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ABSTRACT
From a holistic point of view, semantic processes are subserved by large-scale subcortico-cortical networks. The dynamic routing of information between grey matter structures depends on the integrity of subcortical white matter pathways. Nonetheless, controversy remains on which of these pathways support semantic processing. Therefore, a systematic review of the literature was performed with a focus on anatomo-functional correlations obtained from direct electrostimulation during awake tumor surgery, and conducted between diffusion tensor imaging metrics and behavioral semantic performance in healthy and aphasic individuals. The 43 included studies suggest that the left inferior fronto-occipital fasciculus contributes to the essential connectivity that allows semantic processing. However, it remains uncertain whether its contributive role is limited to the organization of semantic knowledge or extends to the level of semantic control. Moreover, the functionality of the left uncinate fasciculus, inferior longitudinal fasciculus and the posterior segment of the indirect arcuate fasciculus in semantic processing has to be confirmed by future research.

KEYWORDS
Semantics - white matter – awake surgery – diffusion tensor imaging - systematic review





1. INTRODUCTION
Functional imaging studies on the grey matter correlates of language processing have revealed widespread networks of both cortical and subcortical structures (Binder, Desai, Graves, & Conant, 2009; Cocquyt, et al., 2019; Vigneau, et al., 2006). The functional interactions between these brain regions, which are highlighted in multiple holistic language models (Berwick, Friederici, Chomsky, & Bolhuis, 2013; Dominey & Inui, 2009; Friederici, 2002; Hagoort, 2005; Hart Jr, et al., 2013; Murdoch, 2009) rely on the efficient transmission of information. This information flow is subserved by structural (sub)cortico-cortical connections through multiple white matter pathways (Dick, Bernal, & Tremblay, 2014). Previous postmortem anatomical dissection studies and diffusion tensor imaging (DTI) research (Agrawal, et al., 2011; Catani, Howard, Pajevic, & Jones, 2002) revealed the fiber bundles that form the anatomical basis of our language connectome (Dick, et al., 2014), namely the frontal aslant tract (FAT), the fronto-striatal tract (FST), the arcuate fasciculus (AF), the uncinate fasciculus (UF), the middle longitudinal fasciculus (MdLF), the inferior longitudinal fasciculus (ILF), the inferior fronto-occipital fasciculus (IFOF) (Figure 1) and the superior longitudinal fasciculi (SLF-II and SLF-III) (Catani & Thiebaut de Schotten, 2012; Catani, et al., 2012; Catani, Jones, & ffytche, 2005). For a precise description of their trajectory, we refer to recent tractography and postmortem anatomical dissection studies (Ford, et al., 2013; Hau, et al., 2017; Martino, et al., 2013; Sarubbo, De Benedictis, Maldonado, Basso, & Duffau, 2013) and to anatomical review papers (Bajada, Lambon Ralph, & Cloutman, 2015; Burks, et al., 2017; Burks, et al., 2018; Martino & De Lucas, 2014; Thiebaut de Schotten, et al., 2011).
In this systematic review, the focus of interest is semantic processing which refers to the ability to store and regulate the knowledge that we acquired through life experiences. In general, intact semantic processing relies on interactions between a semantic representation/storage system and a semantic control system, as highlighted in the controlled semantic cognition framework (Ralph, Jefferies, Patterson, & Rogers, 2017). Focusing on the representation/storage system, the hub and spoke model proposes that semantic knowledge is organized in modality-specific association areas (spokes) and integrated in an amodal convergence area (hub) (Ralph et al., 2017). The modality-specific areas are localized in the frontal, temporal, parietal and occipital lobes (Patterson, Nestor, & Rogers, 2007; Pulvermuller & Fadiga, 2010), while both a single hub in the anterior temporal lobe (ATL) (Patterson, et al., 2007) and multiple hubs in posterior temporo-parietal areas (Binder & Desai, 2011) have been suggested. Moreover, semantic control, which can be defined as the retrieval and selection of appropriate semantic representations in a certain context, has been linked to the anterior and posterior parts of the inferior frontal gyrus (Badre, Poldrack, Pare-Blagoev, Insler, & Wagner, 2005; Badre & Wagner, 2007; Devlin, Matthews, & Rushworth, 2003; Gold, Balota, Kirchhoff, & Buckner, 2005; Thompson-Schill, Bedny, & Goldberg, 2005) and to the posterior part of the middle temporal cortex (Davey, et al., 2016; Noonan, Jefferies, Visser, & Lambon Ralph, 2013; Whitney, Kirk, O'Sullivan, Lambon Ralph, & Jefferies, 2011). The functional interactions between these cortical areas correspond to the ventral stream in the dual-stream model for language (Hickok & Poeppel, 2007). In line with the bilateral organization of semantic knowledge (Binder & Desai, 2011), the ventral stream is proposed to be bilaterally represented in the brain (Hickok & Poeppel, 2007).
Valuable insights into which white matter pathways subserve the ventral semantic stream are provided by brain-damaged patients with language deficits. Griffis, Nenert, Allendorfer, and Szaflarski (2017) described the effect of stroke-related damage to white matter “bottlenecks”, namely the left deep superior/middle temporal and prefrontal white matter. These areas can be seen as crossroads, where multiple pathways can be disrupted due to one focal lesion (Turken & Dronkers, 2011). Damage to the temporal bottleneck predicted both semantic production (picture naming and semantic fluency) and comprehension deficits (auditory semantic decision-making), whereas damage to the prefrontal bottleneck only predicted deficits in semantic fluency. Both the frontal and temporal bottleneck contain projections associated with the IFOF, UF and ILF, suggesting a semantic contribution of these three pathways. This hypothesis is supported by multiple lesion-symptom mapping results in which stroke lesion volume of the left IFOF and UF are strongly associated with deficits in semantic input and output tasks (Han, et al., 2013; Mirman, et al., 2015). Moreover, therapy-related semantic improvement has been linked to structural plasticity of the ILF (McKinnon, et al., 2017). Additional insights are provided by patients with the semantic variant of primary progressive aphasia (svPPA)[footnoteRef:1], a clinical PPA-variant characterized by the gradual deterioration of semantic knowledge due to atrophy of the anterior temporal lobe (ATL) (Gorno-Tempini, et al., 2004). In the svPPA, white matter changes are predominantly found in the left ILF and UF (Acosta-Cabronero, et al., 2011; Tu, Leyton, Hodges, Piguet, & Hornberger, 2016) and also emerge in the right UF when the disease duration increases (Tu, et al., 2016). However, the aforementioned findings have been attenuated in the dynamic hodotopical model as proposed by Duffau and colleagues. Focusing on picture naming, the authors suggested a direct ventral route, constituted by the IFOF, and an indirect ventral route, consisting of the UF and the anterior part of the ILF. The direct route is postulated as being essential in semantic processing, whereas lesions of the indirect route are proposed to be functionally compensable (Duffau, Moritz-Gasser, & Mandonnet, 2014). [1:  PPA is a clinical syndrome characterized by progressive isolated speech and language deficits. PPA encompasses three main phenotypes, namely the nonfluent variant, the logopenic variant and the semantic variant, each of them linked to different clinical symptoms, distributions of brain atrophy and underlying pathophysiological mechanisms (Gorno-Tempini, et al., 2004; Gorno-Tempini, et al., 2011; Knibb, Xuereb, Patterson, & Hodges, 2006; Mesulam, et al., 2008).
] 

Hence, the identification of tracts specifically contributing to semantic processing remains a matter of debate, despite the growing number of studies on the functional role of white matter pathways. Thus, an integration of results from different methodological approaches might shed light on this topic. One potential approach to identify an association between white matter pathways and semantic functions is the investigation of anatomo-functional correlations between DTI-parameters and behavioral performance on a wide range of semantic tasks. DTI is a magnetic resonance imaging technique used to visualize white matter fibers and to measure multiple parameters regarding the diffusion of water molecules in the brain. The most common parameter is fractional anisotropy (FA), which is a normalized measure of diffusion directionality, ranging from zero to one. FA depends on diffusion restrictions caused by local barriers such as cell membranes and myelin sheaths. High values of FA indicate microstructural coherence and better structural integrity (Johansen-Berg & Behrens, 2013). Two other directionality-parameters are the axial diffusivity (AD) and the radial diffusivity (RD), which reflect the diffusion parallel to and perpendicular to the axis of principal diffusion. Contrastingly, mean diffusivity (MD) is direction-independent and reflects the magnitude of diffusion. This parameter often co-varies with FA, since it is also affected by membrane density and myelination (Johansen-Berg & Behrens, 2013). Interestingly, this correlation approach can be addressed in both healthy and aphasic individuals gaining insights into the relationship between intact or disturbed semantic processing and the integrity of the underlying white matter tracts.
A second approach that gains fundamental insights on this topic is the direct electrical stimulation (DES) technique during awake surgery. This technique is the sole available method in order to directly investigate the function of white matter fibers (Duffau, 2015). In awake tumor surgeries, DES has become the gold standard to identify (sub)cortical language eloquent structures. DES mimics the effect of a brain lesion by eliciting a transitory interruption within a (sub)cortico-cortical language network. Based upon the structural-functional correlations, the neurosurgeon can maximize the tumor resection in language eloquent areas according to individually defined functional boundaries (Duffau, 2005). Concerning these functional boundaries, preservation of white matter connectivity is crucial. Trinh et al. (2013) reported that subcortical injuries are a predictor of functional deterioration after surgery when only cortical language mapping is used. Therefore, subcortico-cortical stimulation mapping is applied in the patients’ best interest, but also provides an unique opportunity to investigate the white matter network underlying semantic processing.

In this systematic review, we present an integrative overview of semantic deficits occurring due to DES during awake tumor surgeries and of anatomo-functional correlations performed between DTI-parameters and behavioral semantic performance in both healthy subjects and in patients with aphasia. By comparing and integrating results from these three populations, we aim to clarify which white matter pathway(s) contribute(s) to semantic processing.

2. METHOD

A systematic review on the contribution of white matter tracts in semantic processing was conducted. The general approach to identify, select and summarize the evidence in order to answer the research question is consistent with the methodology described in the Cochrane Handbook for Systematic Reviews of Interventions Version 5.1.0 (Cochrane Collaboration, 2011). 

The following electronic databases were systematically searched to identify studies relevant for this review: Web of Science, Medline (using the PubMed interface) and Embase (using the Embase.com interface). The strategies used to search in the aforementioned databases are available in Appendix 1. The searches in each database were performed on October 16, 2017 and all references were exported into a reference manager software tool (Endnote) in order to remove the duplicates. Subsequently, titles and abstracts identified by the search were screened for relevance to the research question by two independent reviewers (E.M.C. and E.L.). During this screening, specific eligibility criteria were taken into account (Table 1). After the exclusion of records according to title and abstract, the full-texts of the remaining references were searched for through SFX (UGent-collection). When no full-text was available, attempts were made to contact the authors. Next, the full-texts were screened against the eligibility criteria. Disagreements on the inclusion of articles were resolved by discussion or by involving a third reviewer (M.D.L), until a consensus was reached. All of the information was processed in a summary table (available from the first author upon request). In order to identify a significant contribution of a white matter tract to semantic processing its role should be 1) confirmed in the majority of studies that investigated a specific tract, 2) determined by the two methods of interest (DES and DTI) and 3) established at group level. 

 In addition, the quality of the selected articles was evaluated with a scoring system, including multiple aspects of the method and results section, in order to secure the validity of the studies. The aspects could achieve a maximum score of 1 or 2, depending on their relative value. The scoring system was based on the “Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies” of the National Institutes of Health (https://www.nih.gov/). The detailed terms and weighted distribution of points for each aspect can be found in Appendices 2, 3 and 4. 

3. RESULTS
3.1 Study identification and selection process
A flowchart of the identification and selection of the included studies is provided in Figure 2 (Moher, Liberati, Tetzlaff, & Altman, 2009). The literature search in the electronic databases yielded 3705 articles. After removing duplicates and triplicates, 1921 records remained. Screening of titles and abstracts resulted in 192 references. After full-text screening, 149 studies were excluded because our selection criteria were not met. Forty-three studies met the inclusion criteria (24 awake surgery studies, 10 DTI-studies in patients with aphasia and 9 DTI-studies in healthy subjects) and were included for further analysis. The references of the included studies can be found in Appendices 5, 6 and 7. 

3.2 Direct electrical stimulation (DES) of white matter tracts during awake surgery
Quality of evidence – Figure 3 shows the quality parameters of the twenty-four studies on awake tumor surgeries. Concerning patient demographics, the age (mean and standard deviation) of the patients was clearly reported in most of the studies (18/24 – 75%). Conversely, the lack of information on their education level is the most notable shortcoming. Years of education were reported in only 16.7% of the studies (4/24). Moreover, the localization of the tumor was often vaguely described in terms of cortically involved grey matter (e.g. “a low-grade glioma in the temporal lobe”) and white matter tract(s) displacement or interruption, resulting in a rather low quality score (20/48). Furthermore, pre-operative language dominance and language deficits were described in the majority of studies, respectively in 58.3% (14/24) and 66.7% (16/24). Regarding the intra-operative logopedic procedure, the used language tasks, materials and methods were accurately described in almost every study (68/72 - 94.4%). In addition, a precise description of the white matter stimulation site (the name of the stimulated tract and an anatomical description of the stimulation areas) was provided in most of the studies. Therefore, a general quality score of 34/48 was achieved. Finally, the outcome measures, namely the language deficits occurring due to DES, were mainly described in a detailed way (30/48 – 62.5%).

In the paragraphs below, results on the semantic deficits that occurred due to stimulation of specific white matter tracts are summarized. An overview of the results (i.e. patient demographics, specific stimulation areas and intra-operative language deficits) can be found in Table 2 for the fronto-striatal tract as well as the uncinate, inferior longitudinal and arcuate fasciculus, and in Table 3 for the inferior fronto-occipital fasciculus. 

Uncinate fasciculus (UF) – During picture naming, the left UF was intra-operatively stimulated in 12.5% of the studies (3/24). No language disorders were observed in two studies (Duffau et al., 2009; Vassal et al., 2013), whereas Bello et al. (2008) reported semantic paraphasias (SPs). However, the latter result is not very reliable since it is unclear in how many patients this symptom occurred. 

Inferior fronto-occipital fasciculus (IFOF) – The left (or right[footnoteRef:2]) IFOF was stimulated during picture naming in 66.7% of the awake surgery studies (16/24). In all sixteen studies, semantic paraphasias (SPs) were reproducibly induced, either due to stimulation of the frontal, insular, parietal or occipito-temporal portion of the IFOF (Almairac et al., 2015; Bello et al., 2007; Bello et al., 2008; Chan-Seng et al., 2014; De Witt Hamer et al., 2011; De Witte et al., 2015; Duffau et al., 2005; Duffau et al., 2008; Duffau et al., 2009; Gil-Robles et al., 2013; Leclercq et al., 2010; Mandonnet et al., 2007; Moritz-Gasser et al., 2013; Sarubbo et al., 2015; Vassal et al., 2013; van Geemen et al., 2014). Specific information on the type of semantic paraphasias was provided in only two studies. Moritz-Gasser et al. (2013) reported associative (e.g. “key” for “padlock”) or coordinate SPs (e.g. “tiger” for “lion”) due to stimulation of the temporal part of the left IFOF. In Duffau et al. (2005), stimulation of the frontal, insular or temporal portion of the language dominant IFOF most frequently elicited coordinate SPs or the use of a hyperonym (e.g. “bird” for “eagle”). Interestingly, the difficulty to distinguish the posterior part of the IFOF and the middle longitudinal fasciculus (MdLF) under the superior temporal sulcus was mentioned in two studies. The authors remained inconclusive on which fasciculus was stimulated (Maldonado et al., 2011a; Maldonado et al., 2011b). However, stimulation and resection of at least one part of the MdLF did not induce SPs or other naming deficits in De Witt Hamer et al. (2011).  [2:  Duffau et al. (2005) included three patients with a tumor in the language dominant right hemisphere, DES was administered at the right IFOF.] 

In 8.3% of the studies (2/24), direct electrical stimulation of either the left IFOF (Moritz-Gasser et al., 2018) or the right IFOF (Herbet et al., 2017) induced semantic association impairments during a visual non-verbal association task, which requires subjects to identify associative relationships among pictures i.e. the Pyramids and Palm Trees Test (PPTT; Howard & Patterson, 1992).
Inferior longitudinal fasciculus (ILF) – Intra-operative stimulation of the left ILF was described in 25% of the studies (6/24). Linguistic deficits due to DES of the left ILF presented as alexia during reading tasks (Chan-Seng et al., 2014; Gil-Robles et al., 2013; Sarubbo et al., 2015) or as semantic paraphasias during picture naming (Bello et al., 2007). Concerning the latter finding, the amount of patients in whom this occurred remains indistinct. Moreover, contrasting findings were reported by Mandonnet et al. (2007) and Vassal et al. (2013), who did not observe any naming errors. 


Arcuate fasciculus (AF) – The left AF was the target of stimulation during picture naming in 62.5% of the awake surgery studies (15/24). In 13.3% of these studies (2/15), semantic paraphasias occurred due to the temporary disruption of the left or the right AF (Leclercq et al., 2010; Rofes et al., 2017). However, these symptoms were only present in single subjects and are rather unexpected since the majority of studies indicated phonological paraphasias (Almairac et al., 2015; Bello et al., 2006; Bello et al., 2007; Chan-Seng et al., 2014; De Witt Hamer et al., 2011; Duffau et al., 2008; Duffau et al., 2009; Maldonado et al., 2011a; Maldonado et al., 2011b; Mandonnet et al., 2007; Sarubbo et al., 2015; Vassal et al., 2013; van Geemen et al., 2014). 


Remaining pathways – The superior longitudinal fasciculus (SLF), frontal aslant tract (FAT) and fronto-striatal tract (FST) were intra-operatively stimulated in 8.3%, 20.8% and 20.8% of the studies respectively (2/24, 5/24 and 5/24). Stimulation along the left SLF(/AF) induced articulatory disorders (Maldonado et al., 2011a; 2011b; van Geemen et al., 2014), phonological paraphasias (Bello et al., 2008) or syntactic gender disorders (Vidorreta et al., 2011), whereas stimulation of the left FAT resulted in speech initiation disorders (Kinoshita et al., 2015) or morphological overregularization (Sierpowska et al., 2015). Importantly, stimulation of the SLF/(AF) or FAT never resulted in semantic errors during picture naming. Focusing on the left FST, Bello et al. (2006) and Bello et al. (2007) reported semantic paraphasias, although in a very limited amount of patients. Their findings are generally not supported within the literature since a speech initiation disorder seems to be the main deficit due to electrostimulation of the left FST (Vassal et al., 2013; Duffau et al., 2008; Kinoshita et al., 2015). 

Summary – Semantic paraphasias were the most common observed deficits during intra-operative stimulation of the language dominant (left) IFOF. Moreover, a contributive role of both the left and right IFOF during non-verbal association was preliminarily suggested. Regarding the left UF, ILF, AF, SLF, FAT and FST, awake surgery results did not support an essential function in picture naming.

3.3 Diffusion tensor imaging (DTI) in patients with aphasia: anatomo-functional correlations 
Quality of evidence – Figure 4 shows the quality parameters of the ten DTI-studies in patients with aphasia. In general, patient demographics were properly reported (age: 10/10 – 100%; education level: 6/10 – 60%; type of aphasia: 7/10 – 70%; disease duration: 9/10 – 90%). However, a precise description of the localization of the ischemic/hemorrhagic lesion in stroke-patients or the atrophy in patients with PPA was lacking in 60% of the studies (6/10). Associated with the latter aspect, controlling for overall cortical lesion volume in statistical analyses was applied in only 30% of the studies (3/10). Finally, the used language tasks, materials and procedures, DTI-parameters and analysis methods, fasciculi of interest and outcome measures were accurately described in all of the studies.
In the following paragraphs, results on the anatomo-functional correlations between DTI-metrics of white matter tracts and aphasic patients’ behavioral scores on tasks that require semantic processing are reported. An overview of the patient demographics can be found in Table 4, whereas the results are presented in Table 5.

Uncinate fasciculus (UF) – Correlations between DTI-parameters of the left UF and behavioral performance on tasks that target semantic processing were described in 60% of the studies (6/10). In 83.3% of these studies (5/6) a contribution of the left UF in word comprehension or production was suggested. Regarding comprehension, significant correlations between FA values (+), the number of streamlines (+) and radial diffusivity (-) of the left UF and auditory word-picture matching was reported in patients with aphasia due to stroke (Harvey et al., 2013; Xing et al., 2017) and in patients with PPA (Catani et al., 2013; Marcotte et al., 2017). Moreover, FA values of the left UF predicted performance on the spoken word PPTT (Howard & Patterson, 1992), which requires subjects to identify associative relationships between words and pictures. Harvey et al. (2013) considered the performance on the spoken word PPTT as well as on their auditory word-picture matching task as a specific behavioral measure of semantic control (Harvey et al., 2013). Finally, FA values and the number of streamlines of the left UF predicted performance on picture naming and on semantic fluency in patients with PPA (Powers et al., 2013; Catani et al., 2013). 
Concerning the right UF, FA (+) and RD (-) were significantly correlated with naming scores (Powers et al., 2013) and with the amount of semantic features during speech production (Marcotte et al., 2017) in patients with PPA. 

Inferior fronto-occipital fasciculus (IFOF) – In 50% of the studies (5/10) correlations between DTI-metrics of the IFOF and performance on auditory word and sentence comprehension, non-verbal association or picture naming were described. Results in patients with stroke-related aphasia and PPA are quite unanimous, 80% of these studies (4/5) support an important contribution of the left IFOF during (lexico)semantic comprehension and production (Ivanova et al., 2016; Xing et al., 2017; Rolheiser et al., 2011; Powers et al., 2013). However, FA of the left IFOF did not predict performance on an auditory word-picture matching task and on the spoken word PPTT (Howard & Patterson, 1992). From these results, the authors concluded that the left IFOF does not subserve an essential semantic control function (Harvey et al., 2013). Finally, correlations between DTI-metrics of the right IFOF and auditory comprehension or picture naming scores were not significant (Ivanova et al., 2016). 

Inferior longitudinal fasciculus (ILF) – DTI-scalars of the ILF were correlated with performance on tasks requiring semantic computations in 70% of the studies (7/10). The results of 71.4% of these studies (5/7) support a contributive role of the left ILF in word or sentence comprehension. Significant correlations between test performance and FA (+), MD (-), RD (-) or AD values (-) were reported both in patients with stroke-related aphasia (Ivanova et al., 2016; Mandelli et al., 2014; Marcotte et al., 2017) and in patients with PPA (Agosta et al., 2010; Xing et al., 2017). However, diverging results were found by Harvey et al. (2013). More specifically, no relationship was found between FA of the left ILF and the performance on an auditory word-picture matching task and on the spoken word PPTT (Howard & Patterson, 1992). Similar to the results on the left IFOF, the authors proposed that the left ILF does not mediate semantic control. Unfortunately, correlations between non-verbal association abilities in patients with PPA and microstructural values of the left ILF neither support nor disprove the findings of Harvey and colleagues due to contradictory results (Agosta et al., 2010; Mandelli et al., 2014).
Focusing on the right ILF, no significant correlations with auditory comprehension scores were found in stroke patients (Ivanova et al., 2016), whereas RD values predicted the amount of semantic features during speech production in PPA patients (Marcotte et al., 2017). 

Arcuate fasciculus (AF) – Correlations between DTI-parameters of the left AF and behavioral semantic performance were reported in 40% of the studies (4/10). In general, auditory word and sentence comprehension, non-verbal association, naming or semantic fluency abilities were not correlated with FA values of the left AF (Breier et al., 2008; Ivanova et al., 2016; Agosta et al., 2010; Xing et al., 2017). Nevertheless, taking different segments of the AF into account, FA (+) or MD values (-) of the temporal portion significantly correlated with word and sentence comprehension (Agosta et al., 2010; Ivanova et al., 2016), whereas for the parietal portion a correlation with picture naming performance occurred (Ivanova et al., 2016). No significant relationships were found concerning the right AF (Breier et al., 2008; Ivanova et al., 2016). 

Remaining pathways – In a minority of studies, correlations between microstructural changes of the SLF (22.2%, 2/9), FAT (22.2%, 2/9) or FST (11.1%, 1/9) and language measures were investigated. In Powers et al. (2016), scores on picture naming and semantic fluency tasks were predicted by changes in FA of the left SLF in patients with the logopenic variant of PPA (Powers et al., 2013), whereas no association was found with auditory comprehension abilities in stroke patients (Breier et al., 2008). Regarding the left FAT, the left FST and the right SLF, associations with auditory comprehension, non-verbal association or picture naming scores were not significant (Catani et al., 2013; Mandelli et al., 2014; Breier et al., 2008). 

Summary – Anatomo-functional correlations in patients with stroke-related and primary progressive aphasia revealed an important involvement of the left UF, IFOF and ILF in receptive and expressive tasks that require semantic operations. Interestingly, a semantic control function of the left IFOF and ILF was explicitly questioned by Harvey et al. (2013). For the left AF, no associations with semantic performance were reported, although results may vary regarding the specific segment under investigation. Concerning the left SLF, evidence for a role in semantic processing was very limited. Finally, the FAT and SFT did not seem to subserve functions of semantic nature.

3.4 Diffusion tensor imaging (DTI) in healthy individuals: anatomo-functional correlations 
Quality of evidence – Figure 5 shows the quality parameters of the nine DTI-studies in healthy individuals. The age (mean and standard deviation) of the subjects was clearly reported in 88.9% of the studies (8/9). Similar to results in awake surgery studies, the limited reporting of education levels is the most striking shortcoming (1/9, 11.1%). In addition, there was a limited use of a standardized test to assess normal cognitive function, namely in 22.2% of the studies (2/9). Further, the used language tasks, materials and procedures were accurately described in all of the studies (8.5/9, 94.4%). Nevertheless, a standardized semantic task was used in only 44.4% of the studies (4/9). Finally, the DTI-parameters and analysis methods, fasciculi of interest, statistical analyses and outcome measures were properly described.
In the paragraphs below, results on the anatomo-functional correlations between DTI-metrics of white matter tracts and healthy subjects’ behavioral scores on tasks that require semantic processing are reported. An overview of the results is presented in Table 6.

Uncinate fasciculus (UF) – In 44.4% of the included studies (4/9), the relationship between DTI-metrics of the UF and (lexico)semantic task performance was described. In 75% of these studies (3/4), either no contribution in noun-based verb generation[footnoteRef:3] (Nugiel et al., 2016) and reading comprehension (Welcome et al., 2014) or a detrimental contribution during rapid object naming (Rollans et al., 2017) was reported for the left UF. However, performance on a cross-situational learning task, in which correct associations had to be learned between spoken nonwords and pictures, was significantly correlated with RD values (-) (Ripollés et al., 2017). No (beneficial) contributions of the right UF were found (Nugiel et al., 2016; Ripollés et al., 2017; Rollans et al., 2017; Welcome et al., 2014).  [3:  Nugiel et al. (2016) considered the performance on a noun-based verb generation task as a specific behavioral measure of semantic control.] 


Inferior fronto-occipital fasciculus (IFOF) – In 55.6% of the studies (5/9) microstructural differences of the IFOF were investigated and correlated with performance on tasks requiring semantic processing. In 60% of these studies (3/5), individual behavioral differences in rapid object naming (Rollans et al., 2017), vocabulary learning (Xiang et al., 2012) and noun-based verb generation (Nugiel et al., 2016) were significantly related to the FA, number of streamlines and MD of the left IFOF respectively. Nevertheless, the left IFOF was not identified as a key pathway in semantic learning, neither in a contextual learning task (deriving the meaning of nonwords based upon sentential contexts) nor in a cross-situational learning task (learning the association between nonwords and pictures). Hence, no evidence was found for a contribution of the left IFOF in word-to-meaning mapping (Ripollés et al., 2017), which is contradictory to findings of Xiang et al. (2012). Finally, no significant contributions of the right IFOF in the aforementioned tasks were found (Rollans et al., 2017; Nugiel et al., 2016; Ripollés et al., 2017).

Inferior longitudinal fasciculus (ILF) – In 55.6% of the studies (5/9), healthy participants’ performance on various receptive and expressive tasks was correlated with DTI-scalars of the ILF. In 80% of these studies (4/5), a significant correlation between left ILF RD (-), AD (-) or MD (-) values and performance on contextual semantic learning, rapid object naming, noun-based verb generation or the amount of recalled semantic details in autobiographical memory (ABM) was reported (Ripollés et al., 2017; Rollans et al., 2017; Nugiel et al., 2016; Hodgetts et al., 2017). Interestingly, no significant inter-hemispheric differences were yielded for MD values in their relation with the amount of semantic ABM details, suggesting a bilateral contribution of the ILF (Hodgetts et al., 2017). The latter finding is supported by Nugiel et al. (2016) who found that higher FA in the right ILF led to slower reaction times in the noun-based verb generation task.

Middle longitudinal fasciculus (MdLF) – In an unique experiment among the included studies (11.1% - 1/9), subjects were asked to process event pictures of individuals performing daily activities (e.g. eating) and read sentences describing these actions (e.g. “The man is eating”). Afterwards, imageability ratings of the presented sentences were collected. Correlation analyses revealed that these ratings were associated with the fiber density of the bilateral MdLF (Jouen et al. 2015). 

Arcuate fasciculus (AF) – DTI-scalars of the AF were correlated with performance on semantic tasks in 44.4% of the studies (4/9). No significant relationship between auditory comprehension, naming or semantic learning on the one hand and microstructural properties of the left (Allendorfer et al., 2016; Ripollés et al., 2017; Rollans et al., 2017) or the right AF (Ripollés et al., 2017; Rollans et al., 2017) on the other hand could be established in 75% of these studies (3/4). Contrarily, one study (25% - 1/4) revealed that FA values of the posterior segment of the left AF predicted reading comprehension abilities (Welcome et al., 2014). 

Remaining pathways – In 22.2% of the studies (2/9), correlations between the integrity of the left or right superior longitudinal fasciculus (SLF) and semantic performance were investigated. No significant relationship between the behavioral scores on reading comprehension (Welcome et al., 2014) or semantic fluency tasks (Spalletta et al., 2014) and FA values were found. Finally, correlations between the microstructure of the frontal aslant tract or fronto-striatal tract have not been investigated.

Summary – Anatomo-functional correlations in healthy individuals revealed a contributive role of both the left IFOF and ILF in semantic processing, whereas evidence for a contribution of the left UF was very limited. Finally, preliminary results suggest that the left MdLF and the posterior segment of the left AF may underlie the neural semantic network as well. 


4. DISCUSSION
In this manuscript, we aimed to delineate the white matter architecture underlying semantic processing. Hence, we made an inventory of the current knowledge on this topic by means of a systematic review. The results of this review suggest that semantic processing is subserved by specific white matter tracts. However, the quality of the included studies as well as some limitations of the methodological techniques of interest should be considered when interpreting the results.

Quality of evidence – Both in the awake surgery and the DTI-studies, important limitations were detected by the study quality assessments. In the awake surgery studies, there was often a vague description of the tumor localization, regarding the involved grey and white matter (19/46 – 41.3%). Moreover, a precise description of intra-operatively stimulated areas was not always provided (69.9%). These anatomical details are crucial aspects in order to answer our research question. More specifically, our language connectome contains multiple white matter “bottlenecks” with fibers from several tracts (such as the frontal operculum, temporal stem and claustrum), making it difficult to determine which specific tract was stimulated and therefore contributed to the investigated language function (Turken & Dronkers, 2011). Furthermore, the lack of information on education levels is a common limitation in both the awake surgery studies (4/23 - 17.4%) and in DTI studies in healthy individuals (2/12 or 16.7%). This aspect compromises generalizability of the reported findings, as there is no guarantee that the tested subjects are representative for the entire population. Finally, there was a limited use of standardized tests to assure normal cognition (e.g. Mini-Mental State Examination) in healthy subjects (4/12 – 33.3%). No formal investigation of cognitive performance might have led to the inclusion of participants with mild cognitive impairment, in which white matter alterations have been described (Fellgiebel, et al., 2004; Medina, et al., 2006; Pievani, et al., 2010). Concerning DTI-studies in patients with aphasia, an accurate description of the lesion localization was lacking in the majority of studies (6/10 – 60%) and cortical lesion volumes were often not included as covariates in statistical analyses (7/10 – 70%). This aspect might hinder the verification that white matter tracts, rather than the severity of cortical damage, account for the reported findings.

General methodological limitations – Both techniques that were used in the included studies are characterized by certain limitations. First, results from direct electrostimulation during awake surgery are limited to specific stimulation areas surrounding the tumor, which prohibits the investigation of individual relationships between different tract segments and their language functions. Investigating the latter is only possible by indirect anatomo-functional correlations, performed in healthy or brain-damaged subjects. Moreover, plastic changes in the language circuit, induced by a slow growing tumor (Herbet, Maheu, Costi, Lafargue, & Duffau, 2016) might possibly influence the obtained intra-operative results. Nonetheless, anatomo-functional correlations in brain-damaged individuals (patients with aphasia) are subject to neuroplasticity as well. 
In a healthy population, the interpretation of correlations between DTI-parameters and behavioral measures can be equally challenging. For example, FA values are often decreased in areas where multiple fibers cross (i.e. white matter “bottlenecks”) (Oouchi, et al., 2007) and RD or AD measures might be misleading due to their sensitivity to noise and partial volume effects (Wheeler-Kingshott & Cercignani, 2009). In this context, Alexander, Lee, Lazar, and Field (2007) discourage the reliance on single DTI-measures in order to obtain a reliable estimate of microstructural properties and emphasize that at least FA and MD values should be considered to maximize the specificity.
It is beyond any doubt that these limitations complicate the interpretation of the obtained results. Hence, it is valuable to compare and integrate results from different techniques and from different populations in order to shed light on the involvement of specific white matter tracts in semantic processing. In the sections below, the results are discussed for each tract separately in the context of one or multiple hypothesized function(s) based upon the anatomical connectivity.

Uncinate fasciculus (UF) - The UF originates from the anterior temporal lobe, parahippocampal gyrus, and amygdala, and enters the external capsule after a U-turn. Afterwards the UF continues towards the basal frontal area, the cingulate gyrus, the frontal pole (Catani & Thiebaut de Schotten, 2012) and the inferior frontal cortex (Peuskens, et al., 2004; Schmahmann, et al., 2007). The structural connectivity between the anterior temporal lobe and the inferior frontal lobe, regions that have been linked to the storage of semantic representations and to semantic retrieval and selection respectively (Badre, et al., 2005; Badre & Wagner, 2007; Patterson, et al., 2007), postulate the UF as a good candidate to support semantic control processes.
An important contribution of the left UF in tasks requiring semantic control is demonstrated by correlations between behavioral semantic measures and DTI-metrics in patients with aphasia. Within this population, performance on multiple receptive (auditory word-picture verification and nonverbal association) and expressive semantic tasks (picture naming and semantic fluency) was significantly correlated with microstructural properties of the left UF (Harvey et al.; 2013; Catani et al., 2013; Marcotte et al., 2017; Xing et al., 2017; Powers et al., 2013). In word-picture matching and nonverbal association tests, relevant semantic representations and relationships respectively need to be activated, while irrelevant information should be inhibited (Noonan, Jefferies, Corbett, & Lambon Ralph, 2010). Likewise, picture naming and semantic fluency tasks depend on the activation and selection of semantic knowledge that is specific enough for given concepts, followed by the lexical retrieval stage. Hence, performance on the aforementioned tasks extensively relies on the ability to regulate intact semantic representations/relationships or “semantic control” (Noonan, et al., 2010). However, it is important to note that the observed relationship between the left UF and semantic control might only be valid in older individuals, since the patients under investigation had mean ages ranging between 60 and 68 years. This finding corresponds with previous research emphasizing that semantic memory in older adults relies on both the left IFOF and UF (de Zubicaray, Rose, & McMahon, 2011). 
Regarding DTI studies in healthy (younger) individuals and awake surgery studies, a semantic (control) function of the left UF was not supported. In healthy individuals, greater dependence on the UF was considered inefficient during rapid object naming (Rollans et al., 2017) and no relationship between noun-based verb generation performance and integrity (FA) of the left UF was found (Nugiel et al., 2016). In patients with glioma, stimulation of the language dominant UF did not induce (reliable) naming errors (Duffau et al., 2009; Vassal et al., 2013). These findings correspond to the dynamic hodotopical model of Duffau, et al. (2014), in which the authors propose an indirect ventral route, constituted by the UF (and the anterior part of the ILF), that is functionally compensable by its direct counterpart (the IFOF). Therefore, the contribution of the UF is considered as not essential in semantic computations (Duffau et al., 2014). Importantly, these results only apply to language production tasks. Regarding comprehension, radial diffusivity (RD) of the left UF was associated with better cross-situational semantic learning in healthy subjects (Ripolles et al., 2017). These findings highlight a possible contribution of the left UF in word-to-meaning mapping. However, the direct interpretation of RD values requires some cautiousness (Wheeler-Kingshott & Cercignani, 2009). Hence, these preliminary findings should be confirmed by future research, in which performance on semantic learning and on other receptive tasks, such as word-picture matching and nonverbal association, are correlated with several DTI-metrics of the UF, including at least FA and MD (Alexander, et al., 2007). 
Hence, a semantic control function of the left UF can neither be confirmed nor be refuted due to the limited amount of studies, the methodological differences and the heterogeneous results. This seems surprising, since the UF is proposed to project towards the inferior frontal lobe (Peuskens, et al., 2004; Schmahmann, et al., 2007), a core region in semantic retrieval and selection (Badre & Wagner, 2007). However, Von Der Heide, Skipper, Klobusicky, and Olson (2013) pointed out that most anatomical studies fail to detect terminations of the UF in the inferior frontal gyrus (BA45/47) and instead report fiber projections to the orbitofrontal cortex (OFC). This anatomical detail could have important implications for the interpretation of the abovementioned results. The OFC is generally not linked to linguistic functions, but is considered to be a core component of the neural decision-making circuit (Broche-Perez, Herrera Jimenez, & Omar-Martinez, 2016). Through direct connections with the amygdala (Barbas, 2007), the OFC processes reward values and guides decision-making by inhibiting responses that are not rewarding (Krawczyk, 2002). It is the UF that provides the direct structural connection between both structures and the anterior temporal lobe. Interestingly, this connectivity pattern has been proposed to underlie reward-based decision making in previous research towards the neural correlates of social cognition (for a review, see Olson, McCoy, Klobusicky, and Ross (2013)). This in mind, significant correlations between microstructural properties of the left UF and behavioral semantic measures might be driven by the fact that the language tasks under investigation required adequate decision-making, in which the generation of a correct answer might be experienced as a positive reward. This, however, is highly speculative and should be investigated in future research.
Altogether, results of this systematic review provide no clear answer to the question whether the left UF is essential in semantic processing. In order to obtain more clarity on this topic, future research should aim to accurately determine the frontal terminations of this fiber bundle by means of fiber dissections and DTI tractography. In addition, more DTI and awake surgery research is needed in which both semantic comprehension and production tasks are considered in order to gain new insights along the divergent findings currently available in the literature. 

Inferior fronto-occipital fasciculus (IFOF) - The IFOF is the longest associative pathway consisting of a superficial/dorsal and a deep/ventral subcomponent, as revealed by fiber dissection methods. The superficial layer connects BA44/45 to the posterior superior temporal gyrus (STG), the superior parietal lobe and the superior and middle occipital gyri. The deep layer connects the dorsolateral prefrontal cortex, middle frontal gyrus and orbito-frontal cortex to the posterior medial and basal temporal cortex, ending in the inferior occipital gyrus (Bajada, et al., 2015; Catani & Thiebaut de Schotten, 2012; Sarubbo, et al., 2013). More recently, DTI tractography data disclosed a subdivision in five subcomponents (Wu, Sun, Wang, & Wang, 2016). Based on its widespread anatomical course, the IFOF might serve as the subcortical architecture underlying the hub and spoke model (Ralph, et al., 2017) as this fiber bundle provides a structural connection between modality-specific association areas/spokes in the four cerebral lobes and amodal concept storage area(s) in the anterior temporal lobe (Patterson, et al., 2007) and the posterior temporo-parietal areas (Binder & Desai, 2011) . Moreover, the IFOF projects towards regions that have been linked to semantic control, namely the inferior frontal gyrus (BA45/47) (Badre & Wagner, 2007) and the posterior middle temporal gyrus (Davey, et al., 2016; Noonan, et al., 2013; Whitney, et al., 2011). Hence, the IFOF could provide an information transfer between areas implied in the organization, integration, retrieval and selection of semantic features, which favors an important contribution in semantic processing. In general, the IFOF is the most investigated tract, both in the included studies on awake surgery and on DTI. The latter finding might be explained by the size of the IFOF, since it is the longest associative pathway and even small lesions are likely to impact it, relative to the other (smaller) pathways. Therefore, future patient studies should take into account the lesion size in order to make valid conclusions on the involvement of the IFOF in semantic processing. The majority of results on the linguistic contribution of the IFOF arises from awake surgery studies. Along its entire course, intra-operative stimulation of the language dominant (left) IFOF consistently elicited semantic paraphasias. Similarly, significant anatomo-functional correlations between DTI-metrics of the IFOF and naming performance were reported, both in healthy and aphasic individuals (Rollans et al., 2017; Ivanova et al., 2016; Rolheiser et al., 2011; Powers et al., 2013). These results are in line with the dynamic hodotopical model of Duffau, et al. (2014) in which the IFOF is considered as the direct ventral route, being essential for semantic computations during picture naming. Importantly, picture naming is a complex process including several stages, namely 1) early visual processing and recognition, 2) the retrieval and selection of semantic knowledge, 3) lexical retrieval and 4) the coordination and execution of motor plans for the articulators (Levelt, Roelofs, & Meyer, 1999). Hence, one cannot be sure that the correlation between DTI-metrics of the IFOF and performance on picture naming tasks is (purely) driven by semantic operations. Likewise, semantic paraphasias might reflect deficits at stage two or three, since they can arise due to disorders in the semantic system or due to a lexical retrieval deficit (Cloutman, et al., 2009). Although a semantic function of the IFOF is likely, it cannot be confirmed during picture naming. However, the finding that intra-operative stimulation of the left and right IFOF induced deficits in non-verbal association performance (Moritz-Gasser et al., 2013; Herbet et al., 2017) suggest that the IFOF is indeed essential for pure semantic operations. Unfortunately, no studies in healthy or aphasic individuals investigated correlations between non-verbal association abilities and DTI-metrics of the IFOF. Thus, whether the non-verbal semantic system is underpinned by the bilateral IFOF should be confirmed in future research. 
In two studies, semantic control was explicitly targeted in a group of stroke patients and of healthy subjects respectively (Harvey et al., 2013; Nugiel et al., 2016). Regarding FA values of the left IFOF, no significant correlations with performance on the spoken word Pyramids and Palm Tree Test (Howard & Patterson, 1992), auditory word-picture matching and noun-based verb generation were found. These results are rather unexpected since the performance of patients with aphasia on auditory comprehension and property knowledge tests, which all require a certain amount of semantic control, did yield significant correlations with FA values of the left IFOF (Ivanova et al., 2016; Xing et al., 2017; Rolheiser et al., 2011). Moreover, authors considering MD values of the left IFOF did find significant correlations with semantic control measures, in both healthy subjects (Nugiel et al., 2016) and in patients with PPA (Xing et al., 2017). Although only two studies inventoried MD, such values contribute to a more specific characterization of white matter microstructure and, in pathological conditions, MD is highly sensitive to edema, cellularity and necrosis, whereas FA is not very specific to the type of microstructural change (Alexander, et al., 2007). Therefore, correlations between semantic control performance and MD measures do support the hypothesis of a semantic control function of the left IFOF. 
In order to (dis)confirm this hypothesis, future research should address both comprehension and production tasks comprising multiple conditions in which the semantic selection and retrieval demands are manipulated. Behavioral performance in the different conditions should be correlated with diffusion tensor measures, including at least FA and MD of the IFOF.

Inferior longitudinal fasciculus (ILF) - The ILF runs inferior to the IFOF and connects the ventro-anterior temporal lobes, through the temporal pole, hippocampus, amygdala and middle and inferior temporal gyrus, to several occipital regions (fusiform gyrus, lingual gyrus and dorsolateral occipital cortex) (Bajada, et al., 2015; Catani & Thiebaut de Schotten, 2012) . Similar to the IFOF, the ILF may provide a bidirectional information flow between modality-specific areas/spokes in the temporal and occipital areas (Pulvermuller & Fadiga, 2010; Ralph et al., 2017), and the amodal hub(s) in the ATL (Patterson, et al., 2007) and posterior temporo-parietal areas (Binder & Desai, 2011). Based on the anatomical connections, the ILF might mediate the organization and integration of semantic features. A semantic control function might also be possible, regarding its terminations in the posterior middle temporal gyrus (Noonan, et al., 2013). 
Although limited, results from awake surgery studies do not suggest a contribution of the left ILF in semantic processing, albeit for production tasks only. During picture naming, no reliable language disturbances could be observed due to direct electrical stimulation (Mandonnet et al., 2007; Vassal et al., 2013). These results substantiate the dynamic hodotopical model of Duffau, in which the anterior part of the ILF, along with the UF, is supposed to be part of the compensable ventral route for semantic computations. However, in a recent paper Herbet, Moritz-Gasser, Lemaitre, Almairac, and Duffau (2018) highlighted that the direct ventral route (IFOF) only compensates for language functions of the ILF when the ATL is damaged. The latter structure, often referred to as the semantic hub (Patterson, et al., 2007; Ralph, et al., 2017), is highly sensitive for neuroplasticity in the context of slow-growing tumors (Herbet, et al., 2016). Hence, the authors proposed that the ILF might lose his function when the function of the ATL is reorganized. This hypothesis was supported during an intra-operative picture naming task. DES of the left ILF did not result in naming errors when the tumor infiltrated the ATL, whereas patients with preserved anterior temporal structures presented with anomia. The latter symptom was considered to reflect a phonological-lexical retrieval deficit since ILF stimulation induced no semantic errors during nonverbal association (Herbet, Moritz-Gasser, et al., 2018). Whether or not anomia truly reflects a phonological-lexical deficit, rather than a semantic deficit has been questioned by Hope and Price (2016) and remains a topic of debate. Nevertheless, Herbet and colleagues emphasize the importance of considering damage of the ATL in order to confirm or to refute a linguistic function of the ILF. This important finding provides clear directions for future research, as it might be applicable for the uncinate fasciculus as well, since this pathway also projects from and towards the ATL. 
Results from awake surgery studies do not allow to formulate a clear answer to the question whether the ILF subserves a semantic function. However, associations between changes in DTI measures in the left ILF and (lexico)semantic performance in healthy and aphasic individuals put the intra-operative findings somewhat in perspective. 
In the majority of studies in patients with aphasia, significant correlations were found between DTI-scalars of the left ILF and behavioral performance on auditory word and sentence comprehension, nonverbal association and picture naming. These results suggest that microstructural damage of the left ILF at least partly underlies (lexico)semantic deficits and hence, support the hypothesis of a (lexico)semantic contribution. Complementary information is provided by DTI-studies in healthy individuals in which negative correlations between RD and MD values of the left ILF were correlated with sensitive means of semantic processing, i.e. semantic learning (word-to-meaning mapping) performance (Ripollés et al., 2017) and the abundance of semantic autobiographical memory (ABM) (Hodgetts et al., 2017) respectively. Interestingly, no significant inter-hemispheric differences for MD values in their relation with the amount of semantic details in ABM were yielded (Hodgetts et al., 2017) and higher FA in the right ILF led to slower reaction times in a noun-based verb generation task (Nugiel et al., 2016). These findings are in line with a bilateral organization of the ventral semantic stream, as proposed in the dual-stream model of Hickok & Poeppel (2007). 
In general, findings from DTI studies in healthy and aphasic subjects correspond to each other. However, divergent results are yielded in the two studies explicitly targeting semantic control. In healthy subjects, MD values of the left ILF significantly predicted semantic control performance, as measured in a noun-based verb generation task (Nugiel et al., 2016). However, no significant relationship was found between semantic control abilities in word-picture matching and FA measures in stroke-patients (Harvey et al., 2013). Besides the fact that MD values are not available in the latter study, the different modalities of stimulus presentation (i.e. orthographically in Nugiel et al. (2016) and auditorily in Harvey et al. (2013)) might be a possible explanation for these disparate results. The sensitivity of the ILF for visual input (verbal and nonverbal) processing has already been emphasized by previous research (for a recent review see Herbet, Zemmoura, and Duffau (2018)). Through its terminations in visual association areas, this pathway has been linked to object recognition (Mandonnet, Gatignol, & Duffau, 2009; Ortibus, et al., 2012), face recognition (Hodgetts, et al., 2015) and reading processing (Epelbaum, et al., 2008; Zemmoura, Herbet, Moritz-Gasser, & Duffau, 2015). The latter is in line with the observed alexia during intra-operative stimulation (Chan-Seng et al., 2014; Gil-Robles et al., 2013; Sarubbo et al., 2014). 
Altogether, results from DTI-studies in aphasic and healthy individuals strengthen the view of Herbet et al. (2018) namely that a linguistic function of the left ILF should not be refuted. Unfortunately, the nature of this linguistic function – lexical, semantic or lexico-semantic – remains unclear. In order to shed light on this topic, future research should investigate correlations between ILF-metrics and the behavioral performance on more sensitive tasks of semantic processing. 

Arcuate fasciculus (AF) – The AF consists of a direct and an indirect pathway according to Catani et al. (2005). The direct pathway consists of the classical connection between Broca’s and Wernicke’s area, whereas the indirect pathway encompasses an anterior segment, connecting Broca’s area and the inferior parietal lobe (IPL), and a posterior segment that connects Wernicke’s area and the IPL. However, tractography results revealed that the cortical termination areas of the indirect anterior segment also encompass the ventral premotor cortex (BA 6), whereas the indirect posterior segment also projects towards the medial and inferior temporal gyrus (Rilling, et al., 2008). In recent studies, the indirect tracts through the inferior parietal lobe are often considered as parts of the superior longitudinal fasciculi (Gierhan, 2013). Functionally, the direct segment of the AF has been postulated to subserve the dorsal phonological stream (Friederici & Gierhan, 2013), which has been linked to mapping acoustic features into articulatory representations (Hickok & Poeppel, 2007). This is supported by the fact that phonological paraphasias are the most common symptoms due to DES of the left AF during awake surgery. The indirect anterior segment has been associated with the vocalization of semantic content (Catani et al., 2005), which might provide an explanation of the semantic paraphasias in Leclercq et al. (2010) and Rofes et al. (2017). The latter suggestion can, however, not be verified since the specific stimulation areas along the AF were vaguely reported. Finally, the indirect posterior segment may support semantic comprehension (Catani et al., 2005), especially through its terminations in the medial temporal gyrus (Glasser & Rilling, 2008). Although results were limited, this hypothesis is supported by the anatomo-functional correlations in patients with aphasia (Agosta et al., 2010; Ivanova et al., 2016) and in healthy individuals (Welcome et al., 2014).
 
Middle longitudinal fasciculus (MdLF)- The MdLF originates in the superior temporal gyrus and projects towards the angular gyrus (AG) and the superior parietal lobe (Makris, et al., 2013). Based on its anatomical course, this pathway has been linked to the language comprehension network (Turken & Dronkers, 2011) and might subserve the organization of semantic knowledge (Saur, et al., 2010), in line with the finding that imageability ratings were associated with MdLF fiber density (Jouen et al., 2015). However, intra-operative stimulation of this fiber bundle failed to show any naming errors (De Witt Hamer et al., 2011). Altogether, the functional significance of the MdLF in semantic processing remains rather unclear.

Remaining pathways – The superior longitudinal fasciculus (SLF) is a complex fiber system consisting of a least three subcomponents (SLF I, SLF II and SLF III - Catani & Thiebaut de Schotten, 2012; Catani et al., 2012; Catani et al., 2005), of which SLF-II and SLF-III, connecting frontal areas with the angular and supramarginal gyrus respectively (Makris, et al., 2005), have been linked to linguistic processing (Gierhan, 2013). However, the horizontal fibers of the SLF and the AF are not easily distinguishable, hence, the nomenclature SLF/AF is commonly used (Friederici & Gierhan, 2013). Intra-operative stimulation results (Maldonado et al. 2011a; 2011b; van Geemen et al., 2014; Vidorreta et al., 2011) are in line with previous research that emphasized a role of the SLF/AF in both articulatory (Sarubbo, et al., 2015), phonological (Duffau, 2008) and syntactic processing (Antonenko, et al., 2013; Friederici & Gierhan, 2013; Grossman, et al., 2013; Wilson, et al., 2011). 
The frontal aslant tract (FAT) and fronto-striatal tract (FST) connect the caudate nucleus with the pre-supplementary motor area (pre-SMA) and SMA respectively (Catani et al., 2012). The latter structures seem to support speech processing aspects, more specifically initiation and timing mechanisms (Hertrich, Dietrich, & Ackermann, 2016). Thus, the speech initiation disorders observed during intra-operative stimulation of the left FAT/FST are plausible symptoms (Vassal et al., 2013; Duffau et al., 2008; Kinoshita et al., 2015). In a limited amount of patients, stimulation of the left FST led to semantic paraphasias (Bello et al., 2006; Bello et al., 2007). A possible explanation for this observation might be an alteration of the striato-thalamo-cortical function. In a systematic review on the subcortical grey matter correlates of verbal-semantic processing, it has been shown that the caudate nucleus (as part of the striatum) supports the access of cortically represented semantic features, through the direct and indirect cortico-striato-thalamo-cortical loops (Cocquyt, et al., 2019). Therefore, a temporary disruption of the FST might lead to the access of semantically related features, causing semantic paraphasias. Instead, Mandonnet, et al. (2019) found that stimulation of the white matter near the posteriosuperior head of the caudate nucleus results in verbal perseverations, possibly due to impaired updating of thalamic output. However, the authors acknowledged that it is quite rare to selectively stimulate the striatal input without the simultaneous disturbance of other fiber bundles (i.e. the IFOF), which prevents us to draw strong conclusions from the results of Bello et al. (2006) and Bello et al. (2007). 


5. CONCLUSION
This systematic review provides an overview of the current knowledge on the white matter architecture underlying semantic processing. Results of the 43 included studies suggest that the left inferior fronto-occipital fasciculus contributes to the essential connectivity that allows semantic processing. However, it remains uncertain whether its contributive role is limited to the organization of semantic knowledge or extends to the level of semantic control. Moreover, the functionality of the left uncinate fasciculus, inferior longitudinal fasciculus and the posterior segment of the indirect arcuate fasciculus in semantic processing has to be confirmed by future research.
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APPENDIX 1: Search strategies in Pubmed, Web of Science and Embase
Pubmed
1. “Semantics” [Mesh] OR semantic* [TIAB] OR “lexical-semantic” [TIAB] OR “lexico-semantic” [TIAB] OR “lexicosemantic” [TIAB] OR “grammar” [TIAB] OR grammatic* [TIAB] OR “syntaxis” [TIAB] OR syntactic* [TIAB] OR “morphosyntaxis” [TIAB] OR morphosyntactic* [TIAB] OR “morpho-syntaxis” [TIAB] OR morpho-syntactic* [TIAB] OR “language comprehension” [TIAB] OR “language production” [TIAB] OR “verbal input” [TIAB] OR “verbal output” [TIAB] OR “language input” [TIAB] OR “language output” [TIAB] OR “lexical retrieval” [TIAB] OR “word retrieval” [TIAB] 

2.  “white matter” [Mesh] OR “white matter” [TIAB] OR “fasciculus” [TIAB] OR “fasciculi” [TIAB] OR “fascicle” [TIAB] OR “fascicles” [TIAB] OR “fiber tract” [TIAB] OR “fiber tracts” [TIAB] OR “fibre tract” [TIAB] OR “fibre tracts” [TIAB] OR “fiber system” [TIAB] OR “fiber systems” [TIAB] OR “fibre system” [TIAB] OR “fibre systems” [TIAB] OR “language tract” [TIAB] OR “language tracts” [TIAB] OR “connectome” [TIAB] OR "language pathway” [TIAB] OR “language pathways” [TIAB] OR “fiber pathway” [TIAB] OR “fiber pathways” [TIAB] OR “fibre pathway” [TIAB] OR “fibre pathways” [TIAB] OR “fiber connection” [TIAB] OR “fiber connections” [TIAB] OR “fibre connection” [TIAB] OR “fibre connections” [TIAB] OR “language network” [TIAB] OR “language networks” [TIAB] OR “language circuit” [TIAB] OR “language circuits” [TIAB] OR “ventral route” [TIAB] OR “dorsal route” [TIAB] OR “ventral language route” [TIAB] OR “dorsal language route” [TIAB] OR “ventral stream” [TIAB] OR “dorsal stream” [TIAB] OR “ventral language stream” [TIAB] OR “dorsal language stream” [TIAB] OR “ventral tract” [TIAB] OR “dorsal tract” [TIAB] OR “ventral tracts” [TIAB] OR “dorsal tracts” [TIAB] OR “ventral language tract” [TIAB] OR “dorsal language tract” [TIAB] OR “ventral language tracts” [TIAB] OR “dorsal language tracts” [TIAB] OR “ventral pathway” [TIAB] OR “dorsal pathway” [TIAB] OR “ventral pathways” [TIAB] OR “dorsal pathways” [TIAB] OR “ventral language pathway” [TIAB] OR “dorsal language pathway” [TIAB] OR “ventral language pathways” [TIAB] OR “dorsal language pathways” [TIAB] OR “tractography” [TIAB] OR “fiber tracking” [TIAB] OR “fibre tracking” [TIAB] OR “diffusion MRI” [TIAB] OR “diffusion weighted magnetic resonance imaging” [TIAB] OR “diffusion weighted MRI” [TIAB] OR “diffusion magnetic resonance imaging” [TIAB] OR “Diffusion Tensor Imaging” [Mesh] OR ”diffusion tensor imaging” [TIAB] OR “DTI” [TIAB] OR “diffusion imaging” [TIAB] OR “awake surgery” [TIAB] OR “awake brain surgery” [TIAB] OR “awake operation” [TIAB] OR “tumor surgery” [TIAB] OR “tumour surgery” [TIAB] OR “glioma surgery” [TIAB] OR “glioma resection” [TIAB] OR “tumor resection” [TIAB] OR “tumour resection” [TIAB] OR “electrostimulation” [TIAB] OR “electro-stimulation” [TIAB] OR “electrical stimulation” [TIAB] OR “intraoperative stimulation” [TIAB] OR “intra operative stimulation” [TIAB] OR “intra-operative stimulation" [TIAB] OR “language mapping” [TIAB] OR “brain mapping” [TIAB] OR “stimulation mapping” [TIAB] OR “IFOF” [TIAB] OR “aslant” [TIAB] OR “fronto-striatal” [TIAB] OR “striato-frontal” [TIAB] OR “thalamocortical” [TIAB] OR “thalamo-cortical” [TIAB] 
3. 1 AND 2

Web of Science 
1. TS=(“semantic*”) OR TS=(“lexical-semantic”) OR TS=(“lexico-semantic”) OR TS= (“lexicosemantic”) OR TS=(“grammar”) OR TS=(“grammatic*”) OR TS=(“syntaxis”) OR TS=(“syntactic*”) OR TS=(“morphosyntaxis”) OR TS=(“morphosyntactic*”) OR TS=(“morpho-syntaxis”) OR TS=(“morpho-syntactic*”) OR TS=(“language comprehension”) OR TS=(“language production”) OR TS=(“verbal input”) OR TS=(“verbal output”) OR TS=(“language input”) OR TS=(“language output”) OR TS=(“lexical retrieval”) OR TS=(“word retrieval”)
2. TS=(“white matter”) OR TS=(“fasciculus”) OR TS=(“fasciculi”) OR TS=(“fascicle”) OR TS=(“fascicles”) OR TS=(“fiber tract”) OR TS=(“fiber tracts”) OR TS=(“fibre tract”) OR TS=(“fibre tracts”) OR TS=(“fiber system”) OR TS=(“fiber systems”) OR TS=(“fibre system”) OR TS=(“fibre systems”) OR TS=(“language tract”) OR TS=(“language tracts”) OR TS=(“connectome”) OR TS=(“language pathway”) OR TS=(“language pathways”) OR TS=(“fiber pathway”) OR TS=(“fiber pathways”) OR TS=(“fibre pathway”) OR TS=(“fibre pathways”) OR TS=(“fiber connection”) OR TS=(“fiber connections”) OR TS=(“fibre connection”) OR TS=(“fibre connections”) OR TS=(“language network”) OR TS=(“language networks”) OR TS=(“language circuit”) OR TS=(“language circuits”) OR TS=(“ventral route”) OR TS=(“dorsal route”) OR TS=(“ventral language route”) OR TS=(“dorsal language route”) OR TS=(“ventral stream”) OR TS=(“dorsal stream”) OR TS=(“ventral language stream”) OR TS=(“dorsal language stream”) OR TS=(“ventral tract”) OR TS=(“dorsal tract”) OR TS=(“ventral tracts”) OR TS=(“dorsal tracts”) OR TS=(“ventral language tract”) OR TS=(“dorsal language tract”) OR TS=(“ventral language tracts”) OR TS=(“dorsal language tracts”) OR TS=(“ventral pathway”) OR TS=(“dorsal pathway”) OR TS=(“ventral pathways”) OR TS=(“dorsal pathways”) OR TS=(“ventral language pathway”) OR TS=(“dorsal language pathway”) OR TS=(“ventral language pathways”) OR TS=(“dorsal language pathways”) OR TS=(“tractography”) OR TS=(“fiber tracking”) OR TS=(“fibre tracking”) OR TS=(“diffusion MRI”) OR TS=(“diffusion weighted magnetic resonance imaging”) OR TS=(“diffusion weighted MRI”) OR TS=(“diffusion magnetic resonance imaging”) OR TS=(“diffusion tensor imaging”) OR TS=(“DTI”) OR TS=(“diffusion imaging”) OR TS=(“awake surgery”) OR TS=(“awake brain surgery”) OR TS=(“awake operation”) OR TS=(“tumor surgery”) OR TS=(“tumour surgery”) OR TS=(“glioma surgery”) OR TS=(“glioma resection”) OR TS=(“tumor resection”) OR TS=(“tumour resection”) OR TS=(“electrostimulation”) OR TS=(“electro-stimulation”) OR TS=(“electrical stimulation”) OR TS=(“intraoperative stimulation”) OR TS=(“intra operative stimulation”) OR TS=(“intra-operative stimulation”) OR TS=(“language mapping”) OR TS=(“brain mapping”) OR TS=(“stimulation mapping”) OR TS=(“IFOF”) OR TS=(“aslant”) OR TS=(“fronto-striatal”) OR TS=(“striato-frontal”) OR TS=(“thalamocortical”) OR TS=(“thalamo-cortical”) 
3. 1 AND 2





Embase
1. ‘Semantics’/de OR semantic*:ti,ab OR ‘lexical-semantic’:ti,ab OR ‘lexico-semantic’:ti,ab OR ‘lexicosemantic’:ti,ab OR ‘grammar’/de OR ‘grammar’:ti,ab OR grammatic*:ti,ab OR ‘syntaxis’:ti,ab OR syntactic*:ti,ab OR ‘morphosyntaxis’:ti,ab OR ‘morpho-syntaxis’:ti,ab OR morphosyntactic*:ti,ab OR ‘morpho-syntactic’:ti,ab OR ‘language comprehension’:ti,ab OR ‘language production’:ti,ab OR ‘verbal input’:ti,ab OR ‘verbal output’:ti,ab OR ‘language input’:ti,ab OR ‘language ouput’:ti,ab OR ‘lexical retrieval’:ti,ab OR ‘word retrieval’:ti,ab 
2. ‘White matter’/exp OR ‘medial longitudinal fasciculus’/de OR ‘thalamocortical tract’/de OR ‘white matter’:ti,ab OR ‘fasciculus’:ti,ab OR ‘fasciculi’:ti,ab OR ‘fascicle’:ti,ab OR ‘fascicles’:ti,ab OR ‘fiber tract’:ti,ab OR ‘fiber tracts’:ti,ab OR ‘fibre tract’:ti,ab OR ‘fibre tracts’:ti,ab OR ‘fiber system’:ab,ti OR ‘fiber sytems’:ab,ti OR ‘fibre system’:ab,ti OR ‘fibre systems’:ab,ti OR ‘language tract’:ti,ab OR ‘language tracts’:ti,ab OR ‘connectome’:ti,ab OR ‘language pathway’:ti,ab OR ‘language pathways’:ti,ab OR ‘fiber pathway’:ti,ab OR ‘fiber pathways’:ti,ab OR ‘fibre pathway’:ti,ab OR ‘fibre pathways’:ti,ab OR ‘fiber connection’:ti,ab OR ‘fiber connections’:ti,ab OR ‘fibre connection’:ti,ab OR ‘fibre connections’:ti,ab OR ‘language network’:ti,ab OR ‘language networks’:ti,ab OR ‘language circuit’:ti,ab OR ‘language circuits’:ti,ab OR ‘ventral route’:ti,ab OR ‘dorsal route’:ti,ab OR ‘ventral language route’:ti,ab OR ‘dorsal language route’:ti,ab OR ‘ventral stream’:ti,ab OR ‘dorsal stream’:ti,ab OR ‘ventral language stream’:ti,ab OR ‘dorsal language stream’:ti,ab OR ‘ventral tract’:ti,ab OR ‘dorsal tract’:ti,ab OR ‘ventral language tract’:ti,ab OR ‘dorsal language tract’:ti,ab OR ‘ventral language tracts’:ti,ab OR ‘dorsal language tracts’:ti,ab OR ‘ventral pathway’:ti,ab OR ‘dorsal pathway’:ti,ab OR ‘ventral pathways’:ti,ab OR ‘dorsal pathways’:ti,ab OR ‘ventral language pathway’:ti,ab OR ‘dorsal language pathway’:ti,ab OR ‘ventral language pathways’:ti,ab OR ‘dorsal language pathways’:ti,ab OR ‘tractography’:ti,ab OR ‘fiber tracking’:ti,ab OR ‘fibre tracking’:ti,ab OR ‘diffusion MRI’:ti,ab OR ‘diffusion weighted magnetic resonance imaging’:ab,ti OR ‘diffusion weighted MRI’:ab,ti OR ‘diffusion magnetic resonance imaging’:ti,ab OR ‘diffusion tensor imaging’/de OR ‘diffusion tensor imaging’:ti,ab OR ‘DTI’:ti,ab OR ‘diffusion imaging’:ti,ab OR ‘awake surgery’:ti,ab OR ‘awake brain surgery’:ti,ab OR ‘awake operation’:ti,ab OR ‘tumor surgery’:ti,ab OR ‘tumour surgery’:ti,ab OR ‘glioma surgery’:ti,ab OR ‘glioma resection’:ti,ab OR ‘tumor resection’:ti,ab OR ‘tumour resection’:ti,ab OR ‘electrostimulation’:ti,ab OR ‘electro-stimulation’:ti,ab OR ‘electrical stimulation’:ti,ab OR ‘intraoperative stimulation’:ti,ab OR ‘intra operative stimulation’:ti,ab OR ‘intra-operative stimulation’:ti,ab OR ‘language mapping’:ti,ab OR ‘brain mapping’:ti,ab OR ‘stimulation mapping’:ti,ab OR ‘IFOF’:ti,ab OR ‘aslant’:ti,ab OR ‘fronto-striatal’:ti,ab OR ‘striato-frontal’:ti,ab OR ‘thalamocortical’:ti,ab OR ‘thalamo-cortical’:ti,ab
3. 1 AND 2




APPENDIX 2: QUALITY LABEL AWAKE SURGERY - Detailed terms and weighted distribution of points
	1) Was the study population clearly specified and defined?
· Age (mean-SD)
· Education years (mean, SD)
· Tumor localization (grey + white matter)
· Pre-operative language dominance
· Pre-operative language deficits

2) Were the exposure measures clearly defined, valid, reliable and implemented consistently across all study participants?

· Is there a clear description and argumentation of the semantic task(s) (including the materials and procedure) which are used during surgery?
· Is there a clear description of the stimulation sites? 
· Left/right hemisphere
· (Sub)cortical regions

3) Were the outcome measures (language deficits due to stimulation) clearly defined, valid and reliable?
· Qualitative error analysis

	/6
/1
/1
/2
/1
/1


/5


/3


/2



/2



	TOTAL
	/13



















APPENDIX 3: QUALITY LABEL DTI (PATIENTS WITH APHASIA) - Detailed terms and weighted distribution of points
	1) Was the study population clearly specified and defined?
· Age (mean-SD)
· Education years (mean, SD)
· Type of aphasia/PPA phenotype
· Lesion localization
· Duration of disease


2) Were the exposure measures clearly defined, valid, reliable and implemented consistently across all study participants?

· Is there a clear description and argumentation of the semantic task (including the materials and procedure)?
· Is the semantic task standardized?
· Is there a clear description of the DTI-method and parameters?
· Is there a clear description of the fasciculi of interest? 
· Left/right hemisphere
· Anatomical regions

3) Is there a clear description and argumentation of the statistical analysis? 
    Are confounding variables implemented as covariates?

4) Were the outcome measures clearly defined, valid and reliable?

	/5
/1
/1
/1
/1
/1


/7


/2

/1
/2
/2




/2

/1

	TOTAL
	/15


Note: PPA = primary progressive aphasia













APPENDIX 4: QUALITY LABEL DTI (HEALTHY INDIVIDUALS) - Detailed terms and weighted distribution of points
	1) Was the study population clearly specified and defined?
· Age (mean-SD)
· Education years (mean, SD)
· Cognition

2) Were the exposure measures clearly defined, valid, reliable and implemented consistently across all study participants?

· Is there a clear description and argumentation of the semantic task(s) (including the materials and procedure)?
· Is the semantic task standardized?
· Is there a clear description of the DTI-method and parameters?
· Is there a clear description of the fasciculi of interest? 
· Left/right hemisphere
· Anatomical regions

3) Is there a clear description and argumentation of the statistical analysis? 

4) Were the outcome measures clearly defined, valid and reliable?

	/3
/1
/1
/1

/7


/2

/1
/2
/2



/1

/1

	TOTAL
	/12
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