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1979, 1982, 1993; Naeser et al., 1982, 1987; Alexander et al., 1989; 

Damasio, 1992; Dronkers et al., 1994, 2000b, 2004; Caplan et al., 

1996, 2007; Damasio and Damasio, 2002; Bates et al., 2003; Binder, 

2003; Tyler and Marslen-Wilson, 2008). Functional neuroimaging 

investigations have also highlighted distributed activation patterns 

in the healthy brain during the performance of tasks that involve 

language comprehension and the processing of lexical-semantic 

information (Demonet et al., 1992; Demb et al., 1995; Binder et al., 

1997, 2009; Price, 2000, 2010; Bookheimer, 2002; Friederici, 2002; 

Vigneau et al., 2006; Ferstl et al., 2008).

Thus, an extensive left-lateralized network for language com-

prehension is indicated by both lesion–symptom correlations in 

aphasia and functional imaging findings in the healthy brain. This 

network is distributed throughout association areas in the left peri-

sylvian cortex and neighboring regions, including parts of the pos-

terior middle temporal gyrus (MTG), inferior temporal regions, 

the inferior parietal lobe (IPL), inferior frontal gyrus (IFG), as 

well as other frontal regions not directly involved in language but 

facilitating comprehension through working memory and cogni-

tive control operations (Dronkers et al., 2004). The  anatomical 

INTRODUCTION

The brain regions that subserve verbal comprehension are tradition-

ally associated with Wernicke’s and, to some extent, Broca’s areas. 

Following the seminal work of Wernicke (1874), who described 

neurological patients with trouble understanding spoken language, 

it has been assumed that the posterior superior temporal cortex in 

the left hemisphere is primarily responsible for language compre-

hension (Geschwind, 1970, 1972; Goodglass, 1993). Broca’s area has 

also been implicated in sentence comprehension in that patients 

with Broca’s aphasia have difficulty processing the syntactic rules 

that affect sentence meaning. However, this position is gradually 

giving way to a network perspective, which emphasizes the contri-

bution of several brain regions organized into a large-scale network 

via long-distance association pathways (Mesulam, 1990; Damasio, 

1991). Lesion–deficit correlation findings with aphasic patients have 

led to an appreciation of how several other brain regions within and 

outside the left temporal lobe also contribute to language compre-

hension. It has been shown in several studies that language com-

prehension deficits can be produced by lesions in several posterior 

and frontal cortical areas and subcortical structures (Kertesz et al., 
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extent of this network is consistent with the notion that language 

comprehension is a complex process which, like other complex 

behaviors, is the product of the coordinated activity of several brain 

regions, each contributing to several subprocesses of comprehen-

sion. The functioning of the overall network can be disrupted by 

brain lesions damaging different cortical nodes and disconnecting 

the white matter (WM) pathways that subserve their interactions. 

Better understanding of the functional anatomy of the language 

comprehension network and its disorders requires a detailed 

characterization of the underlying connectional architecture that 

allows the functional integration of the brain structures that com-

prise the language network.

The specific contributions of individual brain regions to the 

large-scale networks specialized for different aspects of cognition 

are determined by their connectivity patterns (Mesulam, 1990, 

1998, 2005; Schmahmann and Pandya, 2008). Each brain region 

acquires its particular function in a brain network by virtue of 

how it interacts with other regions in the brain. This highlights 

the need to delineate the WM pathways that interconnect distinct 

components of the language network in order to elucidate how each 

part is functionally integrated to the overall network and makes 

specific contributions to language processing, and to understanding 

why lesions in different brain regions cause the particular symp-

toms observed in aphasic patients. Behavioral deficits can also be 

produced by WM lesions that disconnect healthy brain regions, 

and the resulting deficits can be as severe as those produced by 

damage to the areas that subserve cortical information process-

ing (Lichtheim, 1885; Geschwind, 1965a,b; Catani and Mesulam, 

2008a,b). Reorganization of the architecture of functional networks 

is a key factor for the recovery of function following neurological 

injury, and this process might be mediated by the connections that 

allow intact regions to acquire new functions and enable the surviv-

ing sections of damaged regions to be reintegrated into functional 

networks (Heiss et al., 2003; Dancause et al., 2005; Ward, 2005; 

Marsh and Hillis, 2006; Murphy and Corbett, 2009). Thus, better 

knowledge of the connectional anatomy of the language network is 

essential for understanding the consequences of the disruption of 

WM pathways due to brain injury, and the contributions of these 

pathways to functional recovery.

While the arcuate fasciculus (AF) has traditionally been viewed 

as the single critical WM pathway that provides the scaffolding for 

the language network (Dronkers et al., 2000a; Catani and Mesulam, 

2008a; Friederici, 2009), the growing knowledge of WM anatomy 

indicates that the language network is subserved by a richer net-

work of fiber systems than originally appreciated. The arcuate 

itself has been shown to be composed not of a single arc, but at 

least three segments, including a direct pathway between tempo-

ral and frontal regions, and an indirect segment involving inferior 

parietal regions (Catani et al., 2005). Histological tracing studies 

of the homologues of human language areas in the monkey brain 

have shown the existence of a distinct parieto-temporal pathway, 

the middle longitudinal fasciculus (MdLF), that interconnects the 

superior temporal and inferior parietal cortices (Seltzer and Pandya, 

1984, 1994; Schmahmann et al., 2007), and long fibers that pass 

through the extreme capsule (EmC) to link posterior superior tem-

poral regions with the IFG (Petrides and Pandya, 1988, 2009). These 

connections have also been characterized in the human brain using 

in vivo imaging techniques (Frey et al., 2008; Makris and Pandya, 

2009; Makris et al., 2009). The inferior occipito-frontal fasciculus, a 

major pathway extending from frontal cortex to temporal, parietal, 

and occipital cortices, has been implicated in semantic processing 

by subcortical stimulation data from neurosurgical patients (Duffau 

et al., 2005, 2008). It has also been proposed, on anatomical grounds, 

that semantic processing might be subserved by a two-step pathway 

involving the inferior longitudinal fasciculus (ILF), which runs along 

the whole length of the temporal lobe, and the uncinate fasciculus 

(UF), which connects the temporal pole with the inferior frontal 

regions (Vigneau et al., 2006). It is important to examine these new 

findings in relation to the lesion anatomy in aphasia in order to 

appreciate the functional contributions of these pathways.

Here, we investigated the structural and functional connectiv-

ity of the brain regions found to be critical for auditory sentence 

comprehension in an earlier investigation from our laboratory 

(Dronkers et al., 2004). Sentence comprehension is a complex func-

tion that engages many components of the language network and 

other brain regions that support language, such as working memory 

and cognitive control systems (Friederici, 2002; Dronkers et al., 

2004). Thus, sentence comprehension is an ideal task for exploring 

the language comprehension network. In our previous investiga-

tion, auditory sentence comprehension deficits were analyzed in 

relation to lesion anatomy in 64 chronic stage aphasic patients who 

had suffered focal left hemisphere damage due to stroke. Sentence 

comprehension was assessed by the Curtiss-Yamada Comprehensive 

Language Evaluation, Receptive Language Test (CYCLE-R; Curtiss 

and Yamada, 1988). Lesions that significantly alter sentence compre-

hension performance were mapped on a standard template using 

voxel-based lesion-symptom mapping (VLSM, Bates et al., 2003). 

Subgroups of patients whose lesions encompassed each of these 

regions were also examined separately, using their scores on each 

CYCLE-R subtest, and their performance on the Western Aphasia 

Battery (WAB; Kertesz, 1982). Five brain regions were highlighted 

in this analysis as being critical for language comprehension: the 

MTG and underlying WM (hereafter referred to as “MTG”), the 

anterior superior temporal gyrus (“anterior STG/BA22”), a region 

including parts of the posterior superior temporal sulcus (STS) 

and the angular gyrus (“STS/BA39”), Brodmann’s area 47 in pars 

orbitalis of the IFG (“BA47”), and a part of Brodmann’s area 46 in 

the middle frontal gyrus (“BA46”; Figures 1,2).

Patients with lesions in MTG and adjacent white matter,  includ-

ing those classified with a severe Wernicke’s aphasia, were impaired in 

all but the simplest sentences, indicating a word-level deficit, which 

was also confirmed by data from the WAB Auditory Comprehension 

subtests. Lesions in other areas affected sentence level processing 

as difficulty level increased (Dronkers et al., 2004, Figure 5), sug-

gesting higher-level contributions to language comprehension. 

For example, the performance of patients with anterior STG/BA22 

lesions declined when the syntactic structure of test items influ-

enced the interpretation of the sentence, suggesting a role for this 

region in basic morphosyntactic processing. Patients with lesions 

in frontal regions BA46 and BA47 were impaired only for the most 

complex sentence structures. The BA47 finding was interpreted as 

reflecting the impairment of a working memory system for seman-

tic information, whereas the BA46 involvement was attributed to 

deficits in general cognitive control processes. Finally, posterior STS/

BA39  involvement was attributed to auditory short-term memory 

 impairments, as patients with lesions in this region were most 
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(Biswal et al., 1995, 2010; Lowe et al., 1998; Greicius et al., 2003; 

Damoiseaux et al., 2006; Buckner et al., 2009; Van Dijk et al., 

2010). Correlated fluctuations of spontaneous brain activity, as 

assessed by the blood oxygenation-level dependent (BOLD) func-

tional magnetic resonance imaging (fMRI) signal, provide infor-

mation about which regions are physiologically coupled, either 

via direct structural connections, or indirect polysynaptic links. 

Thus, high correlations between the amount of oxygen consumed 

simultaneously by multiple regions are believed to mirror which 

brain areas typically interact with each other. Several investiga-

tions have shown that the functional organization of large-scale 

brain networks can be assessed by mapping with this approach 

the regions that show coherent resting-state activity (Fox et al., 

2005; Damoiseaux et al., 2006; Dosenbach et al., 2007; He et al., 

2007; Vincent et al., 2007; Buckner et al., 2009; Biswal et al., 2010), 

including those that may be related to language (other than com-

prehension; Hampson et al., 2002; Kelly et al., 2010; Koyama 

et al., 2010; Xiang et al., 2010). In order to examine the language 

comprehension network, we used the cortical ROIs derived from 

the previous lesion analysis findings and computed whole-brain 

correlation maps for each ROI.

By combining the information from these two connectivity 

analyses, we sought to determine the relationships among the brain 

regions identified as being important for auditory sentence com-

prehension in our previous lesion analysis with aphasic patients 

(Dronkers et al., 2004). This was achieved by identifying in the 

healthy brain (1) the major pathways associated with these regions, 

and (2) the functional connectivity of these regions with other 

cortical areas.

In this way we explored how these regions might fit into a net-

work that supports language comprehension. We also examined the 

implications of our findings in the context of the lesion anatomy 

of comprehension deficits in aphasia.

MATERIALS AND METHODS

Structural and functional connectivity patterns of the regions that 

were found to be critical for language comprehension in our brain 

lesion analysis were investigated using diffusion tensor imaging and 

fMRI data. Streamline tractography was applied to the DTI data 

from 25 healthy subjects to trace the principal WM pathways associ-

ated with each of the regions. The functional connectivity profile 

for each region was assessed using resting-state fMRI data from 

another group of 25 healthy subjects. These data processing and 

analysis steps are described in detail in the following sections.

DEFINITION OF REGIONS OF INTEREST FOR THE LANGUAGE 

COMPREHENSION NETWORK ANALYSIS

The regions identified by the VLSM analysis of sentence compre-

hension deficits (Figure 1; Dronkers et al., 2004) were transformed 

from the DeArmond et al. (1989) atlas space, in which the original 

results were produced, to the Montreal Neurological Institute (MNI) 

space. A mapping from the DeArmond et al. atlas space to the MNI 

space was determined by the following steps. The MNI anatomical 

template was aligned to the atlas plates by a 7° rotation of the axial 

plane. Eleven slices were identified on the re-oriented MNI template 

that best match the axial photographic images of the brain in the 

DeArmond et al. atlas. The corresponding anatomical landmarks 

were marked by manually selecting several control points on each 

impaired on items that relied on auditory rehearsal. Patients whose 

lesions spared all of these regions showed only minor deficits on 

the most difficult items. Critically, lesions in the two regions which 

have traditionally been considered to be at the core of language 

functioning in the brain, Broca’s area (IFG pars opercularis and pars 

triangularis) and posterior superior temporal gyrus, the cortical 

zone commonly attributed to Wernicke’s area, were not found to be 

associated with significant language comprehension deficits in this 

investigation. A small WM region medial to the posterior STS was 

also identified as being critical for sentence comprehension, sug-

gesting that not only cortical damage but a disconnection produced 

by a lesion in WM adjacent to posterior STG and MTG might also 

produce language comprehension deficits.

In order to investigate how the above brain regions might par-

ticipate in a larger network of interconnected areas, we analyzed 

brain imaging data from healthy subjects using two new magnetic 

resonance imaging (MRI) techniques. The first, diffusion tensor 

imaging (DT-MRI), examines the fiber pathways that structur-

ally link brain regions to each other (Basser et al., 1994; Pierpaoli 

et al., 1996). We used this technique to determine which pathways 

were associated with the regions found to be critical for auditory 

sentence comprehension from our previous lesion analysis. The 

second technique, resting-state functional MRI (RS-fMRI), reveals 

functional brain networks by correlating blood oxygenation levels 

across brain regions over time to identify which parts of the brain 

are simultaneously active (Lowe et al., 1998; Greicius et al., 2003; 

Biswal et al., 2010; Van Dijk et al., 2010). We applied the second 

method to identify brain areas that were functionally connected 

with each of the regions critical for auditory sentence comprehen-

sion. We used these two approaches, described below, with data 

from healthy subjects to examine the structural and functional 

architecture of the brain regions associated with sentence compre-

hension deficits as previously found in aphasic patients.

Diffusion tensor magnetic resonance imaging shows the micro-

structural organization of white matter in the living brain. With 

this information, it is possible to perform tractography analysis and 

determine the trajectories of long-distance pathways by tracing the 

dominant orientation of fiber groups at different points in brain 

white matter (Conturo et al., 1999; Basser et al., 2000; Catani et al., 

2002; Mori et al., 2002). DT-MRI tractography has been used to 

examine the anatomical organization of the pathways that support 

language in the brain, to determine which pathways interconnect 

specific brain regions, and to interpret the functions subserved by 

individual pathways based on their cortical termination patterns 

(Catani et al., 2005, 2007; Croxson et al., 2005; Makris et al., 2005, 

2009; Parker et al., 2005; Anwander et al., 2007; Vernooij et al., 

2007; Frey et al., 2008; Glasser and Rilling, 2008; Saur et al., 2008; 

Makris and Pandya, 2009; Kaplan et al., 2010; Brauer et al., 2010). 

In this investigation, we used the regions of interest (ROIs) from 

the lesion findings which were described earlier to constrain whole-

brain streamline tractography results, in order to isolate the fiber 

pathways associated with the WM contained in each ROI. We then 

identified the major WM structures associated with these fibers 

using digital WM atlases (Wakana et al., 2004; Burgel et al., 2006; 

Catani and Thiebaut de Schotten, 2008; Mori et al., 2008).

The analysis of interregional correlations in RS-fMRI data 

is another technique for mapping the connectivity profiles of 

individual brain regions as well as complete functional circuits 
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ASSESSMENT OF STRUCTURAL CONNECTIVITY WITH DIFFUSION 

IMAGING TRACTOGRAPHY

Diffusion tensor imaging data

Diffusion tensor imaging datasets from 25 healthy subjects were 

randomly selected from the publicly-available ICBM DTI-81 

database3,4, which includes diffusion imaging data from young and 

middle-aged healthy right-handed subjects (Oishi et al., 2008). The 

subject demographics, data acquisition protocols and the probabil-

istic maps of major pathways developed using these data have been 

described in publications by the ICBM researchers (Hua et al., 2009; 

Mori et al., 2008; Oishi et al., 2008; Zhang et al., 2008). The diffusion 

imaging data were acquired on Siemens 1.5T MRI scanners at the 

MNI and University of California Los Angeles using single-shot 

echo-planar imaging (EPI) sequences with sensitivity encoding and 

a parallel imaging factor of 2.0, 96 × 96 imaging matrix, field of view 

(FOV) = 240 mm × 240 mm, 60 transverse sections (2.5 mm slice 

thickness) parallel to the anterior commissure–posterior commis-

sure line (AC–PC), two repetitions of a sequence of five images with 

minimal diffusion weighting and 30  diffusion-weighted (1000 s/

mm2) images with 30 gradient  orientations (Mori et al., 2008).

DTI post-processing

First, an anatomical reference image was produced from the EPI 

images with minimal diffusion weighting (B0 images) by correcting 

for head motion by rigid-body alignment in SPM8, and averaging 

over the realigned scans. All diffusion-weighted images were co-

registered to this reference image. Using SPM8, a brain mask was 

derived from the reference image by applying a tissue segmentation 

algorithm and then applied to the other scans to exclude non-brain 

tissue. The reference image was also normalized to MNI space for 

the ROI-based analyses. The diffusion datasets were  resampled 

to 2.0 mm3 resolution and averaged over the repeated series to 

improve signal-to-noise ratio. Using the methods implemented in 

the MedInria software package5 (Fillard et al., 2007), the diffusion 

slice and used for 2D non-linear warping of the DeArmond et al. 

slices to MNI template slices using the Image Processing Toolbox 

for MATLAB1. The DeArmond et al. atlas slices were then realigned 

to the MNI space orientation and linearly interpolated to obtain 

a 2-mm inter-slice distance. A software implementation of this 

atlas transformation is included as part of the VLSM 1.6 package 

for MATLAB2.

Region of interests in MNI space were then obtained from the 

VLSM results for the lesion–symptom analysis in DeArmond et al. 

(1989) atlas space (Figure 1; Dronkers et al., 2004, Figures 3 and 4) 

using the same procedure. A smoothing filter (8 mm FWHM 

Gaussian) was applied to each ROI in order to compensate for reg-

istration errors and the residual anatomical variability that remains 

after the spatial normalization of the healthy subject datasets to 

MNI space. These ROIs for the MTG, anterior STG/BA22, BA47, 

BA46, STS/BA39, and the WM subjacent to the STS were saved 

as binary mask images for the subsequent analyses (Figure 2). It 

should be noted that the VLSM findings include WM regions as 

well as the cortical areas listed in Table 3 of Dronkers et al. (2004). 

Tractography analysis of structural connectivity revealed the WM 

pathways associated with each ROI, while the functional connectiv-

ity analysis was restricted to the cortical gray matter (GM) contained 

within each ROI.

FIGURE 1 | Voxel-based lesion-symptom mapping findings for the regions 

critical for auditory sentence comprehension, as assessed by the CYCLE-R. 

The t-map is visualized on 11 slices from the DeArmond et al. (1989) brain atlas, 

which was used as the template for lesion reconstructions. Significant voxels 

from this map comprised five distinct regions, each associated with a different 

pattern of performance (see text). (Reprinted with permission from Dronkers 

et al., 2004).

FIGURE 2 | Regions of interest in MNI space based on the lesion-

symptom mapping findings for the posterior MTG (n), anterior STG/

BA22 (n), BA47 (n), BA46 (n), STS/BA39 (n), and white matter underlying 

the STS (n). Slice positions are marked on a mid-sagittal view of the MNI 

template on the upper right side.

1www.mathworks.com
2http://crl.ucsd.edu/vlsm

3http://www.loni.ucla.edu/ICBM
4https://www.mristudio.org
5http://www-sop.inria.fr/asclepios/software/MedINRIA
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each functional imaging session, subjects were instructed to rest 

with their eyes open. Signed informed consent, approved by the 

institutional review boards of the New York University School of 

Medicine and New York University, was obtained from each subject 

prior to participation.

fMRI data pre-processing

Functional magnetic resonance imaging datasets were pre- processed 

using the standard SPM88 protocol which includes slice-timing 

correction, correction for head movements using rigid-body rea-

lignment to the mean EPI image from each session, co-registra-

tion of EPI data to the anatomical scan for each subject, tissue 

segmentation and normalization of anatomical scans to standard 

(MNI) space with the unified segmentation and normalization 

algorithm implemented in SPM8 (Ashburner and Friston, 2005). 

The EPI datasets were transformed to standard space using the 

normalization parameters for anatomical scans, with a final spatial 

resolution of 2.5 mm3 isotropic voxels. A Gaussian smoothing filter 

(6.125 mm full width at half maximum) was applied to enhance 

the signal-to-noise ratio. Tissue segmentation of the anatomical 

images isolated the GM, WM, and cerebrospinal fluid (CSF) com-

partments, which were used in the functional connectivity analysis 

described below.

Resting-state functional connectivity analysis

The Functional Connectivity Toolbox9 for SPM8 was used for 

 deriving the functional connectivity maps for each ROI. The BOLD 

time-series for each of the ROIs was extracted, averaging over the 

GM voxels (derived from the tissue segmentation of anatomical 

images) included in the ROI. Resting fMRI data need to be corrected 

for artifacts of non-neural origin associated with physiological (res-

piratory and cardiac) events, instrument noise, and head move-

ments, which can induce spurious correlations into the connectivity 

analysis. Confounding signals were estimated from the WM and 

CSF segments using the CompCor method (Behzadi et al., 2007). 

These signals together with movement-related covariates were 

removed from the fMRI data using regression. Next, the residual 

BOLD time-series were band-pass filtered over a low-frequency 

window of interest (0.008 Hz < f < 0.08 Hz). Correlation maps for 

each ROI in each session and each subject were then produced by 

computing the Pearson’s correlation coefficients between the ROI 

time-series and the time courses for all brain voxels. The correlation 

maps for all subjects were converted to normally-distributed scores 

using Fischer’s transform and submitted to one-sample t-tests to 

compute the group-level maps of functional connectivity for each 

ROI. Only positive correlations were mapped for this investigation. 

The resultant statistical parametric maps after testing for statisti-

cal significance using a voxel-wise threshold of p < 0.01, corrected 

for multiple comparisons (family-wise error rate across all brain 

voxels), and a cluster extent threshold of 100 mm3 (40 contiguous 

voxels). Only the cortical extents of these maps are reported in the 

present manuscript. The anatomical distributions for the functional 

connectivity maps were assessed in relation to digital atlases for 

6http://www.trackvis.org
7http://www.nitrc.org/projects/fcon_1000

tensor was computed (Basser, 1995), and streamline tractography 

was applied to derive fiber pathways following the principal diffusion 

direction at each voxel. The default settings in MedInria were used 

for this analysis. The tractography results were then imported into 

the TrackVis package6 (Wang et al., 2007) for visualization and the 

isolation of WM tracts for the structural connectivity analyses.

The ROIs described in the preceding section were transformed 

to each subject’s native dataset space for isolating the tractography-

 defined fibers associated with each ROI. For this purpose, the defor-

mation fields produced by the normalization of the reference (mean 

B0) image were inverted using the Deformations utility in SPM8, 

and the resulting reverse mapping was applied to each ROI defined 

in MNI space to identify the corresponding regions in each sub-

ject’s brain. The fiber groups intersecting these reverse-normalized 

ROIs were isolated and manually segmented into fiber bundles 

corresponding to known anatomy and published diffusion imag-

ing atlases (Wakana et al., 2004; Burgel et al., 2006; Catani and 

Thiebaut de Schotten, 2008; Hua et al., 2009; Lawes et al., 2008; 

Mori et al., 2008; Oishi et al., 2008). For this purpose, additional 

ROIs were used to delineate several major pathways, consistent with 

the published guidelines for identifying and isolating fiber bundles 

using the multiple-ROI approach (Wakana et al., 2007; Catani and 

Thiebaut de Schotten, 2008; Hua et al., 2008). These additional ROIs 

for isolating individual pathways were first drawn in MNI space 

on a color-coded principal diffusion direction map derived from 

the ICBM DTI-81 group-averaged tensor map. They were then 

reverse-normalized to native space datasets for tract identification. 

Custom MATLAB code was used to extract the fiber groups associ-

ated with the ROIs. The extracted bundles were compared against 

the ICBM DTI-81 probabilistic maps and tractography publications 

to verify their identity. The two authors independently completed 

this process. Fiber tract findings are reported in the results section 

if at least 10 tractography streamlines were found in at least 20 

(80%) of the 25 subjects.

ASSESSMENT OF FUNCTIONAL CONNECTIVITY WITH RESTING-STATE 

fMRI DATA

Functional magnetic resonance imaging

Resting-state fMRI data from 25 healthy subjects were acquired 

from a publicly available database of functional and structural 

imaging data7 (Biswal et al., 2010). We chose to use the NYU Test 

Retest Reliability dataset from the 1000 Functional Connectomes 

Project database, as the subjects in this study were scanned on 

three different dates and the stability of the functional connectiv-

ity patterns have been demonstrated (Shehzad et al., 2009). The 

image acquisition protocol (NYU Test Retest Reliability dataset, as 

described in previous publications that presented findings from 

these data (Margulies et al., 2009; Shehzad et al., 2009; Kelly et al., 

2010), was: EPI on a Siemens Allegra 3.0 Tesla scanner with repeti-

tion time (TR) = 2000 ms, echo time (TE) = 25 ms; flip angle = 90°, 

matrix = 64 × 64; FOV = 192 mm; voxel size = 3 mm × 3 mm × 3 mm, 

39 axial slices, 197 functional volumes, and a high-resolution 

T1-weighted anatomical image (magnetization-prepared gradient 

echo sequence with 1 mm × 1 mm × 1 mm resolution). During 

8http://www.fil.ion.ucl.ac.uk/spm/
9http://www.nitrc.org/projects/conn
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(Figure 3). These pathways were: the direct (temporo-frontal) and 

indirect (temporo-parietal) segments of the AF; the IOFF; the MdLF; 

the ILF; and posterior corpus callosum fibers, consistent with the tem-

poro-temporal interhemispheric connections through the tapetum.

As for the fiber bundles linking the MTG ROI with the other ROIs 

(Figure 4), those passing through the MTG ROI and reaching the 

BA47 ROI were identified as being part of the IOFF. Short  fibers con-

necting the MTG with the STS/BA39 ROI were identified as fibers of 

the indirect segment of the AF. Those passing adjacent to the MTG 

and reaching the anterior STG/BA22 ROI were  recognized as MdLF 

fibers, based on their trajectory12. Connections with the BA46 ROI 

could not be consistently traced, for reasons further discussed in the 

section entitled Anterior Middle Frontal Gyrus (BA46 ROI).

Resting-state functional connectivity

The whole-brain resting functional connectivity map for the MTG 

ROI revealed an extensive network of cortical association areas, 

importantly, several peri-sylvian and neighboring regions that have 

been implicated in language, and their right hemisphere homo-

logues (Figure 5). Because of the broad extent of this map, we 

also identified the regions that show the strongest correlations at 

a more stringent threshold (t > 12.13, cluster extent > 62.5 mm3), 

which are reported in Table 1. In the left lateral temporal lobe, we 

identified a zone running from the temporal pole to the temporo-

parietal and temporo-occipital regions, extending into the inferior 

temporal cortex (BA 20 and BA 37), the STS, and parts of the STG 

(BA 22), but excluding the primary auditory cortex (BA 41 and 

cortical areas and gyral anatomy (Harvard–Oxford probabilistic 

atlas, Desikan et al., 2006; AAL atlas, Tzourio-Mazoyer et al., 2002), 

distributed with the FSL10 and MRICron11 software packages.

In addition to the whole-brain resting-state functional connec-

tivity maps for the five cortical ROIs, the pair-wise interregional 

correlations between these regions were also examined. The mean 

BOLD time-series for all the GM voxels contained in each ROI 

was obtained, after performing band-pass filtering and artifact 

correction as described above. Pearson’s correlation coefficients 

were computed for each pair of ROIs in each subject, and analyzed 

across subjects with one-sample t-tests (p < 0.01, corrected for 

multiple comparisons).

RESULTS

In the following sections, the structural and functional connectivity 

patterns associated with each of the five ROIs are reported, followed 

by a summary of the findings. The structural connectivity findings 

are illustrated in figures for two representative subjects, showing 

the distinct fiber pathways associated with each ROI. Each path-

way was reliably traced in at least 80% (20 out of 25) of the DTI 

datasets. Functional connectivity maps have been rendered on a 

semi-inflated view of the single-subject cortical surface reconstruc-

tion provided in SPM8.

POSTERIOR MIDDLE TEMPORAL GYRUS (MTG ROI)

Structural connectivity

Streamline tractography revealed that the white matter contained 

within the MTG ROI contains fibers from several major path-

ways, which were consistently identified in at least 80% of subjects 
12It should be noted that while the MdLF has been shown to interconnect  inferior 

parietal regions with the multimodal areas of the STG in the monkey brain 

 Schmahmann et al. (2007), it is still unknown how this fiber bundle relates to the 

MTG in the human brain.

FIGURE 3 | Major pathways associated with the left MTG region of 

interest. Streamline tractography results from two subjects are presented as 

exemplars. Each row depicts the individual subject’s ROI warped to their own 

native space (left, yellow), followed by sagittal, axial, and coronal perspectives of 

the fiber bundles involved. The direct and indirect segments of the arcuate 

fasciculus, the inferior occipito-frontal fasciculus, the middle longitudinal 

fasciculus, the inferior longitudinal fasciculus, and transcallosal projections, 

consistent with the tapetum, are shown.

10www.fmrib.ox.ac.uk/fsl
11www.nitrc.org/projects/mricron
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FIGURE 4 | Pathways linking the posterior MTG region of interest with the 

other ROIs: BA47, STS/BA39, and anterior STG/BA22. Each row again depicts 

the findings for each sampled individual, with the ROI and fiber bundles depicted 

in the subject’s native space (left, yellow). Fibers passing between the MTG and 

BA47 were identified as part of the IOFF. Those connecting MTG with STS/

BA39 were consistent with fibers of the indirect segment of the AF. The pathway 

likely to connect the MTG ROI with the anterior STG/BA22 ROI was identified 

as the MdLF.

42), which was mirrored in the right temporal lobe. The parietal 

regions showing the strongest correlations with the MTG were the 

left angular gyrus (BA 39) and superior parietal lobe (BA 7). A 

medial posterior parietal region was also functionally connected 

with the MTG. Frontal lobe functional connectivity was bilateral 

(more extensive in the left hemisphere) and comprised three zones: 

a broad cortical swath running along the superior–inferior direc-

tion on the lateral prefrontal cortex, including parts of the middle 

frontal gyrus and the precentral gyrus dorsally, continuing through 

the pars opercularis (BA44) and pars triangularis (BA45) of the IFG 

and ending inferiorly into the pars orbitalis (BA47); a dorso-medial 

zone including parts of BA6, BA8, BA9, and BA 32; and the gyrus 

rectus (BA11) in the ventromedial frontal cortex. Regions of interest 

that showed functional connectivity with the MTG included STS/

BA39, BA47, and parts of anterior STG/BA 22, but not BA46.

ANTERIOR BRODMANN’S AREA 22 IN THE SUPERIOR TEMPORAL GYRUS 

(ANTERIOR STG/BA22 ROI)

Structural connectivity

The middle longitudinal fasciculus and UF fibers were associated 

with the anterior STG/BA22 ROI in all subjects (Figure 6). Fibers 

passing adjacent to this ROI and the MTG ROI were identified as 

belonging to the MdLF. Pathways between the anterior STG/BA22 

and STS/BA39, BA47, and BA46 ROIs could not be found consist-

ently across subjects.

Resting-state functional connectivity

The functional connectivity map for the anterior STG/BA22 ROI 

included the whole extent of the superior temporal gyrus and 

neighboring sections of the MTG, BA 37, the temporal pole, the 

rolandic operculum, IFG pars orbitalis (BA 47) and the anterior 

cingulate cortex (BA 24), the supplementary motor area, the pre-

central gyrus (BA 6), and the insula (Figure 7). All of these regions 

were identified in both hemispheres. Other ROIs that showed func-

tional connectivity with the anterior STG/BA22 ROI were parts of 

the MTG and BA47.

FIGURE 5 | Functional connectivity profile of the left posterior middle 

temporal region that was previously found to be critical for the core 

processes supporting sentence comprehension (Dronkers et al., 2004). 

The regions that showed highly correlated (p < 0.01, corrected, cluster 

extent > 100 mm3) spontaneous activity with the left MTG seed are shown on 

a semi-inflated view of the cortical surface. The left and right hemispheres are 

shown on the left and right columns, respectively. The upper row shows the 

lateral surface, and the lower row, the medial surface of the cerebrum. Colors 

indicate t-values (dark red = lowest, yellow-white = highest, with the voxels 

within the ROI showing the highest correlation).
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Table 1 | Cortical areas found to be functionally connected to the left MTG seed region at a stringent threshold for significance (t > 12.13, cluster 

extent > 62.5 mm3).

Hemisphere and lobe Cluster size (voxels) Maximum t value Peak coordinates Anatomical label (AAL atlas) 

where cluster is found   x,   y,   z (mm)

Left temporal 1327 35.39 −63 −31  −5 Middle temporal gyrus (BA 21)

  29.55 −55 −61 −12 Inferior temporal gyrus (BA 37)

  13.96 −45 −49 −15 Inferior temporal gyrus (BA 20)

Right temporal 233 21.89  70 −41 −10 Inferior temporal gyrus (BA 20)

  16.85  70 −26  −7 Middle temporal gyrus (BA 21)

  13.91  63 −51 −17 Inferior temporal gyrus (BA 37)

Left frontal 234 18.8 −50   42 −15 IFG pars orbitalis

  17.09 −40   37 −17 IFG pars orbitalis

  14.85 −55   34   3 IFG pars triangularis

Left frontal 190 18.42 −50   14  26 IFG pars triangularis

  15.24 −55   17  8 IFG pars opercularis

  14.26 −48    7  38 Precentral gyrus (BA 6)

Right frontal 28 16.73  43   39 −15 IFG orbitalis (BA 47)

Left parietal 47 14.73 −35 −59  48 IPL (BA 7)

Left parietal 35 14.34 −43 −56  31 AG (BA 39)

FIGURE 6 | Pathways associated with the anterior STG/BA22 region of interest (left, red). Streamline tractography results from two subjects are presented as 

exemplars. The middle longitudinal fasciculus and the uncinate fasciculus were found to be associated with this ROI.

PARS ORBITALIS OF THE INFERIOR FRONTAL GYRUS (BA47 ROI)

Structural connectivity

The BA47 ROI was consistently found to be associated with the inferior 

occipito-frontal fasciculus (Figure 8). In all subjects, streamlines consist-

ent with the IOFF passed through both the BA47 and MTG ROIs.

Resting-state functional connectivity

The functional connectivity map for BA47 consisted of six clusters 

(Figure 9). The largest cluster was centered in the IFG, extending to pars 

opercularis (BA 44), inferior precentral gyrus (BA 6), and the temporal 

pole (BA 38). Other clusters were in the MTG bilaterally, the right IFG, 

a left posterior region which included parts of the left angular gyrus 

(BA 39) and the superior temporal gyrus (BA 22, but not anterior STG/

BA22), and the left medial frontal cortex (SMA, BA 6, 8, and 9).

ANTERIOR MIDDLE FRONTAL GYRUS (BA46 ROI)

Structural connectivity

Tractography analysis of the BA46 ROI did not reveal a  consistent 

pattern across subjects, possibly due to the smaller size of this 

ROI, intersubject anatomical variability that affected  registration 
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POSTERIOR SUPERIOR TEMPORAL SULCUS AND BRODMANN’S AREA 39 

(STS/BA39 ROI)

Structural connectivity

Fibers associated with the direct and indirect segments of the AF 

were found to pass through the WM region included in the pos-

terior STS/BA39 ROI (Figure 11). Short, vertically-oriented fibers 

interconnecting the MTG and STS/BA39 ROIs were also found in 

all subjects. Also of note was a robust bundle of short fibers con-

necting the STS/BA39 ROI with other parts of the angular gyrus. 

Fibers between STS/BA39 and BA47 or anterior STG/BA22 could 

not be consistently identified across subjects.

Resting-state functional connectivity

The functional connectivity pattern of the STS/BA39 ROI included 

two large clusters running along the MTG bilaterally, forming a 

bridge between the temporal pole and the angular gyrus, and 

extending into the superior and inferior temporal gyri (Figure 12). 

Other functionally-connected regions were in the left lateral 

 prefrontal cortex, including the pars orbitalis (BA 47) and pars 

triangularis, the left middle frontal gyrus, bilateral dorso-medial 

frontal regions, right BA 47, the gyrus rectus, mid-cingulate cortex, 

and the medial posterior parietal cortex, bilaterally. Other ROIs that 

showed functional connectivity with the STS/BA39 ROI included 

parts of the MTG, BA47, and anterior STG/BA22 ROIs, but not 

the BA46 ROI.

WHITE MATTER UNDERLYING THE SUPERIOR TEMPORAL SULCUS (STS 

WM ROI)

The fiber composition of a WM region subjacent to the STS was 

also analyzed. This region was reported in our lesion–symptom 

mapping analysis as part of the STS/BA39 ROI (Dronkers et al., 

2004), but it was also noted that it could represent a distinct func-

FIGURE 7 | Resting-state functional connectivity of the left anterior STG/

BA22 ROI. (Lateral and medial views of the left and right hemispheres, 

p < 0.01, corrected, cluster extent > 100 mm3, colors indicate t-values, dark 

red = lowest, yellow-white = highest, with the voxels within the ROI showing 

the highest correlation).

FIGURE 8 | Pathways associated with the BA47 ROI (left, blue). Streamline tractography results from two subjects are presented as exemplars. The inferior 

occipito-frontal fasciculus as well as a group of IOFF fibers associated with the posterior MTG ROI were identified.

 accuracy, and/or limitations of streamline tractography. It is 

important to note the BA46 ROI does not cover the entire extent 

of Brodmann’s area 46 and that an analysis of the entire region 

would undoubtedly reveal an extensive connectivity pattern.

Resting-state functional connectivity

The functional connectivity map for the BA46 ROI included 

 bilateral middle frontal gyri, small sections of the supramarginal 

gyrus (SMG), and anterior cingulate cortex (BA 24, 32) as well as 

the left anterior insula (Figure 10).
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FIGURE 10 | Functional connectivity of the BA46 ROI. (Lateral and medial 

views of the left and right hemispheres, p < 0.01, corrected, cluster 

extent > 100 mm3, colors indicate t-values, dark red = lowest, yellow-

white = highest, with the voxels within the ROI showing the highest 

correlation).

FIGURE 9 | Resting-state functional connectivity map of the BA 47 region 

of interest. (Lateral and medial views of the left and right hemispheres, 

p < 0.01, corrected, cluster extent > 100 mm3, colors indicate t-values, dark 

red = lowest, yellow-white = highest, with the voxels within the ROI showing 

the highest correlation).

tional unit on its own (Dronkers et al., 2004, p. 159, Figure 4, slice 7, 

footnote 2). This small region was found to contain fibers associated 

with five fiber systems: the direct (temporo-frontal) and indirect 

(temporo-parietal) segments of the AF, the IOFF, the MdLF, and 

transcallosal fibers consistent with the tapetum (Figure 13).

ADDITIONAL ANALYSES

Subdivisions of the posterior MTG

The extensive connectivity pattern of the MTG ROI was a surprising 

result. It is possible that ROI size, rather than location, may have 

contributed to this novel finding, as this ROI covers the whole 

extent of the MTG along the anterior–posterior axis (y = −18 to 

−70 mm) and also goes deeply into WM. For this reason, we sub-

divided the MTG ROI into subregions of equal length along the 

anterior–posterior axis, and analyzed their connectional anatomy 

patterns. Resting functional connectivity maps revealed an anterior-

to-posterior gradient, with the compartments in the anterior half of 

the MTG showing more widely distributed functional connectivity 

patterns than those in the posterior half (Figure 14). The second 

quarter of the MTG showed a distribution that best matched the 

extent of the original MTG functional connectivity profile. This 

subregion is consistent with the main MTG termination of the 

ascending section of the AF, and the STS WM ROI [the subsection 

entitled White Matter Underlying the Superior Temporal Sulcus 

(STS WM ROI)] is  situated superior to this section of the MTG. The 

IOFF, AF, MdLF, ILF and fibers of the tapetum all course through 

the WM underlying this segment of the MTG, so that a lesion in 

this region alone can affect all five fiber systems.

“Wernicke’s area”

Although Wernicke’s area has traditionally been associated with 

language comprehension, our 2004 lesion–symptom mapping 

results did not associate this region with language  comprehension 

impairments. To test if functional connectivity analysis could offer 

additional information regarding the role of this area in the lan-

guage network, Harvard–Oxford atlas-based ROIs were used. The 

functional connectivity maps for the planum temporale and the 

posterior SMG – regions associated with Wernicke’s area in some 

models (Geschwind, 1972; Bogen and Bogen, 1976) – showed dis-

tinctly different patterns compared to our MTG map, suggesting 

that these regions belong to separate networks (Figure 15).

STRUCTURAL AND FUNCTIONAL CONNECTIONS LINKING THE REGIONS 

OF INTEREST: SUMMARY OF FINDINGS

Table 2 summarizes the structural and functional connectivity 

patterns for the five cortical regions of interest. The MTG ROI 

was linked with the anterior STG/BA22 and STS/BA39 and BA47 

ROIs via several major pathways, although cortical terminations 

could not be ascertained in each case. In addition, the MdLF  fibers 

 associated with the anterior STG/BA22 ROI were found pass 

through a WM region subjacent to the STS, and course medially 

to the STS/BA39 ROI, suggesting that these two ROIs could be 

linked via the MdLF. Functional connectivity analysis of the ROI-

to-ROI correlations were found to be significant for all pair-wise 

combinations of the MTG, anterior STG/BA22 and STS/BA39 and 

BA47 ROIs, whereas the BA46 ROI was only correlated with the 

MTG ROI (p < 0.01, corrected).

DISCUSSION

Our analysis of the structural and functional connectivity of 

the key regions implicated in auditory sentence comprehension 

by our previous work (Dronkers et al., 2004) revealed a bilateral 

temporo-parieto-frontal network supported by numerous WM 

pathways and interacting with several other brain regions outside 

the  traditionally-recognized language areas.

The structural connectivity analyses revealed that six long- 

distance fiber pathways were associated with these regions: 

the AF, the IOFF, the ILF, the MdLF, the UF, and the tapetum. 
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FIGURE 11 | Pathways associated with the left STS/BA39 region of 

interest (left, green). Streamline tractography results from two subjects are 

presented as exemplars. The primary fiber pathway associated with this ROI is 

the arcuate fasciculus, with its direct and indirect compartments shown. Short 

fiber bundles connecting this ROI to the MTG ROI and the angular gyrus are 

also represented.

Functional connectivity analyses revealed an extensive network 

of cortical association areas within the left hemisphere, extend-

ing to homologous regions of the right hemisphere. The extent 

of this network is consistent with the notion that a complex 

 process such as understanding spoken sentences is not mediated 

by a single region or pathway alone, but requires the integrated 

functioning of a broadly-distributed constellation of regions 

FIGURE 12 | Resting-state functional connectivity pattern for the 

posterior STS/BA39 region of interest. (Lateral and medial views of the left 

and right hemispheres, p < 0.01, corrected, cluster extent > 100 mm3, colors 

indicate t-values, dark red = lowest, yellow-white = highest, with the voxels 

within the ROI showing the highest correlation).

 interacting via multiple routes within and outside the language 

areas (Mesulam, 1998; Dronkers, 2000; Dronkers et al., 2000a; 

Damasio and Damasio, 2002).

One important implication of the present findings is that the left 

MTG holds a key position within this network for language compre-

hension, indicated by the richness of its structural and functional 

connectivity as described here. This region appears to function 

as a focal point with no less than five major fiber pathways pass-

ing beneath it and a broadly distributed set of cortical association 

areas functionally connected with it. It is not surprising that injury 

to this region, rich in connections, results in severe and persist-

ing language comprehension impairments. This observation also 

highlights an important notion. Regions such as the MTG and its 

underlying white matter, where multiple fiber pathways converge, 

could serve as the backbone of a complex network, but such regions 

also become the most vulnerable part of the whole network when 

neurological damage occurs.

Another major finding supports the proposal (Duffau et al., 

2005) that the IOFF, a pathway that is not part of the canonical 

language network, might play an important role in the compre-

hension and production of meaningful speech. We found that 

the IOFF fibers pass through the temporal white matter region 

highlighted in our lesion analysis, providing a bridge between the 

middle temporal region and inferior prefrontal area 47, which has 

been implicated in high-level language comprehension by sev-

eral findings, including our lesion analysis (Bookheimer, 2002; 

Dronkers et al., 2004; Hagoort et al., 2004; Binder et al., 2009). 

Our functional connectivity findings also support a direct link 

between the MTG and BA47 that is mediated by the fibers that 

travel along the IOFF.
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FIGURE 13 | Fiber pathways passing through the white matter underlying 

the superior temporal sulcus. Five different fiber bundles were found to 

contribute fibers to this small white matter region (left, green). Direct and 

indirect segments of the arcuate fasciculus, the inferior occipito-frontal 

fasciculus, the middle longitudinal fasciculus, and the tapetum are shown for the 

two subjects chosen as exemplars.

FIGURE 14 | Resting functional and structural connectivity profiles of 

subregions of the posterior MTG, divided into four parts of equal length 

along its anterior–posterior extent (y = −18 to −70 mm). An anterior-to-posterior 

gradient was observed in these maps, with the two anterior subregions showing 

more widely-distributed functional connectivity and richer structural connectivity 

patterns. The individual compartments are indicated on the top row, functional 

connectivity maps are presented in the middle row, and tractography results for 

one subject chosen as an exemplar are in the bottom row. The results for the 

whole MTG ROI are shown in the first column, followed by the findings for the 

individual subregions. In the functional connectivity maps, colors indicate t-values 

(dark red = lowest, yellow-white = highest, with the voxels within the ROI 

showing the highest correlation).

Finally, the AF was found to have extensive connections within 

the MTG, consistent with other recent findings (Powell et al., 2006; 

Glasser and Rilling, 2008; Rilling et al., 2008). Traditional models 

of language processing have previously considered this tract to 

connect the posterior superior temporal gyrus with inferior fron-

tal regions. However it is important to remember that the termi-

nations of this tract are not restricted to the superior temporal 

gyrus but reach the MTG as well. Thus, future models of language 

processing must also take into account the vast connections of this 

important fiber pathway including those that extend into the MTG. 
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the AF, the IOFF, the ILF, the MdLF, the UF, and the tapetum. The 

left MTG, with the most extensive structural and functional con-

nectivity profile, emerged as a central component of the language 

comprehension network. Of the six major pathways implicated in 

the present study, only the UF was not associated with the MTG. 

Regions of functional connectivity for the MTG included large 

territories in temporal, parietal, and frontal cortices in the two 

hemispheres. The anterior STG/BA22 ROI included fibers from the 

MdLF, consistent with its functional connectivity pattern extending 

posteriorly along the superior temporal gyrus toward the supra-

marginal and angular gyri, as well as fibers of the UF, which link 

anterior sections of the temporal lobe with the IFG. However, direct 

pathways linking this region with the MTG, STS/BA39, and BA47 

could not be consistently identified. The STS/BA39 ROI was asso-

ciated with fibers from the AF and had a functional connectivity 

pattern that bridged the middle temporal and the angular gyri. The 

structural and functional connectivity findings for the BA46 ROI 

did not link this area with the other regions of interest, which could 

be due to the technical limitations of the small ROI size and high 

inter-individual anatomical variability in this location. BA47 was 

found to be part of a lateral and dorso-medial prefrontal network, 

as indicated by its functional connectivity pattern, and was structur-

ally connected to posterior brain regions via the IOFF.

The overall pattern is remarkably consistent with a recent 

characterization of the functional anatomy of the verbal semantic 

system based on a meta-analysis of 120 functional neuroimaging 

investigations (Binder et al., 2009). The congruence between the 

two sets of findings, as seen in Figure 16, provides further sup-

port for the notion that language comprehension is subserved 

by an extensive network of regions distributed throughout the 

left hemisphere.

STRUCTURAL AND FUNCTIONAL CONNECTIVITY OF THE LEFT MIDDLE 

TEMPORAL GYRUS: IMPLICATIONS FOR UNDERSTANDING THE ROLE OF 

THE MTG IN LANGUAGE AND OF MTG LESIONS IN APHASIA

The left MTG’s rich pattern of structural and functional connectiv-

ity suggests a core function in the language comprehension net-

work. This pattern can also help explain the severe nature of the 

 comprehension deficits produced by lesions affecting the MTG 

and underlying white matter (Dronkers et al., 1995, 2004; Binder 

et al., 2003). We found that fibers from five major pathways are 

The present findings and their implications for  understanding 

 comprehension impairments in aphasia are discussed in more 

detail in the  following sections.

THE EXTENDED NETWORK FOR LANGUAGE COMPREHENSION

The present findings indicate the involvement of a large-scale net-

work in language comprehension, including the left MTG, anterior 

STG/BA22, BA47, and STS/BA39, which had been identified in 

our earlier lesion analysis findings (Dronkers et al., 2004). Several 

long-distance white matter pathways are associated with the lesion-

symptom mapping findings: the direct and indirect segments of 

FIGURE 15 | Resting-state functional connectivity maps for the left planum temporale (left) and the left posterior supramarginal gyrus (right) according to 

the Harvard–Oxford cortical atlas. These maps suggest that the network associated with the posterior MTG is distinct from the networks that include the planum 

temporale and the posterior SMG. Colors indicate t-values (dark red = lowest, yellow-white = highest, with the voxels within the ROI showing the highest correlation).

Table 2 | Summary of the structural and functional connectivity findings 

for each region of interest in relation to the other ROIs.

ROI Functional connectivity Structural connectivity

MTG STS/BA39 STS/BA39 via the AF indirect,  

 Anterior STG/BA22 anterior STG/BA22 via the  

 BA47 MdLF*, BA47 via the IOFF*

 BA46 

STS/BA39 MTG MTG via the AF indirect,  

 Anterior STG/BA22 anterior STG/BA22 via the MdLF^

 BA47 

Anterior MTG MTG via the MdLF*,  

STG/BA22 STS/BA39 STS/BA39 via the MdLF^

 BA47 

BA47 MTG MTG via the IOFF*

 STS/BA39 

 Anterior STG/BA22 

BA46 MTG

*It must be noted that the fiber pathways implicated here cannot be confirmed 

with the streamline tractography technique currently utilized. While these fibers 

do pass through both regions of interest, they cannot be traced to their cortical 

terminations as these would intermix with the ascending fibers of the arcuate 

fasciculus that run close to the cortical surface in this region.

^Though MdLF fibers were not specifically seen to enter the STS/BA39 ROI, 

current knowledge of the anatomy of this tract is that it does traverse beneath 

the STG toward Brodmann’s area 39, and thus would be the likely pathway to 

connect the Anterior BA22 ROI with the STS/BA39 ROI.
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level comprehension is indicated by our previous lesion-symptom 

mapping analysis (Dronkers et al., 2004). Other investigations on 

the effects of brain lesions (Hart and Gordon, 1990; Hillis et al., 

1999; Boatman et al., 2000; Bates et al., 2003) and  functional neu-

roimaging findings with healthy individuals also support this 

conclusion (Binder et al., 1997, 2009; Bookheimer, 2002; Vigneau 

et al., 2006; Price, 2010). Binder (2003) has also reviewed the 

neurological evidence implicating the MTG in comprehension 

deficits in Wernicke’s aphasia. Mapping lexical representations 

to their concepts relies upon extensive links between distributed 

representations throughout the cerebrum, including regions that 

support sensory and motor experiences, such that associations can 

be formed between words and their meanings.

The extensive connectivity of the left MTG also suggests a 

role that Mesulam (1990, 1998) describes as a neural epicenter. 

Mesulam introduced a framework for thinking about large-scale 

functional networks which are widely distributed but also include 

core regions that serve as transmodal gateways. This concept also 

finds a parallel in Damasio’s convergence zones model positing that 

highly connected brain regions serve to bind together distributed 

representations (Damasio, 1989). Mesulam further predicted that 

lesions affecting such gateways would produce multiple discon-

nections, disrupting upstream, and downstream network func-

tions. For the language network, the MTG could be such a critical 

neural epicenter.

A brain lesion affecting the MTG and underlying white matter 

would disrupt the functionally and structurally connected network 

that we found here in the healthy brain. For example, such a lesion 

could produce a disconnection between left temporal and frontal 

regions, as both the AF and the inferior occipito-frontal fascicu-

lus would be affected. Communication across the length of the 

temporal lobe would be disrupted because of damage to the ILF. 

Lateral temporal and inferior parietal regions would be discon-

nected because of damage to the indirect segment of the AF and 

the MdLF. Temporo-temporal interhemispheric communication 

would also be affected by the loss of tapetum fibers. Thus, even a 

small lesion in a strategic place such as the MTG would have far 

more serious ramifications than a comparable lesion elsewhere in 

the network.

A SEMANTIC WORKING MEMORY PATHWAY VIA THE INFERIOR 

OCCIPITO-FRONTAL FASCICULUS?

We found that the left MTG and BA47 were functionally con-

nected, and that their interaction was most likely to be medi-

ated through a direct pathway via the IOFF. It has been proposed 

that the larger Brodmann’s area 47, together with parts of the 

adjacent BA 45, might support higher-level processes in com-

prehension that are required only when processing demands 

are high (Bookheimer, 2002; Friederici, 2002; Dronkers et al., 

2004). Proposals for BA 47 functions include working memory 

for semantic features and thematic structure (Friederici, 2002), 

the unification of individual semantic features into an overall 

representation at the multi-word level, and the controlled aspects 

of the retrieval, selection, and evaluation of semantic  information 

(Thompson-Schill et al., 1997; Gabrieli et al., 1998; Poldrack et al., 

1999). In our earlier lesion-symptom mapping investigation, 

patients whose lesions included BA47 were only impaired when 

included in the white matter adjacent to the MTG. These pathways, 

the inferior occipito-frontal fasciculus, the AF, the inferior and mid-

dle longitudinal fasciculi, and the tapetum, mediate long-distance 

interactions between temporal, parietal and frontal regions and 

temporo-temporal interhemispheric communication. Consistent 

with its structural connectivity pattern, the functional connectivity 

profile of the MTG includes a broad network of left peri-sylvian 

association cortical areas known to be involved in language, homolo-

gous regions in the right hemisphere, as well as several association 

areas that extend beyond the classical canonical language network. 

This extensive functional connectivity pattern also accords with a 

resting-state functional connectivity mapping study of the brain 

regions involved in reading, which found the left MTG as a common 

node in a conjunction analysis of six different networks investigated 

(Koyama et al., 2010). A recent resting-state fMRI found that the 

MTG is among the most highly connected regions in the cerebral 

cortex (“cortical hubs”; Buckner et al., 2009). The left MTG peak 

reported by Buckner and colleagues (−62, −38, −12 mm, Buckner 

et al., 2009, Table 3) is also consistent with the MTG subdivision 

we have found to have the most extensive functional connectivity 

profile (Figure 14; second section of the MTG ROI).

It is perhaps not surprising that a region that supports core 

lexical-semantic processes should be highly integrated with broadly 

distributed brain networks. That the MTG is involved even in word-

FIGURE 16 | (A) A large-scale network for verbal semantic processing 

identified by a meta-analysis of 120 functional neuroimaging studies, 

and the underlying structural connections inferred from tracing studies 

of the homologous regions in the macaque from (Reprinted with 

permission from Binder et al., 2009, page 2779, Figure 7). (B) Resting 

functional connectivity pattern for the left posterior MTG ROI, assessed 

in the present investigation, is largely consistent with the  

meta-analysis findings.
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Before reaching the frontal lobe, the IOFF passes between the 

insula and the putamen at the inferior level of the extreme and 

external capsules (Kier et al., 2004; Burgel et al., 2006; Fernandez-

Miranda et al., 2008; Martino et al., 2010). Histological tracing 

studies in the monkey brain have revealed a pathway between the 

posterior superior temporal gyrus and monkey homologues of BA 

44 and BA 45 in the IFG (Schmahmann and Pandya, 2006). These 

were later traced in the human brain with high-angular resolution 

diffusion imaging (Frey et al., 2008). Makris and Pandya (2009) also 

examined the trajectory of the frontal–posterior long association 

fibers through the extreme capsule in the human brain with stream-

line tractography, and found fibers extending to temporal, parietal, 

and occipital regions (Makris and Pandya, 2009, Figures 1C, 3 and 

4). Saur et al. (2008, 2010) used probabilistic tractography to show a 

pathway through the EmC that links BA 47 and BA 45 with the most 

posterior extension of the MTG. These studies all describe fiber 

systems connecting temporal and frontal regions via an inferior 

pathway, which may contribute to language processing, Though 

they may not have been labeled as such, we believe all of the above 

investigations may have demonstrated fibers consistent with the 

IOFF, as their shape and trajectory are consistent with numerous 

fiber atlases and post-mortem examinations of the human brain 

(Ture et al., 2000; Catani et al., 2002; Mori et al., 2002, 2008; Kier 

et al., 2004; Burgel et al., 2006; Catani and Thiebaut de Schotten, 

2008; Fernandez-Miranda et al., 2008; Lawes et al., 2008; Martino 

et al., 2010).

THE ARCUATE FASCICULUS AND LANGUAGE COMPREHENSION

The AF fibers that we found to be associated with the MTG are 

consistent with the emerging knowledge of this tract’s anatomy; 

diffusion imaging investigations of the human brain indicate a 

considerably more complex architecture than traditional language 

models presume. In the temporal lobe, AF fibers have been found 

not only in the superior temporal gyrus but in the MTG as well 

(Powell et al., 2006; Glasser and Rilling, 2008; Rilling et al., 2008). 

Temporal projections to and from the parietal lobe have been 

identified via an indirect AF segment (Catani et al., 2005). Frontal 

terminations have extended beyond BA 44 and 45 into BA 47, BA 9, 

BA 46, and BA 6 (Rilling et al., 2008). Traditional language models 

that only consider the AF as connecting Broca’s and Wernicke’s areas 

overlook the other possible ways in which AF fibers could support 

language and related cognitive processes.

One of these alternative functions could fall in the realm of 

semantic integration. In our previous study, lesions in the MTG and 

underlying white matter were associated with severe lexical compre-

hension impairments (Dronkers et al., 2004). In the present study, 

the MTG ROI was found to include the AF, specifically the direct 

and indirect segments as described by Catani et al. (2005). Whether 

these middle temporal AF fibers are critical for lexical comprehen-

sion cannot be determined from the existing data. However, the 

present findings do suggest that fibers of this tract connecting to 

the MTG could support the integration of lexical-semantics with 

other cognitive and linguistic mechanisms that are also involved in 

language comprehension. Lexical–semantic integration is certainly 

not the only function of this tract. Among other functions, the AF 

has been proposed as a dorsal route for auditory-motor mapping 

(Saur et al., 2008, 2010) in accordance with a dual-stream model 

presented with the most syntactically-complex sentences. This 

finding is consistent the view that BA 47 is engaged only when 

successful performance depends on the ability to keep track of sev-

eral pieces of information and to resolve between the alternative 

interpretations of sentence components. This could be achieved 

by reciprocal interactions between BA 47 and the MTG, so that 

the appropriate lexical-semantic representations can be selected, 

sustained in short-term memory throughout sentence processing, 

and integrated into the overall context. The structural substrate 

for these functional interactions could be provided by a direct 

connection between the two regions via the IOFF.

Evidence for a direct link between BA 47 and mid-lateral tem-

poral cortex comes from tract tracing work in the monkey brain 

(Petrides and Pandya, 1988, 2006; Schmahmann et al., 2007). 

Walker’s area 12, the monkey homolog of BA 47, was found to 

connect to the STS and adjacent dorsal inferotemporal cortex, the 

likely evolutionary precursor of the MTG (Rilling and Seligman, 

2002). In our investigation, streamline tractography revealed a 

pathway with terminations in BA47, running toward posterior 

regions via the white matter underlying the MTG. This pattern 

was consistent with the trajectory of the inferior occipito-frontal 

fasciculus as identified in other diffusion imaging tractography 

investigations (Catani et al., 2002; Mori et al., 2002, 2008; Catani 

and Thiebaut de Schotten, 2008). Even though its existence has been 

disputed in the monkey brain (Schmahmann and Pandya, 2007), 

several recent post-mortem investigations have described this tract 

in the human brain (Ture et al., 2000; Kier et al., 2004; Burgel 

et al., 2006; Fernandez-Miranda et al., 2008; Lawes et al., 2008; 

Martino et al., 2010). While streamline tractography did not show 

IOFF terminations in the MTG, we did observe that IOFF fibers 

approached within a centimeter of the MTG cortex. It is possible 

that streamline tractography failed to resolve IOFF fibers enter-

ing the MTG by crossing the other major pathways in this region; 

high-angular resolution diffusion imaging techniques designed to 

trace fibers through regions with complex fiber architecture might 

be best suited for this task (Wedeen et al., 2008). Thus, it will be 

important to better characterize the relationship between the IOFF 

and the MTG in future investigations using new techniques.

A role for the IOFF in language has also been proposed by 

Duffau and colleagues (Duffau et al., 2005; Duffau, 2008) after 

finding that semantic paraphasias could be induced by electrical 

stimulation of the IOFF while patients undergoing neurosurgery 

performed a picture naming task. Their interpretation of this 

finding is that the IOFF may serve as the principal pathway for 

a ventral semantic system. We propose an extension of this idea. 

It is possible that the top-down control signals from BA 47 that 

modulate temporal lobe semantic selection processes are dis-

rupted during IOFF stimulation, causing the semantic misnaming 

errors observed by Duffau and colleagues. Others have reported 

comprehension deficits in patients with thalamic infarcts that 

affect the temporal isthmus and adjacent peri-ventricular white 

matter (Naeser et al., 1982, 1987; Alexander et al., 1989). An inter-

esting possibility, which can be tested with diffusion imaging data 

from patients with focal white matter lesions, is that the IOFF 

is affected as well in such cases, since IOFF fibers pass through 

the temporal isthmus, between the acoustic and optic radiations 

(Burgel et al., 2006).

Frontiers in Systems Neuroscience www.frontiersin.org February 2011 | Volume 5 | Article 1 | 15

Turken and Dronkers Aphasia and language comprehension networks



predict the functional impact of well-circumscribed brain lesions 

and to examine where the network might be most vulnerable 

to neurological damage (Achard et al., 2006; Kaiser et al., 2007; 

Nomura et al., 2010). Finally, better characterization of the lan-

guage network and the relationship between lesion anatomy and 

behavioral disturbances will also allow a better characterization of 

patterns of recovery in aphasia, which is one of the key questions 

in behavioral neurology (Price, 2010).

LIMITATIONS

Each of the methods presented here naturally has its own limita-

tions. The regions of interest that served as our starting point reflect 

the lesion-symptom mapping findings from only one study. While 

this study included a large a number of aphasic patients, there are 

certainly other lesion analyses and functional neuroimaging studies 

that can be used to identify and further refine regions of interest. 

The lesion findings were also restricted to the vascular territories 

affected in stroke. Therefore, cortical areas that emerged from the 

functional connectivity analysis, such as the dorso-medial frontal 

regions, would not have been identified in the patient findings. 

Structural and functional connectivity measures derived from 

in vivo magnetic resonance imaging data need to be interpreted 

with caution until they are fully validated with histological meas-

ures (Mesulam, 2009). While streamline tractography with DTI 

provides information on the trajectories of the core sections of 

major tracts, it cannot determine their cortical terminations with 

certainty (Hagmann et al., 2006). The utilization of established 

streamline tractography protocols in this investigation allowed us 

to identify the pathways associated with our earlier lesion find-

ings in relation to DTI-based WM atlases (Catani and Thiebaut de 

Schotten, 2008; Mori et al., 2008), and to make predictions about 

the cortical destinations. Future investigations using high-angular 

resolution diffusion imaging protocols (Hagmann et al., 2008) and 

probabilistic tractography algorithms (Frey et al., 2008) can provide 

more precise mapping of these pathways. Resting-state functional 

connectivity reveals which regions exhibit coherent activity pat-

terns, but cannot distinguish between monosynaptic and polysy-

naptic connections (Kelly et al., 2010). Despite such limitations, 

combining findings from neurological patients, with the newly 

available tools for assessing connectional anatomy of the brain, is 

a step in the right direction, both for understanding how language 

is organized in the brain, and for understanding the disorders that 

are caused by a disruption within the language network.

CONCLUSION

In this research, we analyzed the structural and functional connectivity 

of the brain regions found in our earlier investigation with apha-

sic patients to be critical for sentence comprehension. This analysis 

revealed a broadly distributed network of peri-sylvian and neighbor-

ing cortical association areas residing primarily, but not exclusively, 

in the left hemisphere and supported by numerous long-distance 

white matter pathways. These tracts span temporal, parietal, and 

frontal association cortices and provide a structural backbone for 

the language comprehension network, integrating the neural com-

putations carried out by key cortical nodes. The additional finding of 

an extensive connectivity pattern underlying the left MTG answered 

an earlier question as to why lesions affecting these structures pro-

which segregates phonological and semantic processing (Hickok 

and Poeppel, 2004). Most likely, the AF is a composite structure 

with multiple compartments specializing in transmitting different 

types of information. Whether this hypothesis is true is a question 

for future investigations.

OTHER OBSERVATIONS AND SOME QUESTIONS FOR FUTURE RESEARCH

The present study identified numerous major fiber pathways 

and functional connections that may form the backbone of the 

language comprehension network. Some of these structural and 

functional pathways and the cortical regions associated with them 

might be uniquely dedicated to auditory sentence comprehen-

sion. Another possibility is that each component of the language 

comprehension network might play multiple roles in the large-

scale distributed neural systems that support different aspects of 

language and cognition. This possibility is suggested by the over-

lapping but distinct connectivity profiles that we found for each 

of the regions of interest.

What is specific to language comprehension might be the coor-

dinated recruitment of these components to form a functional 

network to process verbal information. Thus, there are two impor-

tant questions to be addressed in future investigations. One ques-

tion is the precise delineation of the functional roles of individual 

fiber pathways and cortical regions in the language comprehension 

process. The other question is the characterization of the organ-

izing principles that shape the overall architecture of the language 

comprehension network.

While several white matter pathways and cortical regions were 

found to be associated with the regions identified as being criti-

cal for comprehension by our earlier lesion-symptom analysis 

(Dronkers et al., 2004), the present findings do not establish which 

of these play essential roles. For instance, our findings suggest the 

involvement of the MdLF and the UF in language comprehension. 

However, surgical removal of parts of these pathways does not 

appear to elicit permanent language deficits (Duffau et al., 2009; 

De Witt Hamer et al., 2010). The fact that these structures were 

associated with our regions of interest does not necessarily mean 

that they support language comprehension per se. More informa-

tion regarding the roles of these pathways may come from studies 

involving neurological patients.

Our functional connectivity findings implicate the right hemi-

sphere homologues of key left hemisphere areas in the language 

comprehension network. Our tractography findings indicate that 

left hemisphere lesions that produce comprehension deficits affect 

temporo-temporal interhemispheric connections via the tapetum. 

Right hemisphere involvement in the language comprehension net-

work (Just et al., 1996; Jung-Beeman, 2005) is another important 

question for future investigations.

Detailed analysis of neurological patient data with advanced 

imaging protocols will provide important clues as to the organiza-

tion of this system, how it is affected by well-circumscribed lesions 

to its cortical and WM components, and the specific roles of each 

of these components in the overall functioning of the network. 

Combined analysis of data from healthy subjects and neurologi-

cal patients will also play an important role (Turken et al., 2008). 

Further insights will also be gained by computer simulations of 

the effects of lesions in different parts of the language network to 
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duce such severe and persisting comprehension deficits. The unique 

trajectories of the IOFF and the MTG compartment of the AF were 

also seen as novel additions to the network that supports language 

comprehension. Through the integration of three different method-

ologies – lesion analysis, white matter tractography, and resting state 

functional MRI – a vast network supporting language comprehension 

emerged, one far more extensive than previously thought, and one that 

may more accurately reflect the complexity of human language.
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