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CHAPTER 4 
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). 
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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, 
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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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