018; 

Kertesz et al., 1993; Rosso et al., 2015; Xing et al., 2016), we expected to find a 

correlation between aphasia severity and structural parameters of white matter 

tracts. In particular, we hypothesized that more severe aphasia would correlate with 

damage to the left AF, IFOF, and UF. Additionally, we expected less severe cases 

to be associated with greater volume of the right AF.  

 

4.2. Methods  

4.2.1. Participants 

Individuals with aphasia were included in this study if they suffered a single (two 

subsequent cerebrovascular accidents that happened within 1 month were counted 

as one) stroke in the left hemisphere that happened more than 5 months before 

enrollment. One participant had an additional 3mm stroke lesion in the right 

thalamus. Exclusion criteria were drug or alcohol abuse, presence of non-stroke 

related neurological or psychiatric disorders, uncorrected hearing or vision 

disorders, or contradictions to MRI.  Twenty-seven individuals with chronic 

aphasia participated. Twenty-three of those with nonfluent (n = 18) and fluent (n = 

5) aphasia also participated in the study described in Chapter 2. The remaining four 

participants with unclassifiable aphasia were recruited for this study. All 

participants were Russian native speakers who suffered from a LH ischemic (n = 

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

transformation (n = 1). Two participants were bilingual (Russian-Ukrainian), but 

Russian was their primary language. There were 14 men and 13 women. Their age 
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ranged from 41 to 71 years (M = 56.7, SD = 8.3), and their education from 10 to 

20 years (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 in the chronic 

stage of their disease, time post onset was not a criterion for exclusion, as it does 

not influence the 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 the 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 was comprised of semantic, 

acoustic-mnestic and sensory aphasia, and their combinations. The unclassified 

group consisted of cases that could not be classified as fluent or nonfluent. More 

information on diagnosis adaptation from Luria’s classification is provided in 

Chapter 3. Participants gave informed consent prior to participation in the study. 

Further individual demographic data can be found in Appendix B1. This study was 

approved by the local Ethics Committee. 

 

4.2.2. Language assessment and procedure 

Spontaneous speech samples were elicited through an interview with open-ended 

questions referring to the present and the past. A detailed description of the 

interview and the methods of analysis is provided in Chapter 2. In this study, we 

considered only MLU (in words) as a global measure of speech output and 

syntactic complexity. In the study presented in the previous chapter, both nonfluent 

and fluent speakers exhibited reduced MLU. This is in line with previous 

behavioral and neuroimaging investigations on aphasia, that used this variable as a 
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measure of sentence production ability (Borovsky et al., 2007; Catani et al., 2013; 

Halai et al., 2017; Neaser et al., 1989). 

Language assessment consisted of a semi-structured interview, the ANELT 

(Blomert et al., 1994, Russian adaptation: Akinina, n.d.), and the Token Test 

(Akinina et al., 2017; Bastiaanse et al., 2016; De Renzi & Faglioni, 1978; De Renzi 

& Vignolo, 1962). Verbal communicative abilities were assessed with the Russian 

version of the ANELT (Blomert et al., 1994; Russian adaptation: Akinina, n.d.). 

The test requires verbal reactions to 10 short scenarios of everyday life situations. 

The maximum score on this task is 50.  A more detailed description can be found 

in Chapter 2. 

The Token Test via App (Akinina et al., 2017; Bastiaanse et al., 2016; De 

Renzi & Faglioni, 1978; De Renzi & Vignolo, 1962) measured the severity of 

aphasia. We used a tablet-based version of this test where the participant has to 

follow the pre-recorded audio instructions and interact with figures or “tokens”. 

Here, the Token Test was used to assess aphasia severity. At the end of the testing 

session the test automatically generates the participant’s score (range: between 0 

and 36). For the Russian version of the Token Test, the cut-off value for classifying 

a speaker as aphasic is <29 (Akinina et al., 2017). 

Each participant was examined twice (test1, test2). At test1, participants 

were tested either during their single pre-admission visit or at their home. The 

assessment at test2 took place within the first few hospitalization days. There was 

no treatment between test1 and test2. The mean interval between these two 

baselines was 27.4 ± 13.3 days (range: 13 -75). Two breaks between baseline 

assessments were outliers due to unpredicted life events of the participants (103 

and 157 days). These participants’ data were retained for the study because they 

were 19- and 107-months post onset, and no treatment was provided in the 

indicated period. The examination was usually carried out during one meeting, with 

breaks to ensure the comfort of the participants. If requested by participants, 

assessments were conducted over several test sessions. 
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The interview and ANELT parts of all sessions were audio-recorded. As 

mentioned above, the Token Test required the use of a tablet-style device. A short 

tutorial was provided for participants with no previous experience of tablet use. 

The two assessments used parallel versions of the ANELT (version A vs. version 

B) and the order of the whole experimental procedure (interview at the beginning 

vs. interview at the end of the assessment) was varied.  

 

4.2.3. Neuroimaging acquisition and preprocessing 

Participants had an MRI examination at the beginning of their hospital stay (test2). 

All data were collected on the same 1.5T Siemens Magnetom Avanto scanner. The 

mean time between the behavioral assessment and the MRI session was 4.5 days 

(0-16 days; SD = 3.6). The behavioral assessment always took place first. 

For each subject, a high-resolution structural T1 (1 x 1 x 1 mm), a T2-

weighted, and fluid-attenuated inversion recovery (FLAIR) volumes (0.5 x 0.5 x 

4.8 mm) of the whole brain were acquired. For every participant, 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, wherein each of 64 diffusion-weighted directions (b-value 1000 

s/mm2) and one non-weighted image, with opposite phase encoding were 

collected. Two additional non-weighted images (also with opposite 

phase encoding) were acquired.  

 

4.2.4. MRI preprocessing: lesion masks and tractography 

Images were 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 (Montreal Neurological Institute) 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. 
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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 on T1. The lesion 

mask was 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. To help with the preliminary 

delineations, a semi-automatic random-forests algorithm within ITK-snap 

(Yushkevich et al., 2016) was used in some cases. Then, these delineations were 

manually verified and corrected. Then, masks were normalised to the MNI152 

template with a custom MATLAB script based on the SPM12 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 MNI152 template was visually compared to the lesion mask overlay on T1 

in the native space by an experienced researcher using the ITK-snap software.  

Inconsistencies, such as lack of or excessive presence of the lesion mask in the 

cortical or subcortical structures, and lesion mask protruding to meninges or 

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. The volume of the brain mask was also 

extracted. These preprocessing steps for the DWI data were performed using the 

Oxford Centre for FMRIB Software Library (FSL; Jenkinson et al., 2012).   

The following preprocessing steps were taken 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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4.3. Analysis 

4.3.1. Spontaneous speech analysis 

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

Chapter 2. Audio recordings obtained from the interview and ANELT tasks were 

pseudo-anonymised by a person not involved in data collection or analysis.  

For this study, MLU was calculated from written transcripts of 200-word 

spontaneous speech samples. In some cases of severe aphasia, participants were 

not able to produce 200 words in their interviews. Samples of at least 150 words 

were included in the analysis in order to avoid excluding too many participants 

with severe aphasia. Three participants produced a short word sample at one time 

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

participant. It was treated as a missing value.  More information on the analysis of 

speech samples can be found in Chapter 3. 

 

4.3.2. Tractography analysis 

We focused on the long associative tracts usually related to language processing: 

the three segments of the AF, the FAT, the UF, the IFOF, and the inferior 

longitudinal fasciculus (ILF). The analysis was performed on both hemispheres. 

The tracts were reconstructed in TrackVis (Wang et al., 2007). The seed-points for 

tract reconstruction were manually defined on FA maps regions of interest (ROI) 

described in the literature as anatomical terminations of given tracts (Catani et al., 

2005, 2007). For each tract, we used two ROIs. ROI seed points are visualized in 

Figure 4.1. For the anterior, long, and posterior segments of the AF, ROIs were 

located in Broca’s area (pars opercularis and pars triangularis), in the inferior 

parietal lobe, including Geschwind’s territory, and in Wernicke’s area (the 

posterior part of the superior temporal gyrus). The FAT was reconstructed from the 

ROI in the anterior Broca’s area (slightly anterior to the ROI for the AF) and the 

supplementary motor area. As for the IFOF, one ROIs was located deep in the 
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frontal lobe overlapping the external and extreme capsules, and the other was in 

the occipital lobe. The same occipital lobe ROI was used to delineate the ILF, 

whose second seed-point cut across the anterior temporal lobe, close to the 

temporal pole. Finally, the UF shared the frontal ROI with the IFOF, and the 

temporal ROI with the ILF.   

The final tractography scene was checked and corrected by an experienced 

researcher who was blind to the behavioral performance of participants. The 

statistics of each tract, such as volume, length, and fractional anisotropy (FA) 

values, were further extracted. Tract volume and length were normalised by the 

individual’s volume of the brain mask. The structural parameters thus obtained 

were used together with behavioral data in the statistical analysis. 
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Figure 4.1. Regions of interest (ROI) used to reconstruct white matter tracts.  
Mapping is demonstrated on the left hemisphere only. 1/1* - Broca’s area/Broca’s 
area homologue ROI; 2/2* - anterior part of Broca’s area/anterior part of Broca’s 
area homologue ROI; 3 - supplementary motor area (SMA) ROI; 4/4* - 
Geschwind’s region/Geschwind’s region homologue ROI; 5 - occipital lobe ROI; 
6/6* - Wernicke’s area/ Wernicke’s area homologue ROI; 7 - posterior temporal 
pole ROI; 8 - anterior temporal pole ROI; 9 - frontal ROI. 1/1* + 4/4* = anterior 
segment of the AF; 1/1* + 6/6* = long segment of the AF; 4/4* + 6/6* = posterior 
segment of the AF; 2/2* + 3 = the FAT; 7 + 9 = the UF; 5 + 8 = the ILF; 5 + 9 = 
the IFOF. 
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4.3.3. Statistical analysis 

The data were analyzed in R version 3.6.1. (R-core-team, 2019).  

We used a Wilcoxon test to compare behavioral performance on test1 and 

test2 to prove that participants were stable in their language performance. All 

measured variables were analyzed with multiple linear regression models (‘lme4’ 

R package, Bates et al., 2014a). The MLU, the ANELT, or the Token Test scores 

at test2 were the dependent variables, since neuroimaging data were obtained at the 

same time point. In the analysis, the first-level models included age and volume of 

the native lesion mask corrected to the individual’s brain volume. These two 

variables were controlled throughout each step of the statistical analysis. To control 

for demographic and stroke-related factors, the following variables were first added 

to the model one by one: gender, educational level (in years), type of stroke 

(ischemic vs. hemorrhagic), and time post onset (in months).  Then FA, corrected 

volume, or corrected length of the three segments of the AF, the FAT, the UF, the 

IFOF, the ILF were added one by one in both hemispheres. Each model included 

only one type of tractography parameter. Factors that did not significantly improve 

the model were excluded. At each step, the models were compared with the 

ANOVA test.  

 

4.4. Results  

Individual results can be found in Appendix B2. Wilcoxon tests showed no 

significant difference between test1 and test2 assessments on MLU (V = 123, p = 

.29), ANELT (V = 165, p = .21), and the Token Test (V = 175.5, p = .11).  

 

4.4.1. Mean length of utterance 

The summary statistics on all tested models for MLU can be found in Table 4.2.  

The first-level multiple linear regression model was not able to explain the 

variability in the MLU (F (2, 23) = 2.628, p = .094, R2 = .11). When considered 
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together, neither age (ß = .033, SE = .035, t = .959, p = .348), nor lesion volume (ß 

= -16.297, SE = 10.518, t = -1.549, p = .135) influenced the MLU. However, the 

lesion volume alone was a significant variable (ß = -20.199, SE = 9.683, t = -2.086, 

p = .048). None of the remaining demographic- or stroke-related factors influenced 

the MLU. 

When tract statistics were added to the model separately, several tracts in the 

LH showed significant correlations. The parameters of the long segment of the AF 

were positively correlated with the MLU (FA: ß = 3.777, SE = 1.719, t = 2.197, p 

= .039, F (3, 22) = 3.653, p (model) = .0281, R2 = .24; Length: ß = 25520, SE = 

11690, t = 2.184, p = .04, F (3, 22) = 3.629, p (model) = .029, R2 = .24). 

Additionally, higher values of all three parameters of the FAT predicted longer 

MLU (FA: ß = 3.282, SE = 1.258, t = 2.608, p = .016, F (3, 22) = 4.462, p (model) 

= .014, R2 = .294; Volume: ß = 150800, SE = 69140, t = 2.181, p = .04, F (3, 22) = 

3.625, p (model) = .029, R2 = .24; Length: ß = 26790, SE = 11850, t = 2.260, p = 

.034, F (3, 22) = 3.768, p (model) = .025, R2 = .25).  

In the left IFOF, only volume positively correlated with MLU (ß = 103500, 

SE = 45420, t = 2.278, p = .033, F (3, 22) = 3.801, p (model) = .025, R2 = .25). 

Finally, the best predictor amongst tracts was the ILF (FA: ß = -7.19127, SE = 

2.592, t = -2.774, p = .011, F (3, 22) = 4.828, p (model) = .01, R2 = .315; Length: 

ß = -55400, SE = 15330, t = -3.615, p = .002, F (3, 22) = 7.027, p (model) = .002, 

R2 = .42). In this case, a paradoxical negative correlation was shown, as participants 

with ILF damage produced longer utterances.  

None of the tracts in the right hemisphere correlated with MLU. 

The model that explained most of the variability in MLU included length of 

the long segment of the AF, the FAT, the IFOF, and the ILF, all located in the LH 

(F (4, 21) = 12.88, p (model) < .001, R2 = .655).  
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Table 4.2. Partial correlation coefficients of DTI indices for long associative tracts 
with MLU and scores of ANELT and Token Test, while taking age, gender, and 
lesion volume into account. Significant correlations are marked: ** p < .001; * p < 
.05. 
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4.4.2. Communicative abilities 

The summary statistics for the models tested for the ANELT can be found in Table 

4.2. Neither age (ß = -.075, SE = .257, t = -.29, p = .774), nor lesion volume ((ß = 

-154.19, SE = 77.943, t = -1.978, p = .06) were significant for the ANELT scores 

in the first-level regression model (F (2, 23) = 2.089, p = .147, R2 = .08). The same 

applies when they were tested separately.  

Two ventral tracts in the LH correlated with communicative abilities. Higher 

ANELT scores were predicted by high values for all three parameters of the left 

UF (FA: ß = 37.362, SE = 9.46, t = 3.949, p < .001, F (3, 22) = 7.476, p (model) = 

.001, R2 = .437; Volume: ß = 1462000, SE = 515000, t = 2.839, p = .01, F (3, 22) 

= 4.507, p (model) = .013, R2 = .296; Length: ß = 277900, SE = 72260, t = 3.846, 

p < .001, F (3, 22) = 7.159, p (model) = .002, R2 = .425) and of the IFOF (FA: ß = 

32, SE = 8.769, t = 3.65, p < .001, F (3, 22) = 7.476, p (model) = .001, R2 = .437; 

Volume: ß = 1462000, SE = 515000, t = 2.839, p = .001, F (3, 22) = 6.58, p (model) 

= .002, R2 = .401; Length: ß = 145300, SE = 46340, t = 3.135, p = .004, F (3, 22) 

= 5.204, p (model) = .007, R2 = .335).  

In the right hemisphere, the ANELT measure of communicative abilities was 

negatively correlated with two tracts. A thicker right FAT correlated with lower 

ANELT scores (Volume: ß = -1558000, SE = 551800, t = -2.823, p = .01, F (3, 22) 

= 4.472, p (model) = .01, R2 = .29), and the length of the right UF was also 

negatively correlated to the ANELT (ß = -879300, SE = 392800, t = -2.238, p = 

.036, F (3, 22) = 3.306, p (model) = .039, R2 = .217). 

The combined model that explained the most of the variability on the 

ANELT comprised the length of both UFs, the left showing a positive, and the right 

a negative correlation with the ANELT scores (F (4, 21) = 7.376, p (model) < .001, 

R2 = .505). 

 



Chapter 4 Neural correlates 

 105 

4.4.3. Aphasia severity 

The statistics on the regression models for the Token Test are to be found in Table 

4.2. 

The first-level model could not predict the Token Test scores (Age: ß = .223, 

SE = .178, t = 1.29, p = .21; Lesion volume: ß = -48.822, SE = 50.053, t = -.975, p 

= .34; F (2, 23) = 2.099, p = .146, R2 = .08).  

Both the left and the right UF were significantly correlated with aphasia 

severity. Higher FA of the left UF was associated with higher Token Test scores (ß 

= 17.676, SE = 8.441, t = 2.094, p = .048, F (3, 22) = 3.067, p (model) = .049, R2 

= .199). In contrast, the length of the right UF was negatively correlated with the 

Token Test (ß = -700600, SE = 267200, t = -2.622, p = .016, F (3, 22) = 4.048, p 

(model) = .02, R2 = .268).  

Notably, adding together the values of left and right UF parameters did not 

improve their individual models. Hence, the model that explained most of the 

Token Test scores’ variability was the one with the length of the right UF. 

 

4.4.4. Summary of the results 

Participants’ performance did not change between test1 and test2. These aphasic 

speakers had chronic aphasia and no spontaneous recovery took place between 

these time points.  

A visual representation of tracts, which parameters correlated with MLU and 

ANELT and the Token Test scores, can be found in Figure 4.3. Grammatical 

ability, measured by MLU, was associated with damage to the long segment of the 

left AF, the left FAT, and the left IFOF, that is, shorter utterances were associated 

with damage to these segments. Additionally, shorter utterances were observed in 

individuals with intact left ILF. Therefore, the most severe grammatical deficit was 

expected in individuals with combined damage to the AF, the FAT, and the IFOF, 

and with intact ILF. In our cohort, structural parameters of tracts in the right 

hemisphere could not be linked to length of utterance. 
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Aphasic speakers with preserved left UF and IFOF performed better on the 

test for verbal communication. Good communicative skills were observed also in 

cases with anatomically smaller right FAT and UF. The combination of the 

preserved left UF, and a short right UF had the strongest correlation with better 

verbal communicative abilities.  

 

 
Figure 4.2. Visual representation of tracts, with parameters significantly correlated 
with MLU, ANELT, or Token Test labeled. 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 – frontal aslant tract; 3 – uncinate fasciculus; 
4 – inferior fronto-occipital fasciculus. 
 

As in the case of verbal communication, aphasia severity, as measured with 

the TT, correlated either with intact left UF, or with shorter right UF. Nevertheless, 

the combination of both predictors was not better than each predictor taken 

separately.  
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4.5. Discussion  

This study investigated the relationships between spontaneous speech, 

communicative abilities, and aphasia severity and the structural metrics across all 

major language-related tracts in both hemispheres in individuals with chronic 

aphasia. The results of this study add to our understanding of how certain white 

matter structures are involved in language processing in chronic post-stroke 

aphasia.  

 

4.5.1. White matter correlates of the mean length of utterance 

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

in both hemispheres correlate with the MLU in chronic aphasia. The answer to this 

question is affirmative, and our expectations on which white matter structures 

would be linked with MLU were partially met.  

As expected, the structural metrics of the left AF and FAT correlated 

positively with length of utterance in spontaneous speech. This finding is consistent 

with several studies reporting that damage to both tracts is linked to more severe 

nonfluency as measured with the WAB or spontaneous speech variables, including 

MLU (Basilakos et al., 2014; Halai et al., 2017; Naeser et al., 1989). Moreover, our 

results are supported by similar observations made separately for the AF (Bates et 

al., 2003; Fridriksson et al., 2013; Ivanova et al., 2016) and the FAT (Catani et al., 

2013; Zyryanov et al., 2020) in the LH. The involvement of the AF and the FAT 

in speech production is well-established (Bernal & Ardila, 2009; Catani et al., 

2013; Catani & Mesulam, 2008; Dick et al., 2019). Both tracts are parts of the 

dorsal language pathway and their shared cortical terminal – Broca’s area – is 

considered to be a critical component of the language network (Broca, 1861; 

Hickok & Poeppel, 2004, 2007; Saur et al., 2008).  

Damage to the left UF was associated with more severe grammatical deficits 

in some studies (Basilakos et al., 2014; Fridriksson et al., 2013), but not in others 
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(Catani et al., 2013; Ivanova et al., 2016; Marchina et al., 2011; Wang et al., 2013). 

Considering the discrepancy in previous research, we did not have strong 

predictions on the relationship between MLU and the left UF. Our findings were 

in accordance with the studies that did not find a specific correlation between left 

UF damage and aphasic speech production. It is important to note that all 

significant results for the left UF were obtained in studies that measured 

spontaneous speech fluency with WAB rating scales (Basilakos et al., 2014; 

Fridriksson et al., 2013), while lack of correlation was reported mainly in studies 

that used variables of quantitative spontaneous speech analysis (Catani et al., 2013; 

Marchina et al., 2011; Wang et al., 2013). Notably, Catani and colleagues (2013) 

used the same syntactic fluency measure (MLU) as we did, and also failed to find 

an association of MLU with the left UF in primary progressive aphasia. 

Regarding the white matter tracts of the LH, we found unanticipated 

associations, both related to the ventral stream pathway. One was that the structural 

parameters of the left IFOF were positively correlated with MLU. This finding was 

unexpected, as this tract connecting the occipital and the inferior frontal cortices is 

considered to be involved in the semantic, but not grammatical processing 

(Almairac et al., 2015; Friederici & Gierhan, 2013; Li et al., 2017; Vigneau et al., 

2006). A possible explanation for our findings is that MLU is a purely quantitative 

measure that does not consider the specific linguistic factors determining the 

production of short utterances. Reduced MLU could result, among other things, 

from word-finding problems that are a byproduct of semantic deficits (Bird & 

Franklin, 1999; Zaroff et al., 1997). It is important to note that we examined both 

nonfluent and fluent aphasics and, as shown in Chapter 2, both fluency groups 

demonstrated reduced MLU. 

Another unexpected result in our study was the correlation between damage 

to the left ILF and MLU: the more damage, the more words per utterance. The ILF 

connects the occipital lobe with the temporal pole, passing along the temporal lobe. 

While our finding is counterintuitive, the distribution of lesions in the nonfluent 

and fluent speakers, as shown in Figure 4.3, can explain this result. In our study, 



Chapter 4 Neural correlates 

 109 

individuals with nonfluent aphasia and, hence, shorter MLUs tended to have more 

anterior (frontal) lesions, while patients with fluent aphasia suffered more 

frequently from temporal lobe damage. Therefore, the participants with ILF lesions 

were more fluent and produced significantly longer sentences than those with 

frontal damage.  

 

 
Figure 4.3. Lesion overlays for speakers with (a) nonfluent (n = 18) and (b) 
fluent (n = 5) aphasia 

 

Overall, the model that explained most of the variability in the MLU was the 

one that accounted for the length of the left FAT, the long segment of the AF, the 

IFOF (these tracts showed a positive correlation with the behavioral measurement), 

and the ILF (negative correlation) altogether. A model that included the FA values 

of the same tracts was worse than the previous one. The three tracts positively 

correlated with MLU have one of their cortical terminals in the inferior frontal lobe, 

while the ILF runs in the occipital and temporal lobe. Hence, we suggest that 

damage to the left inferior frontal regions is what most affects the grammatical 

aspects of spontaneous speech production in chronic aphasia. Unfortunately, since 

the current study did not employ a whole-brain analysis, it is impossible to exactly 

locate the voxels of interest. The literature supports our conclusion on the 

importance of the inferior part of the left frontal lobe for fluent speech production 

(Borovsky et al., 2007; Fridriksson et al., 2013; Halai et al., 2016). An alternative 

explanation is that damage to both the dorsal (the AF, the FAT) and the ventral (the 
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IFOF) pathway disconnects the cortices of the perisylvian language network, and 

that this leads to more pronounced grammatical problems in spontaneous speech. 

A similar conclusion on the role of combined damage to both pathways was 

previously made for the aphasia quotient (measured as outcome of the WAB) and 

cognitive deficits in acute aphasia (Yang et al., 2017). 

We did not have specific expectations on the relationships between RH white 

matter tracts and MLU, due to the limited studies that included RH tracts. Our 

results do not reveal any links between RH tracts and MLU. Only one study showed 

a correlation between the spontaneous speech scores of the WAB-R in chronic 

aphasia and the volume of the grey matter in the posterior part of the superior 

temporal gyrus – supposedly the temporal terminal of the AF in the RH (Xing et 

al., 2016). However, that study did not control for treatment, thus, it is impossible 

to know whether the measured behavior was influenced by speech therapy. 

 

4.5.2. White matter correlates of communicative abilities 

Our second research question was whether structural properties of white matter 

tracts in both hemispheres correlate with communicative abilities in chronic 

aphasia. Our results reveal an affirmative answer to this question. We did not have 

explicit expectations on this topic, as it has not been studied before: ours is the first 

study to investigate the relations between verbal communicative abilities in aphasia 

and white matter tracts in both hemispheres.  

The left UF and IFOF showed a positive correlation with the communicative 

abilities as measured with the ANELT. While their role in communicative skills in 

aphasia remains unclear, both tracts were previously linked with abnormalities in 

social communication skills in autism (Bakhtiari et al., 2012; Catani et al., 2003; 

Im et al., 2018; Radua et al., 2011; Uddin et al., 2011), possibly due to the role of 

the IFOF in face perception and action control (Philippi et al., 2009; Thomas et al., 

2008) and to the involvement of the UF in the regulation of the emotional behavior 

towards people and objects (Von Der Heide et al., 2013). However, it is unclear to 
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what extent these factors influence the verbal communicative abilities in adults 

with aphasia caused by focal brain damage. It is also possible that in post-stroke 

aphasia the left IFOF and the UF correlate with verbal communicative skills as a 

consequence of their role in language processing. As mentioned earlier, the left 

IFOF was shown to play a role in semantic operations. The same applies to the left 

UF, which was associated with naming, and, more recently, with proper name 

retrieval (Papagno et al., 2011, 2014; Von Der Heide et al., 2013). Moreover, 

damage to the left UF has been linked to reduced speech fluency (Basilakos et al., 

2014; Fridriksson et al., 2013). However, the ANELT as a diagnostic tool was not 

based on the theoretical framework of verbal communication, but rather on the 

multi-modal pragmatic approach for the message transition (Blomert et al., 1994). 

Hence, further research with alternative tasks on verbal and non-verbal 

communication combined with a quantitative analysis of ANELT data is required 

to clarify the neural mechanisms underlying the communicative deficits in chronic 

aphasia.  

In the RH, the UF and the FAT were the white matter correlates of the 

ANELT scores. In both tracts the correlation was negative, meaning that lower 

values of the structural parameters in the right UF and FAT were associated with 

better communicative abilities. Moreover, performance on the ANELT was best 

explained when the length of both left and right UF was taken into account. This 

surprising finding on the reverse involvement of both UFs is consistent with the 

literature on the bilateral distribution of the anatomical substrates for 

communicative skills. Communicative abilities were proven to have bilateral 

neural correlates (Naeser et al., 1998; Sabbagh, 1999), but the interaction between 

damaged left and intact right homologue areas in communication in post-stroke 

aphasia has not been mentioned before. Some studies assume that homologue areas 

may not have the same functional role in communication. For example, only the 

right UF was shown to be responsible for decoding of facial emotional expressions 

in non-brain-damaged adults (Coad et al., 2017). This allows us to speculate that 

while the right UF is more involved in emotion recognition, the left UF is more 
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concerned with language-related aspects of communication. Finally, an intact left 

UF may ensure better verbal communication, because maladaptive changes in the 

right UF in cases with damaged left UF may be connected to more severe 

communicative disability caused by the damage to the left UF.  

As indicated previously, we found the structural parameters of the right FAT 

to be negatively correlated with performance on the verbal communication task. 

Catani and Bambini (2014) presume that the FAT is the white matter substrate of 

“the expression and the recognition of communicative intentions.” However, their 

proposed model for social communication and language evolution and 

development (SCALED) does not account for the lateralization distribution of the 

described brain regions. In light of our findings, it may be the case that initially, 

the left and right FAT do not play the same role in verbal communication. This is 

supported by the observed postoperative compensatory mechanisms occurring in 

the right supplementary motor area (SMA; the cortical terminal of the FAT) after 

resection of its left homologue (Chivukula et al., 2018) and the subacute 

upregulation in the right SMA following a left-hemisphere stroke (Saur et al., 

2006). Hence, as in the case of the right UF, we speculate that the negative 

correlation between the right FAT and the communicative abilities in chronic 

aphasia can be explained by the neural plasticity resulting from damage to the 

ipsilesional FAT. Previous research suggests that the functional prevalence of the 

right perisylvian network over the left one in chronic aphasia is observed only in 

individuals with extensive damage to the left language-related areas resulting in 

more severe language impairment (Naeser et al., 2005; Saur et al., 2006). 

 

4.5.3. White matter correlates of aphasia severity 

The third question was whether structural properties of the white matter tracts in 

both hemispheres correlate with aphasia severity, as measured on the TT. Our 

findings allow an affirmative answer also to this question.  
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Based on previous studies, more severe aphasia was predicted to correlate 

with damage to the left AF, IFOF, and UF. This was found only for the left UF. 

The absence of correlations for the AF and the IFOF in our case may result from 

the use of different behavioral methods. The studies reviewed so far examined 

aphasia severity as an overall score of the WAB, BDAE, or ART – battery-type 

assessments comprised of multiple tasks seeking to investigate language 

impairments at several levels that rely on diverse and wide neural networks (Forkel 

& Catani, 2018; Kertesz et al., 1993; Rosso et al., 2015; Sul et al., 2016; Xing et 

al., 2016). In our study, aphasia severity was measured with the TT. This test relies 

on disruptions in receptive language function common for all aphasia types (De 

Renzi & Faglioni, 1978; De Renzi & Vignolo, 1962). Therefore, the partial lack of 

correspondence with previous studies can be related to use of a different method, 

using a single task choice.  

 We anticipated a positive correlation between the structural parameters of 

the left UF and the Token Test scores based on an observation by Forkel and Catani 

(2018) that did not survive the correction for multiple comparisons. Surprisingly, 

for the Token Test, we found the same dichotomy between left and right UF as 

previously observed for the ANELT. That is, the ANELT scores were correlated 

positively with the structural parameters of the left UF and negatively – with the 

right UF. We assume that such contrast between the involvement of the left and 

right UF is observed due to the plasticity in the contra-lesional homologue of the 

disconnected left UF.  

The Token Test is a complex task. Especially in the more complex items, it 

relies heavily on inner speech and monitoring. In order to point to the correct tokens 

after hearing ‘touch the big green circle and the small yellow square’, one needs to 

be able to repeat the sentence internally. For this, the entire process of language 

comprehension and production is needed (except the actual articulation). This is 

the reason that the Token Test is useful for discriminating between people with and 

without aphasia: if there is aphasia, there is an impairment in the language 

processing, be it comprehension or production or both, be it in grammar, lexical 
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semantics, phonology or a combination thereof. Hence, inner speech will be 

disrupted and errors will be made on the Token Test. Inner speech is the backbone 

of verbal working memory: when inner speech is disrupted, verbal memory will be 

impaired. The UF has been linked to the verbal working memory (Dick & 

Tremblay, 2012). The structural abnormalities of the UF were found to be 

correlated with reduced auditory memory in temporal lobe epilepsy (Diehl et al., 

2008; McDonald et al., 2008). This explains why both auditory verbal deficits and 

a low score on the Token Test are correlated with the damage to the left UF. 

However, our experimental design does not allow us to differentiate between 

various functional aspects of the UF concerning our behavioral measurements.   

Our final prediction regarding the positive correlation between the structural 

parameters of the right AF and milder aphasia was not confirmed. The Token Test 

scores did not correlate with structural parameters of the right AF. All three studies 

that reported on the correlation between the right AF or its cortices used the 

Aphasia Quotient of the WAB as a measure of aphasia severity (Forkel et al., 2014; 

Forkel & Catani, 2018; Xing et al., 2016). As mentioned previously, unlike the TT, 

the WAB examines a variety of aspects of language processing (fluency, 

comprehension, repetition, and naming). Thus, the choice of variables can once 

again explain the diverging results. Moreover, in two of the studies mentioned 

above, tractography results did not survive the correction for multiple comparisons 

(Forkel et al., 2014; Forkel & Catani, 2018). 

To conclude, the current study confirmed that grammatical abilities in 

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

phase correlate with structural properties of white matter tracts in both 

hemispheres. The grammatical impairments in spontaneous speech in chronic 

aphasia, as reflected by the mean length of utterance, was correlated to combined 

lesions of the LH dorsal and ventral pathways. Speech production in chronic 

aphasia correlated with left frontal lobe damage, but not with the structural 

parameters of RH white matter tracts. Both communicative abilities and aphasia 

severity were influenced by damage to the left ventral pathway. Additionally, they 
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were both negatively correlated with the structural parameters of RH white matter 

tracts, which may be a consequence of post-stroke maladaptive changes. In Chapter 

5, we investigated the white matter correlates of treatment-induced changes in the 

same behavioral variables, to see if the same structures support the therapy-

facilitated recovery in chronic aphasia. 
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Neural correlates for treatment-induced changes in 

spontaneous speech variables and communicative abilities in 
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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 
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(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. 



Chapter 5 Neural correlates for treatment induced changes 

 131 

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. 



Chapter 5 Neural correlates for treatment induced changes 

 141 

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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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?  



Chapter 6 General discussion 

 148 

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. 
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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.  
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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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Summary 

The role of neuroanatomical features, such as characteristics of damaged and spared 

brain tissue, has been of interest in research on treatment-induced recovery patterns in 

aphasia. The present study aims to contribute to this subject by investigating the white 

matter neural correlates of treatment-induced improvements in spontaneous speech and 

communicative abilities in chronic aphasia. To this end, diffusion-based in vivo 

tractography allowed us to measure physical properties of white matter tracts 

previously associated with language processing and investigate which of these 

structures are relevant for post-therapy changes in spontaneous speech and 

communicative abilities. Considering the potential role of spared brain tissue, the study 

aims to examine the properties of the affected white matter tracts and the supposedly 

intact ipsi- and contralesional regions. Spontaneous speech analysis and 

communicative abilities task (the Amsterdam-Nijmegen Everyday Language Test – 

ANELT) were chosen as primary behavioral methods of investigation as speech 

production and communication deficits are the main issues that people with aphasia 

encounter in daily life. Furthermore, spontaneous speech analysis previously was 

shown to be a sensitive tool for tracking treatment-induced recovery. There were three 

main issues covered in this thesis. The first one was to investigate how abnormal 

spontaneous speech production and communicative abilities are in Russian speakers 

with chronic aphasia and whether observed deficits improve after deficit-specific 

treatment. The second issue was to highlight the bilateral white matter neural correlates 

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

chronic non-treated aphasia. Finally, we established which white matter tracts are 

important for treatment-induced changes in the same behavioral variables. 

 

The general introduction in Chapter 1 begins with the aims of this thesis, followed 

by a brief overview of the literature on recovery in aphasia, highlighting particular 

methodological issues the current project aimed to avoid. Four main research 

objectives follow this short introductory part, forming the framework of the 
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subsequent experimental chapters and giving rise to specific research questions this 

thesis aims to collect data on. The general introduction concludes with an overview 

of the dissertation’s structure and a brief outline of the experimental design applied 

throughout this thesis. 

 

Chapter 2 provides a literature review on the neural correlates of aphasia. The 

outline of the chapter’s structure is followed by the discussion of the importance of 

aphasia prognosis and an overview of known predictors. Lesion site and size are the 

two of the most critical prognostic factors for post-stroke recovery. The main part 

of the chapter describes known grey and white matter correlates of aphasia deficits 

separately, divided according to their anatomical organization. We start this chapter 

by highlighting those grey matter areas purportedly involved in impaired language 

processing in untreated aphasia. The neural structures’ dissimilarities cause 

variation between methods and measurements that are used to assess their 

anatomical features. Thus, before moving on to the white matter predictors of 

language deficits in untreated aphasia, we focus on various neuroimaging methods 

used to examine the white matter, as one of these methods is further applied in our 

study. Then, we report on the structural parameters of particular grey and white 

matter brain regions that perform as either correlates or predictors for treatment-

induced recovery in aphasia. Finally, we focus on the gaps existing in current 

research on the neural mechanisms of recovery in aphasia.   

 

In Chapter 3, we present the results of two subsequent behavioral studies. The first 

study investigates spontaneous speech and verbal communicative abilities 

(measured by the ANELT) in fluent and nonfluent chronic aphasia. This provides 

us with a more detailed picture of the initial language deficit in chronic aphasia. 

Both participants with fluent and nonfluent aphasia produced shorter sentences, 

which were more often ungrammatical. Additionally, spontaneous speech of 

nonfluent speakers was slower and contained simpler sentences than that of the 

non-brain-damaged individuals. Finally, speakers with both fluent and nonfluent 
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aphasia demonstrated a lexical deficit, as shown by a reduced number of noun 

types. Participants in both aphasia groups had communicative difficulties. In Study 

2, we investigate the post-treatment change in spontaneous speech and 

communicative abilities, as well as in aphasia severity in the same two groups. In 

nonfluent aphasic speakers, treatment focusing on their underlying (i.e., 

grammatical) deficit resulted in longer and more correct utterances in spontaneous 

speech. This improvement did not generalise on their communication disorder nor 

the aphasia severity. For fluent aphasic speakers, no changes in spontaneous 

speech, communication in daily life, or aphasia severity were observed after 

treatment.  

 

Chapter 4 focuses on neuroimaging study of language abilities in Russian-

speaking individuals with chronic untreated aphasia. The objective was to examine 

the white matter correlates of both hemispheres for grammatical abilities (measured 

by the mean length of utterance, a spontaneous speech variable that improved after 

treatment in the previous study), verbal communicative abilities (measured by the 

ANELT), and aphasia severity (measured by the Token Test). Diffusion-based 

tractography was the method of our choice, as it allows for individual anatomical 

variations while providing a regions-of-interest approach. The investigated tracts 

were the three segments of the arcuate fasciculus (the AF), the frontal aslant tract 

(the FAT), the uncinate fasciculus (the UF), the inferior longitudinal fasciculus (the 

ILF), and the inferior fronto-occipital fasciculus (the IFOF). Grammatical ability, 

measured by the mean length of utterance, was associated with damage to the long 

segment of the left AF, the left FAT, and the left IFOF, that is, shorter utterances 

were associated with damage to these segments. Additionally, shorter utterances 

were observed in individuals with intact left ILF. The structural parameters of tracts 

in the right hemisphere could not be linked to the length of utterance. As for the 

verbal communication task, better performance was observed in aphasic speakers 

with preserved left UF and IFOF. Good communicative skills were also observed 

in cases with anatomically smaller right FAT and UF. The combination of the 
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preserved left UF and a short right UF had the strongest correlation with better 

verbal communicative abilities. Aphasia severity also correlated either with intact 

left UF or with shorter right UF. Nevertheless, the combination of both predictors 

was not better than each predictor taken separately.  

 

Chapter 5 also reports findings of a neuroimaging study, where tractography is a 

primary method of investigation. Unlike in the previous chapter, the goal was to 

examine the bilateral white matter correlates of treatment-induced improvement in 

spontaneous speech (the mean length of utterance), communicative abilities (the 

ANELT scores), and aphasia severity (the Token Test scores). To track changes, a 

group of speakers with chronic aphasia was tested before and after a course of 

deficit-specific treatment. Results show that less improvement in the mean length 

of utterance was observed in people with a thicker (more preserved) long segment 

of the AF in the left hemisphere. Nevertheless, this interaction was present only 

when the length of treatment in days was taken into account. In contrast, 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 the long 

segment in the right AF. No other neural correlates were found for the ANELT in 

our study. 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 left hemisphere, less damage in the long and 

posterior segments of the AF was associated with better language abilities. In the 

right hemisphere, the tracts of significance were the UF and the IFOF. In other 

words, positive post-treatment changes in the Token Test were observed in cases 

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

structurally profound ventral streamline in the right hemisphere. 

 

Chapter 6 provides a general discussion of the studies reported in this thesis. There 

are five major conclusions drawn from the results of the project. The first conclusion 
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is that spontaneous speech and communicative abilities in Russian speakers with 

both fluent and nonfluent aphasia differ from people without brain damage. The 

second conclusion concerns the post-treatment changes. It has been shown that after 

therapy, the improvement at the group level is observed only in grammatical 

variables in spontaneous speech in nonfluent chronic aphasia. Such changes in 

spontaneous speech did not generalize to aphasia severity and communicative 

abilities, and no significant changes were found in the group of speakers with fluent 

aphasia. The following three conclusions are related to our findings in two 

neuroimaging studies. First of all, 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. Contrasting results are observed 

after the treatment. 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 task results during recovery relied on a 

more profound dorsal streamline in the left and a more profound ventral streamline 

in the right hemisphere. The final conclusion that arises from the previous two is 

that 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. 
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Samenvatting 
De rol van neuroanatomische kenmerken, zoals eigenschappen van 

beschadigd en gespaard hersenweefsel, is van belang geweest in onderzoek 

naar behandeling-geïnduceerde herstelpatronen bij afasie. De huidige studie 

beoogt een bijdrage te leveren aan dit onderwerp door het onderzoeken van 

de witte stof neurale correlaten van behandeling-geïnduceerde verbeteringen 

in spontane spraak en communicatieve vaardigheden in chronische afasie. 

Daartoe werd gebruik gemaakt van diffusie-gebaseerde in vivo tractografie 

om de fysieke eigenschappen te meten van witte stof traktaten die vroeger 

geassocieerd werden met taalverwerking en te onderzoeken welke van deze 

structuren relevant zijn voor veranderingen in spontane spraak en 

communicatieve vaardigheden na de behandeling. Gezien de mogelijke rol 

van gespaard hersenweefsel, heeft de studie tot doel de eigenschappen te 

onderzoeken van de aangetaste witte stof traktaten en de verondersteld 

intacte ipsi- en contralesionale regio's. Spontane spraakanalyse en 

communicatieve vaardigheidstaken (de Amsterdam-Nijmegen Everyday 

Language Test - ANELT) werden gekozen als primaire gedragsmatige 

onderzoeksmethoden omdat spraakproductie en communicatietekorten de 

belangrijkste problemen zijn waarmee mensen met afasie in het dagelijks 

leven te maken krijgen. Bovendien is eerder aangetoond dat spontane 

spraakanalyse een gevoelig instrument is voor het volgen van door 

behandeling geïnduceerd herstel. Er worden drie kwesties besproken in dit 

proefschrift. De eerste betreft het onderzoeken hoe abnormaal spontane 

spraakproductie en communicatieve vaardigheden zijn bij Russischtaligen 

met chronische afasie en of de waargenomen tekorten verbeteren na 

deficiëntie-specifieke behandeling. De tweede is om de bilaterale witte stof 

neurale correlaten van spontane spraak, communicatieve vaardigheden, en 
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ernst van afasie in chronische niet-behandelde afasie te belichten. Tenslotte 

stelden we vast welke witte stof traktaten belangrijk zijn voor behandeling-

geïnduceerde veranderingen in dezelfde gedragsvariabelen. 

 

De algemene inleiding in hoofdstuk 1 begint met de doelstellingen van dit 

proefschrift, gevolgd door een kort overzicht van de literatuur over herstel 

bij afasie, waarbij specifieke methodologische valkuilen die het huidige 

project tracht te vermijden, worden belicht. Na deze korte inleiding volgen 

vier belangrijke onderzoeksdoelstellingen, die het kader vormen van de 

daaropvolgende experimentele hoofdstukken en aanleiding geven tot 

specifieke onderzoeksvragen waarover dit proefschrift gegevens wil 

verzamelen. De algemene inleiding sluit af met een overzicht van de 

structuur van het proefschrift en een korte schets van de experimentele opzet 

die in dit proefschrift is toegepast. 

 

Hoofdstuk 2 geeft een literatuuroverzicht over de neurale correlaten van 

afasie. De opzet van het hoofdstuk wordt gevolgd door een bespreking van 

het belang van afasieprognose en een overzicht van bekende voorspellers. 

De lesiekenmerken grootte en, vooral, locatie, zijn de twee meest kritische 

prognostische factoren voor herstel na een beroerte. Het belangrijkste deel 

van het hoofdstuk beschrijft de bekende grijze en witte stof correlaten van 

afasiestoornissen afzonderlijk, verdeeld volgens hun anatomische 

organisatie. We beginnen dit hoofdstuk met het belichten van die grijze stof 

gebieden die naar verluidt betrokken zijn bij een verminderde taalverwerking 

in onbehandelde afasie. De verschillen tussen de neurale structuren 

veroorzaken variatie tussen de methoden en metingen die worden gebruikt 

om hun anatomische kenmerken te beoordelen. Daarom, alvorens over te 
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gaan tot de witte stof voorspellers van taalstoornissen in onbehandelde afasie, 

focussen wij op verschillende neuroimaging methodes die gebruikt worden 

om witte stof te onderzoeken, aangezien één van deze methodes verder wordt 

toegepast in onze studie. Vervolgens rapporteren we over de structurele 

parameters van bepaalde grijze en witte stof hersengebieden die ofwel 

correleren met ofwel voorspellers zijn voor behandeling-geïnduceerd herstel 

in afasie. Tenslotte richten we ons op de hiaten die bestaan in het huidige 

onderzoek naar de neurale mechanismen van herstel in afasie. 

 

In hoofdstuk 3 presenteren we de resultaten van twee opeenvolgende 

gedragsstudies. De eerste studie onderzoekt spontane spraak en verbale 

communicatieve vaardigheden (gemeten met de ANELT) in vloeiende en 

niet-vloeiende chronische afasie. Dit geeft ons een meer gedetailleerd beeld 

van de initiële taalachterstand bij chronische afasie. Zowel deelnemers met 

vloeiende als met niet-vloeiende afasie produceerden kortere zinnen, die 

vaker ongrammaticaal waren. Bovendien was de spontane spraak van niet-

vloeiende sprekers langzamer en bevatte eenvoudigere zinnen dan die van de 

niet-hersenbeschadigde individuen. Tenslotte vertoonden sprekers met 

zowel vloeiende als niet-vloeiende afasie een lexicaal tekort, zoals blijkt uit 

een verminderd aantal naamwoordsvormen. Deelnemers in beide 

afasiegroepen hadden communicatieve problemen. In studie 2 onderzoeken 

we de verandering in spontane spraak en communicatieve vaardigheden na 

de behandeling, evenals de ernst van de afasie in dezelfde twee groepen. Bij 

niet-vloeiende afatische sprekers resulteerde een behandeling gericht op hun 

onderliggend (d.w.z. grammaticaal) tekort in langere en meer correcte 

uitspraken tijdens spontane spraak. Deze verbetering generaliseerde niet naar 

hun communicatiestoornis en verminderde ook de ernst van de afasie niet. 
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Bij vloeiend sprekende afatische sprekers werden na behandeling geen 

veranderingen waargenomen in spontane spraak, communicatie in het 

dagelijks leven, of ernst van de afasie.  

 

Hoofdstuk 4 richt zich op neuro-imaging onderzoek van taalvaardigheden bij 

Russischtalige personen met chronische onbehandelde afasie. Het doel was 

om de witte stof correlaten van beide hersenhelften te onderzoeken voor 

grammaticale vaardigheden (gemeten door de gemiddelde lengte van de 

uiting, een variabele voor spontane spraak die verbeterde na behandeling in 

de vorige studie), verbale communicatieve vaardigheden (gemeten door de 

ANELT), en de ernst van de afasie (gemeten door de Token Test). Diffusie-

gebaseerde tractografie was de methode van onze keuze, omdat het 

individuele anatomische variaties toestaat, terwijl het een region of interest 

benadering biedt. De onderzochte traktaten waren de drie segmenten van de 

arcuate fasciculus (de AF), de frontal aslant tractus (de FAT), de uncinate 

fasciculus (de UF), de inferior longitudinal fasciculus (de ILF), en de inferior 

fronto-occipital fasciculus (de IFOF). Grammaticale vaardigheid, gemeten 

aan de hand van de gemiddelde lengte van de uiting, werd geassocieerd met 

beschadiging van het lange segment van de linker AF, de linker FAT, en de 

linker IFOF, dat wil zeggen, kortere uitingen werden geassocieerd met 

beschadiging van deze segmenten. Bovendien werden kortere uitingen 

waargenomen bij personen met intacte linker ILF. De structurele parameters 

van de traktaten in de rechter hemisfeer konden niet in verband worden 

gebracht met de lengte van de uiting. Wat betreft de verbale 

communicatietaak, werden betere prestaties waargenomen bij afatische 

sprekers met intacte linker UF en IFOF. Goede communicatieve 

vaardigheden werden ook waargenomen in gevallen met een anatomisch 
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kleinere rechter UF en UF. De combinatie van een onbeschadigde linker UF 

en een korte rechter UF had de sterkste correlatie met betere verbale 

communicatieve vaardigheden. Ernst van afasie correleerde ook met een 

intacte linker UF of met een kortere rechter UF. Niettemin was de combinatie 

van beide voorspellers niet beter dan elke voorspeller afzonderlijk. 

 

Hoofdstuk 5 rapporteert ook bevindingen van een neuro-imaging studie, 

waarbij tractografie een primaire methode van onderzoek is. Anders dan in 

het vorige hoofdstuk was het doel om de bilaterale witte stof correlaten te 

onderzoeken van behandeling-geïnduceerde verbetering in spontane spraak 

(de gemiddelde lengte van de uiting), communicatieve vaardigheden (de 

ANELT scores), en de ernst van de afasie (de Token Test scores). Om de 

veranderingen te volgen, werd een groep sprekers met chronische afasie 

getest voor en na een stoornisspecifieke behandeling. De resultaten tonen aan 

dat er minder verbetering in de gemiddelde lengte van de uiting werd 

waargenomen bij mensen met een dikker (meer behouden) lang segment van 

het AF in de linker hemisfeer. Deze interactie was echter alleen aanwezig 

wanneer rekening werd gehouden met de duur van de behandeling in dagen. 

In tegenstelling hiermee was er meer verbetering aanwezig bij personen met 

een langer posterieur segment van het rechter AF, ongeacht de duur van de 

behandeling. De verbetering in communicatieve vaardigheden gemeten door 

de ANELT was alleen geassocieerd met een groter volume van het lange 

segment in het rechter AF. Er werden geen andere neurale correlaten 

gevonden voor de ANELT in onze studie. Wat betreft de veranderingen in 

de Token Test scores voor en na de behandeling, werden vier witte stof 

traktaten gevonden als significante voorspellers in deze studie, die een 

correlatie reflecteren met de ernst van de afasie. In de linker hemisfeer werd 
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minder schade in de lange en posterieure segmenten van het AF geassocieerd 

met betere taalvaardigheden. In de rechter hemisfeer waren de traktaten van 

betekenis de UF en de IFOF. Met andere woorden, positieve veranderingen 

in de Token Test na de behandeling werden waargenomen in gevallen met 

een gepreserveerde dorsale stroomlijn in de linker hemisfeer en een meer 

structureel diepgaande ventrale stroomlijn in de rechter hemisfeer. 

 

Hoofdstuk 6 geeft een algemene discussie van de studies die in dit 

proefschrift zijn gerapporteerd. Er worden vijf belangrijke conclusies 

getrokken uit de resultaten van het project. De eerste conclusie is dat 

spontane spraak en communicatieve vaardigheden bij Russischtaligen met 

zowel vloeiende als niet vloeiende afasie verschillen van mensen zonder 

hersenbeschadiging. De tweede conclusie betreft de veranderingen na de 

behandeling. Het is aangetoond dat na therapie, de verbetering op 

groepsniveau alleen wordt waargenomen in grammaticale variabelen in 

spontane spraak bij niet-vloeiende chronische afasie. Dergelijke 

veranderingen in spontane spraak generaliseerden niet naar de ernst van de 

afasie en communicatieve vaardigheden, en er werden geen significante 

veranderingen gevonden in de groep sprekers met vloeiende afasie. De 

volgende drie conclusies zijn gerelateerd aan onze bevindingen in twee 

neuroimaging studies. Ten eerste, bij chronische afasie is de spraakproductie 

alleen geassocieerd met de intactheid van de linker witte stof traktaten, 

terwijl de communicatieve vaardigheden en de ernst van de afasie positief 

correleren met de linker en negatief met de rechter witte stof structuren. 

Contrasterende resultaten worden waargenomen na de behandeling. De 

parameters van de rechter dorsale stroomlijn correleerden positief met 

verbeteringen in de spraakproductie en communicatieve vaardigheden. 
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Bovendien correleerden verbeteringen in spraakproductie alleen negatief met 

de linker dorsale stroomlijnen, waardoor het behoud ervan nadelig is voor 

herstel. Een afname van de resultaten van taken die de ernst van de afasie 

meten, tijdens de herstelfase, hing samen met een meer diepgaande dorsale 

stroomlijn in de linker en een meer diepgaande ventrale stroomlijn in de 

rechter hemisfeer. De laatste conclusie die voortvloeit uit de vorige twee is 

dat prestaties bij onbehandelde chronische afasie en verbeteringen na de 

behandeling niet op dezelfde manier afhankelijk zijn van dezelfde witte stof 

structuren en dat linker en rechter homologe structuren vaak als antagonisten 

optreden. 

 
 



 

 204 

  



 

 205 

 
About the Author 

Svetlana Averina was born on 20th August 1990 in Moscow, USSR. She finished 

her studies in speech and language pathology and psychology of people with special 

needs in 2012. After graduation, she worked as a speech and language pathologist 

at the Center for Speech Pathology and Neurorehabilitation in Moscow. In 2016, 

she was admitted to the PhD Program International Doctorate for Language and 

Brain (IDEALAB) with an Erasmus Mundus Joint Doctoral (EMJD) fellowship to 

work under the supervision of Prof. dr. Roelien Bastiaanse and Prof. dr. Gabriele 

Miceli, with the co-supervision of Dr. Olga Dragoy. She received her doctoral 

training from the Universities of Groningen (NL), Trento (IT), Potsdam (DE), New 

Castle (UK), and Macquarie (Sydney, AU). She conducted her studies at the Center 

for Language and Cognition (CLCG; University of Groningen) while collaborating 

with the Center for Language and Brain (the National Research University Higher 

School of Economics, RU). 

  



 

 206 

  



 

 207 

 
 
 

 
 
 

GRODIL 

Groningen Dissertations in Linguistics 
  



 

 208 

 

 

  



GRODIL 

 209 

1. Henriëtte de Swart (1991). Adverbs of Quantification: A Generalized 
Quantifier Approach. 

2. Eric Hoekstra (1991). Licensing Conditions on Phrase Structure. 
3. Dicky Gilbers (1992). Phonological Networks. A Theory of Segment 

Representation. 
4. Helen de Hoop (1992). Case Configuration and Noun Phrase Interpretation. 
5. Gosse Bouma (1993). Nonmonotonicity and Categorial Unification 

Grammar. 
6. Peter I. Blok (1993). The Interpretation of Focus. 
7. Roelien Bastiaanse (1993). Studies in Aphasia. 
8. Bert Bos (1993). Rapid User Interface Development with the Script Language 

Gist. 
9. Wim Kosmeijer (1993). Barriers and Licensing. 
10. Jan-Wouter Zwart (1993). Dutch Syntax: A Minimalist Approach. 
11. Mark Kas (1993). Essays on Boolean Functions and Negative Polarity. 
12. Ton van der Wouden (1994). Negative Contexts. 
13. Joop Houtman (1994). Coordination and Constituency: A Study in Categorial 

Grammar. 
14. Petra Hendriks (1995). Comparatives and Categorial Grammar. 
15. Maarten de Wind (1995). Inversion in French. 
16. Jelly Julia de Jong (1996). The Case of Bound Pronouns in Peripheral 

Romance. 
17. Sjoukje van der Wal (1996). Negative Polarity Items and Negation: Tandem 

Acquisition. 
18. Anastasia Giannakidou (1997). The Landscape of Polarity Items. 
19. Karen Lattewitz (1997). Adjacency in Dutch and German. 
20. Edith Kaan (1997). Processing Subject-Object Ambiguities in Dutch. 
21. Henny Klein (1997). Adverbs of Degree in Dutch. 
22. Leonie Bosveld-de Smet (1998). On Mass and Plural Quantification: The 

case of French ‘des’/‘du’-NPs. 
23. Rita Landeweerd (1998). Discourse semantics of perspective and temporal 

structure. 
24. Mettina Veenstra (1998). Formalizing the Minimalist Program. 
25. Roel Jonkers (1998). Comprehension and Production of Verbs in aphasic 

Speakers. 
26. Erik F. Tjong Kim Sang (1998). Machine Learning of Phonotactics. 
27. Paulien Rijkhoek (1998). On Degree Phrases and Result Clauses. 
28. Jan de Jong (1999). Specific Language Impairment in Dutch: Inflectional 



GRODIL 

 210 

Morphology and Argument Structure. 
29. H. Wee (1999). Definite Focus. 
30. Eun-Hee Lee (2000). Dynamic and Stative Information in Temporal 

Reasoning: Korean tense and aspect in discourse 
31. Ivilin P. Stoianov (2001). Connectionist Lexical Processing. 
32. Klarien van der Linde (2001). Sonority substitutions. 
33. Monique Lamers (2001). Sentence processing: using syntactic, semantic, and 

thematic information. 
34. Shalom Zuckerman (2001). The Acquisition of "Optional" Movement. 
35. Rob Koeling (2001). Dialogue-Based Disambiguation: Using Dialogue 

Status to Improve Speech Understanding.  
36. Esther Ruigendijk (2002). Case assignment in Agrammatism: a cross-

linguistic study. 
37. Tony Mullen (2002). An Investigation into Compositional Features and 

Feature Merging for Maximum Entropy-Based Parse Selection. 
38. Nanette Bienfait (2002). Grammatica-onderwijs aan allochtone jongeren. 
39. Dirk-Bart den Ouden (2002). Phonology in Aphasia: Syllables and segments 

in level-specific deficits. 
40. Rienk Withaar (2002). The Role of the Phonological Loop in Sentence 

Comprehension. 
41. Kim Sauter (2002). Transfer and Access to Universal Grammar in Adult 

Second Language Acquisition. 
42. Laura Sabourin (2003). Grammatical Gender and Second Language 

Processing: An ERP Study. 
43. Hein van Schie (2003). Visual Semantics. 
44. Lilia Schürcks-Grozeva (2003). Binding and Bulgarian. 
45. Stasinos Konstantopoulos (2003). Using ILP to Learn Local Linguistic 

Structures. 
46. Wilbert Heeringa (2004). Measuring Dialect Pronunciation Differences 

using Levenshtein Distance. 
47. Wouter Jansen (2004). Laryngeal Contrast and Phonetic Voicing: A 

Laboratory Phonology. 
48. Judith Rispens (2004). Syntactic and phonological processing in 

developmental dyslexia. 
49. Danielle Bougaïré (2004). L'approche communicative des campagnes de 

sensibilisation en santé publique au Burkina Faso: Les cas de la planification 
familiale, du sida et de l'excision.  

50. Tanja Gaustad (2004). Linguistic Knowledge and Word Sense 



GRODIL 

 211 

Disambiguation. 
51. Susanne Schoof (2004). An HPSG Account of Nonfinite Verbal Complements 

in Latin. 
52. M. Begoña Villada Moirón (2005). Data-driven identification of fixed 

expressions and their modifiability. 
53. Robbert Prins (2005). Finite-State Pre-Processing for Natural Language 

Analysis. 
54. Leonoor van der Beek (2005) Topics in Corpus-Based Dutch Syntax. 
55. Keiko Yoshioka (2005). Linguistic and gestural introduction and tracking of 

referents in L1 and L2 discourse. 
56. Sible Andringa (2005). Form-focused instruction and the development of 

second language proficiency. 
57. Joanneke Prenger (2005). Taal telt! Een onderzoek naar de rol van 

taalvaardigheid en tekstbegrip in het realistisch wiskundeonderwijs. 
58. Neslihan Kansu-Yetkiner (2006). Blood, Shame and Fear: Self-Presentation 

Strategies of Turkish Women’s Talk about their Health and Sexuality. 
59. Mónika Z. Zempléni (2006). Functional imaging of the hemispheric 

contribution to language processing. 
60. Maartje Schreuder (2006). Prosodic Processes in Language and Music. 
61. Hidetoshi Shiraishi (2006). Topics in Nivkh Phonology. 
62. Tamás Biró (2006). Finding the Right Words: Implementing Optimality 

Theory with Simulated Annealing. 
63. Dieuwke de Goede (2006). Verbs in Spoken Sentence Processing: 

Unraveling the Activation Pattern of the Matrix Verb. 
64. Eleonora Rossi (2007). Clitic production in Italian agrammatism. 
65. Holger Hopp (2007). Ultimate Attainment at the Interfaces in Second 

Language Acquisition: Grammar and Processing.  
66. Gerlof Bouma (2008). Starting a Sentence in Dutch: A corpus study of 

subject- and object-fronting.  
67. Julia Klitsch (2008). Open your eyes and listen carefully. Auditory and 

audiovisual speech perception and the McGurk effect in Dutch speakers with 
and without aphasia. 

68. Janneke ter Beek (2008). Restructuring and Infinitival Complements in 
Dutch. 

69. Jori Mur (2008). Off-line Answer Extraction for Question Answering. 
70. Lonneke van der Plas (2008). Automatic Lexico-Semantic Acquisition for 

Question Answering. 
71. Arjen Versloot (2008). Mechanisms of Language Change: Vowel reduction 



GRODIL 

 212 

in 15th century West Frisian. 
72. Ismail Fahmi (2009). Automatic term and Relation Extraction for Medical 

Question Answering System. 
73. Tuba Yarbay Duman (2009). Turkish Agrammatic Aphasia: Word Order, 

Time Reference and Case. 
74. Maria Trofimova (2009). Case Assignment by Prepositions in Russian 

Aphasia. 
75. Rasmus Steinkrauss (2009). Frequency and Function in WH Question 

Acquisition. A Usage-Based Case Study of German L1 Acquisition. 
76. Marjolein Deunk (2009). Discourse Practices in Preschool. Young 

Children’s Participation in Everyday Classroom Activities. 
77. Sake Jager (2009). Towards ICT-Integrated Language Learning: Developing 

an Implementation Framework in terms of Pedagogy, Technology and 
Environment. 

78. Francisco Dellatorre Borges (2010). Parse Selection with Support Vector 
Machines. 

79. Geoffrey Andogah (2010). Geographically Constrained Information 
Retrieval. 

80. Jacqueline van Kruiningen (2010). Onderwijsontwerp als conversatie. 
Probleemoplossing in interprofessioneel overleg. 

81. Robert G. Shackleton (2010). Quantitative Assessment of English-American 
Speech Relationships. 

82. Tim Van de Cruys (2010). Mining for Meaning: The Extraction of Lexico-
semantic Knowledge from Text. 

83. Therese Leinonen (2010). An Acoustic Analysis of Vowel Pronunciation  
in Swedish Dialects. 

84. Erik-Jan Smits (2010). Acquiring Quantification. How Children Use 
Semantics and Pragmatics to Constrain Meaning. 

85. Tal Caspi (2010). A Dynamic Perspective on Second Language Development. 
86. Teodora Mehotcheva (2010). After the fiesta is over. Foreign language 

attrition of Spanish in Dutch and German Erasmus Student. 
87. Xiaoyan Xu (2010). English language attrition and retention in Chinese and 

Dutch university students. 
88. Jelena Prokić (2010). Families and Resemblances. 
89. Radek Šimík (2011). Modal existential wh-constructions. 
90. Katrien Colman (2011). Behavioral and neuroimaging studies on language 

processing in Dutch speakers with Parkinson’s disease. 
91. Siti Mina Tamah (2011). A Study on Student Interaction in the 



GRODIL 

 213 

Implementation of the Jigsaw Technique in Language Teaching. 
92. Aletta Kwant (2011). Geraakt door prentenboeken. Effecten van het gebruik 

van prentenboeken op de sociaal-emotionele ontwikkeling van kleuters. 
93. Marlies Kluck (2011). Sentence amalgamation. 
94. Anja Schüppert (2011). Origin of asymmetry: Mutual intelligibility of spoken 

Danish and Swedish. 
95. Peter Nabende (2011). Applying Dynamic Bayesian Networks in 

Transliteration Detection and Generation. 
96. Barbara Plank (2011). Domain Adaptation for Parsing. 
97. Cagri Coltekin (2011). Catching Words in a Stream of Speech: 

Computational simulations of segmenting transcribed child-directed speech. 
98. Dörte Hessler (2011). Audiovisual Processing in Aphasic and Non-Brain-

Damaged Listeners: The Whole is More than the Sum of its Parts. 
99. Herman Heringa (2012). Appositional constructions. 
100. Diana Dimitrova (2012). Neural Correlates of Prosody and Information 

Structure. 
101. Harwintha Anjarningsih (2012). Time Reference in Standard Indonesian 

Agrammatic Aphasia. 
102. Myrte Gosen (2012). Tracing learning in interaction. An analysis of shared 

reading of picture books at kindergarten. 
103. Martijn Wieling (2012). A Quantitative Approach to Social and 

Geographical Dialect Variation. 
104. Gisi Cannizzaro (2012). Early word order and animacy. 
105. Kostadin Cholakov (2012). Lexical Acquisition for Computational 

Grammars. A Unified Model. 
106. Karin Beijering (2012). Expressions of epistemic modality in Mainland 

Scandinavian. A study into the lexicalization-grammaticalization-
pragmaticalization interface. 

107. Veerle Baaijen (2012). The development of understanding through writing. 
108. Jacolien van Rij (2012). Pronoun processing: Computational, behavioral, 

and psychophysiological studies in children and adults. 
109. Ankelien Schippers (2012). Variation and change in Germanic long-distance 

dependencies. 
110. Hanneke Loerts (2012).Uncommon gender: Eyes and brains, native and 

second language learners, & grammatical gender. 
111. Marjoleine Sloos (2013). Frequency and phonological grammar: An 

integrated approach. Evidence from German, Indonesian, and Japanese. 
112. Aysa Arylova. (2013) Possession in the Russian clause. Towards dynamicity 



GRODIL 

 214 

in syntax. 
113. Daniël de Kok (2013). Reversible Stochastic Attribute-Value Grammars. 
114. Gideon Kotzé (2013). Complementary approaches to tree alignment: 

Combining statistical and rule-based methods. 
115. Fridah Katushemererwe (2013). Computational Morphology and Bantu 

Language Learning: an Implementation for Runyakitara. 
116. Ryan C. Taylor (2013). Tracking Referents: Markedness, World Knowledge 

and Pronoun Resolution. 
117. Hana Smiskova-Gustafsson (2013). Chunks in L2 Development: A Usage-

based Perspective.  
118. Milada Walková (2013). The aspectual function of particles in phrasal verbs. 
119. Tom O. Abuom (2013). Verb and Word Order Deficits in Swahili-English 

bilingual agrammatic speakers. 
120. Gülsen Yılmaz (2013). Bilingual Language Development among the First 

Generation Turkish Immigrants in the Netherlands. 
121. Trevor Benjamin (2013). Signaling Trouble: On the linguistic design of 

other-initiation of repair in English conversation. 
122. Nguyen Hong Thi Phuong (2013). A Dynamic Usage-based Approach to 

Second Language Teaching.  
123. Harm Brouwer (2014). The Electrophysiology of Language Comprehension: 

A Neurocomputational Model. 
124. Kendall Decker (2014). Orthography Development for Creole Languages. 
125. Laura S. Bos (2015). The Brain, Verbs, and the Past: Neurolinguistic Studies 

on Time Reference. 
126. Rimke Groenewold (2015). Direct and indirect speech in aphasia: Studies of 

spoken discourse production and comprehension.  
127. Huiping Chan (2015). A Dynamic Approach to the Development of Lexicon 

and Syntax in a Second Language. 
128. James Griffiths (2015). On appositives. 
129. Pavel Rudnev (2015). Dependency and discourse-configurationality: A study 

of Avar. 
130. Kirsten Kolstrup (2015). Opportunities to speak. A qualitative study of a 

second language in use. 
131. Güliz Güneş (2015). Deriving Prosodic structures. 
132. Cornelia Lahmann (2015). Beyond barriers. Complexity, accuracy, and 

fluency in long-term L2 speakers’ speech. 



GRODIL 

 215 

133. Sri Wachyunni (2015). Scaffolding and Cooperative Learning: Effects on 
Reading Comprehension and Vocabulary Knowledge in English as a Foreign 
Language. 

134. Albert Walsweer (2015). Ruimte voor leren. Een etnogafisch onderzoek naar 
het verloop van een interventie gericht op versterking van het taalgebruik in 
een knowledge building environment op kleine Friese basisscholen. 

135. Aleyda Lizeth Linares Calix (2015). Raising Metacognitive Genre Awareness 
in L2 Academic Readers and Writers.  

136. Fathima Mufeeda Irshad (2015). Second Language Development through the 
Lens of a Dynamic Usage-Based Approach. 

137. Oscar Strik (2015). Modelling analogical change. A history of Swedish and 
Frisian verb inflection.  

138. He Sun (2015). Predictors and stages of very young child EFL learners’ 
English development in China. 

139 Marieke Haan (2015). Mode Matters. Effects of survey modes on 
participation and answering behavior. 

140. Nienke Houtzager (2015). Bilingual advantages in middle-aged and elderly 
populations. 

141. Noortje Joost Venhuizen (2015). Projection in Discourse: A data-driven 
formal semantic analysis. 

142. Valerio Basile (2015). From Logic to Language: Natural Language 
Generation from Logical Forms. 

143. Jinxing Yue (2016). Tone-word Recognition in Mandarin Chinese: 
Influences of lexical-level representations. 

144.  Seçkin Arslan (2016). Neurolinguistic and Psycholinguistic Investigations on 
Evidentiality in Turkish. 

145. Rui Qin (2016). Neurophysiological Studies of Reading Fluency. Towards 
Visual and Auditory Markers of Developmental Dyslexia. 

146. Kashmiri Stec (2016). Visible Quotation: The Multimodal Expression of 
Viewpoint. 

147. Yinxing Jin (2016). Foreign language classroom anxiety: A study of Chinese 
university students of Japanese and English over time. 

148. Joost Hurkmans (2016). The Treatment of Apraxia of Speech. Speech and 
Music Therapy, an Innovative Joint Effort. 

149. Franziska Köder (2016). Between direct and indirect speech: The acquisition 
of pronouns in reported speech. 

150. Femke Swarte (2016). Predicting the mutual intelligibility of Germanic 
languages from linguistic and extra-linguistic factors. 



GRODIL 

 216 

151. Sanne Kuijper (2016). Communication abilities of children with ASD and 
ADHD. 
Production, comprehension, and cognitive mechanisms. 

152. Jelena Golubović (2016). Mutual intelligibility in the Slavic language area. 
153. Nynke van der Schaaf (2016). “Kijk eens wat ik kan!” Sociale praktijken in 

de interactie tussen kinderen van 4 tot 8 jaar in de buitenschoolse opvang. 
154. Simon Šuster (2016). Empirical studies on word representations. 
155. Kilian Evang (2016). Cross-lingual Semantic Parsing with Categorial 

Grammars. 
156. Miren Arantzeta Pérez (2017). Sentence comprehension in monolingual and 

bilingual aphasia: Evidence from behavioral and eye-tracking methods. 
157. Sana-e-Zehra Haidry (2017). Assessment of Dyslexia in the Urdu Language. 
158. Srđan Popov (2017). Auditory and Visual ERP Correlates of Gender 

Agreement Processing in Dutch and Italian 

159. Molood Sadat Safavi (2017). The Competition of Memory and Expectation in 
Resolving Long-Distance Dependencies: Psycholinguistic Evidence from 
Persian Complex Predicates. 

160. Christopher Bergmann (2017). Facets of native-likeness: First-language 
attrition among German emigrants to Anglophone North America. 

161. Stefanie Keulen (2017). Foreign Accent Syndrome: A Neurolinguistic 
Analysis. 

162. Franz Manni (2017). Linguistic Probes into Human History. 
163. Margreet Vogelzang (2017). Reference and cognition: Experimental and 

computational cognitive modeling studies on reference processing in Dutch 
and Italian. 

164. Johannes Bjerva (2017). One Model to Rule them all. Multitask and 
Multilingual Modelling for Lexical Analysis: Multitask and Multilingual 
Modelling for Lexical Analysis. 

165. Dieke Oele (2018). Automated translation with interlingual word 
representations. 

166. Lucas Seuren (2018). The interactional accomplishment of action. 
167. Elisabeth Borleffs (2018). Cracking the code - Towards understanding, 

diagnosing and remediating dyslexia in Standard Indonesian. 
168. Mirjam Günther-van der Meij (2018). The impact of degree of bilingualism 

on L3 development English language development in early and later 
bilinguals in the Frisian context. 

169. Ruth Koops van 't Jagt (2018). Show, don’t just tell: Photo stories to support 
people with limited health literacy. 



GRODIL 

 217 

170. Bernat Bardagil-Mas (2018).Case and agreement in Panará. 
171. Jessica Overweg (2018). Taking an alternative perspective on language in 

autism. 
172. Lennie Donné (2018). Convincing through conversation: Unraveling the role 

of interpersonal health communication in health campaign effectiveness. 
173. Toivo Glatz (2018). Serious games as a level playing field for early literacy: 

A 
behavioural and neurophysiological evaluation. 

174. Ellie van Setten (2019). Neurolinguistic Profiles of Advanced Readers with 
Developmental Dyslexia. 

175.  Anna Pot (2019). Aging in multilingual Netherlands: Effects on cognition, 
wellbeing and health. 

176. Audrey Rousse-Malpat (2019). Effectiveness of explicit vs. implicit L2 
instruction: a longitudinal classroom study on oral and written skills. 

177. Rob van der Goot (2019). Normalization and Parsing Algorithms for 
Uncertain Input. 

178. Azadeh Elmianvari (2019). Multilingualism, Facebook and the Iranian 
diaspora. 

179. Joëlle Ooms (2019). "Don't make my mistake": Narrative fear appeals in 
health communication. 

180. Annerose Willemsen (2019). The floor is yours: A conversation analytic 
study of teachers’ conduct facilitating whole-class discussions around texts. 

181. Frans Hiddink (2019). Early childhood problem-solving interaction: Young 
children’s discourse during small-group work in primary school. 

182.  Hessel Haagsma (2020). A Bigger Fish to Fry: Scaling up the Automatic 
Understanding of Idiomatic Expressions. 

183. Juliana Andrade Feiden (2020). The Influence of Conceptual Number in 
Coreference Establishing: An ERP Study on Brazilian and European 
Portuguese. 

184. Sirkku Lesonen (2020). Valuing variability: Dynamic usage-based principles 
in the L2 development of four Finnish language learners. 

185. Nathaniel Lartey (2020). A neurolinguistic approach to the processing of 
resumption in Akan focus constructions. 

186. Bernard Amadeus Jaya Jap (2020). Syntactic Frequency and Sentence 
Processing in Standard Indonesian. 

187. Ting Huang (2020). Learning an L2 and L3 at the same time: help or hinder?. 



GRODIL 

 218 

188. Anke Herder (2020). Peer talk in collaborative writing of primary school 
students: A conversation analytic study of student interaction in the context 
of inquiry learning. 

189. Ellen Schep (2020). Attachment in interaction: A conversation analytic study 
on dinner conversations with adolescents in family-style group care. 

190. Yulia Akinina (2020). Individual behavioural patterns and neural 
underpinnings of verb processing in aphasia. 

191. Camila Martinez Rebolledo (2020). Comprehending the development of 
reading difficulties in children with SLI. 

192.  Jakolien den Hollander (2021). Distinguishing a phonological encoding 
disorder from Apraxia of Speech in individuals with aphasia by using EEG. 

193. Rik van Noord (2021). Character-based Neural Semantic Parsing. 
194. Anna de Koster (2021). Acting Individually or Together? An Investigation of 

Children’s Development of Distributivity. 
195. Frank Tsiwah (2021). Time, tone and the brain: Behavioral and 

neurophysiological studies on time reference and grammatical tone in Akan. 
196. Amélie la Roi (2021). Idioms in the Aging Brain. 
197.  Nienke Wolthuis (2021). Language impairments and resting-state EEG in 

brain tumour patients: Revealing connections. 
198. Nienke Smit (2021). Get it together: Exploring the dynamics of teacher-

student interaction in English as a foreign language lessons. 
199. Svetlana Averina (2021). Bilateral neural correlates of treatment-induced 

changes in chronic aphasia. 
 

  



GRODIL 

 219 

 

GRODIL 
Center for Language and Cognition Groningen (CLCG) 
P.O. Box 716 
9700 AS Groningen 
The Netherlands 
 

 


