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Introduction: Broca's aphasia, a condition characterized by nonfluent speech and difficulty with language production, results from focal brain damage and is most often caused by stroke. Although traditionally linked to lesions in Broca's area (Brodmann areas 44 and 45 in the left inferior frontal gyrus), recent evidence suggests that the neuroanatomy of Broca's aphasia is far more complex, implicating a broader network of cortical and subcortical regions. This study aimed to delineate the specific cortical and white matter features that, when damaged, lead to persistent Broca's aphasia.

Methods: 39 chronic cases of Broca's aphasia and 41 cases of stroke survivors whose language functions returned to within normal limits (WNL) were included. Lesion analyses and disconnection mapping were conducted using the Brainnetome Atlas and the Lesion Quantification Toolkit (LQT).

Results: Results highlighted the critical role of the left insula, particularly its hypergranular and dorsal granular regions, which showed 99.2% and 93.6% lesion overlap, respectively, in Broca's aphasia cases. These regions, along with portions of the motor cortex and the parietal and temporal lobes, contribute to speech production and language processing. Importantly, the traditionally defined Broca's area showed minimal overlap, challenging the conventional understanding of its role in chronic Broca's aphasia. In addition to cortical regions, white matter tract analysis revealed complete disconnection of key pathways, including the arcuate fasciculus, extreme capsule, and middle longitudinal fasciculus. The corticospinal tract and inferior fronto-occipital fasciculus (IFOF) were also heavily disrupted, suggesting that damage to both cortical areas and their structural connections contributes to the hallmark symptoms of Broca's aphasia.

Discussion: These findings emphasize the distributed nature of the neural network underlying Broca's aphasia, extending beyond traditional Broca's area to include multiple cortical regions and their associated white matter tracts. The study provides new insights into the structural basis of language impairment, offering a more nuanced understanding of Broca's aphasia.
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Introduction


Neural basis of Broca's aphasia

In the United States alone, there are approximately 170,000 new cases of Broca's aphasia per year (Ochfeld et al., 2010). Broca's aphasia can occur after stroke and is characterized by nonfluent speech and language production with relatively less impaired comprehension. It is a complex syndrome that affects many different parts of the language network. Someone with Broca's aphasia will struggle to name words or to produce long and grammatically correct sentences and will also experience motor speech difficulties while articulating difficult sound combinations. These each represent important pillars of communication: word finding, syntactic processing, and motor speech.

Structural features of the human brain may provide unique infrastructure for language. Lesion studies are one traditional approach in neuropsychology that can help us outline the brain areas responsible for language. This approach examines the relationship between damage to specific brain areas and the resulting language deficits, thus providing direct evidence of how various brain areas contribute to different aspects of language, such as word retrieval, sentence comprehension or production.

Cases of Broca's aphasia, where speech and language production are impaired due to focal brain damage, offer us insights into the role of each affected region in normal language processing. Moreover, studying Broca's aphasia through lesion analysis sheds light on the brain's plasticity and its ability to reorganize and compensate for lost functions. This not only helps map the language network but also has the potential to inform rehabilitation and recovery following brain injury. In essence, lesion studies in cases of Broca's aphasia serve as a valuable tool for exploring the relationships between brain structure, language function, and neural adaptability.

Lesion studies have suggested that Broca's aphasia results from injury to multiple regions. The inferior frontal gyrus (IFG; specifically, Brodmann's areas 44 and 45) has been traditionally associated with Broca's aphasia, following the seminal work of Broca (1861). However, current research suggests lesions to Broca's area do not cause chronic Broca's aphasia, but rather a transient one (Ochfeld et al., 2010; Gajardo-Vidal et al., 2021; Mohr et al., 1978). A dissociation between Broca's area and Broca's aphasia is also observed in neurosurgical resection of Broca's Area (Andrews et al., 2023). In chronic cases of Broca's aphasia, a more widespread group of regions must be injured, specifically, the dorsolateral prefrontal cortex (BA46; BA9); supramarginal gyrus (BA40); anterior superior temporal gyrus (STG; BA22); and underlying white matter in each of these regions (Dronkers and Baldo, 2009; Fridriksson et al., 2015; Yourganov et al., 2016). Additionally, the superior precentral gyrus of the insula (SPGI, found in the anterior superior part of the left insula) is commonly infarcted in patients with apraxia of speech, a hallmark of Broca's aphasia (Baldo et al., 2011; Chenausky et al., 2020; Dronkers, 1996; Dronkers et al., 2017; Ogar et al., 2006; Pracar et al., 2023). This previous body of literature has indicated broad cortical areas that, when injured, result in Broca's aphasia (e.g., the IFG). What remains underexplored are the specific neuroanatomical features of these regions that, when damaged, result in this stereotyped constellation of symptoms.

Cortical areas do not facilitate cognition and language alone. Structural connections (bundles of axons) between different brain regions help accomplish this. It has been shown that injury to white matter tracts is necessary for chronic Broca's aphasia (Dronkers and Baldo, 2009). Broca's aphasia, characterized by speech and language production difficulties, is often associated with disruptions in white matter tracts that underpin the neural networks of speech and language. The arcuate fasciculus (AF) is a core language tract, whose disconnection causes impairment in both the comprehension and production of language (Bates et al., 2003; Dronkers et al., 2004; Ivanova et al., 2016, 2021; Schlaug et al., 2011). The frontal aslant tract (FAT), extending from the supplementary motor area to the pars opercularis of the IFG, is integral to motor planning and speech. For instance, apraxia of speech (AOS), a common symptom of Broca's aphasia, is associated with disruptions in the FAT and anterior AF (Pracar et al., 2023; Zhong et al., 2022). It is of critical importance that we determine the tracts that are uniquely affected in Broca's aphasia.



Current approaches to mapping brain structure and function

The human brain can be conceived of as an intricate map, with individual regions demarcating distinct cognitive territories. Early mapping efforts, such as those undertaken by Korbinian Brodmann (Brodmann, 1909), delineated broad regions within this cognitive terrain. Each of these regions, like a distinct neighborhood, possessed unique characteristics based on the cytoarchitectonic structure of these cell clusters. The advent of modern neuroanatomical techniques has revolutionized our perspective of this neural landscape. As a result, we've transitioned from drafting rudimentary maps to creating high-resolution, detailed parcellations. This progression from rough sketches to more detailed “cartography” has redrawn borders between cognitive territories (Grill-Spector and Weiner, 2014; Weiner and Zilles, 2016; Oishi et al., 2024). Much like the boundaries between urban neighborhoods, these borders are not starkly defined but rather feature areas of overlap and crosstalk. These new maps highlight the dynamics of brain function, where areas once considered hyperspecialized are now understood to host multiple functions and engage in complex interactions with other regions. For example, newer atlases like BigBrain (Amunts et al., 2013), Human Connectome Project (HCP; Glasser et al., 2013), and the Julich-Brain (Amunts et al., 2020) mark significant advances in our understanding of cytoarchitecture, myeloarchitecture, and receptor architecture.

In particular, the Brainnetome atlas (Fan et al., 2016) moves beyond purely local microstructural features like the early 20th-century Brodmann areas to incorporate functional features. The Brainnetome atlas integrates data from resting state functional MRI, structural MRI, and diffusion MRI, encompassing both the brain's physical structure and its functional dynamics. This atlas transforms traditional anatomically defined brain regions into functionally distinct parcels that reflect their unique structural and functional connectivity profiles. The Brainnetome atlas also considers long-range neural connections, aligning with the modern understanding that cognition emerges from network-level interactions. This atlas is consistent with state-of-the-art cytoarchitectonic findings on microstructural heterogeneity within brain regions on the level of cyto- and receptor architecture (Zilles and Amunts, 2018). A detailed cytoarchitectonic investigation of cortical areas associated with Broca's aphasia has not previously been undertaken. The Brainnetome atlas, however, is a purely cortical parcellation. To better investigate how white matter fiber pathways are affected by lesions, complementary white matter disconnection analyses are needed. In the absence of original diffusion tensor imaging (DTI), white matter disconnection can be investigated through indirect structural disconnection mapping (Sperber et al., 2022). The Lesion Quantification Toolkit (LQT; Griffis et al., 2021) is one of the available toolboxes that embeds the lesion(s) into a standard atlas of white matter tracts to estimate the disconnection to individual fiber tracts. It was selected to provide complementary insights into the white matter fiber pathways that are affected by the lesions of participants with Broca's aphasia.



The current study

The current study investigated 39 cases of Broca's aphasia to ask the following research questions: (1) What are the injured cortical regions and white matter tracts that result in persisting Broca's aphasia? (2) What is the cytoarchitectural landscape of these regions?




Materials and methods


Participants and measures

Participants included 39 stroke survivors with chronic Broca's aphasia and 41 who tested within normal limits (WNL; meaning that an individual had a stroke that resulted in aphasia initially but resolved to performance within normal limits on the Western Aphasia Battery). The Western Aphasia Battery (Kertesz, 2007) was used to assess speech and language abilities and to determine aphasia subtypes. All participants had sustained a single left hemisphere stroke at least 6 months before being tested and scanned. All participants were right-handed, had native-like proficiency in English prior to their stroke, had more than 8 years of education and normal or corrected-to-normal hearing and vision. All participants provided their informed consent, and research was approved by the Institutional Review Boards at the VA Northern California Health Care System and the University of California, Berkeley in line with the Helsinki Declaration. Demographic data and average WAB subtest scores for the 39 Broca's and 41 WNL participants are reported in Table 1.


TABLE 1 Demographic information and mean subtest scores from the Western Aphasia Battery for the cohort with Broca's aphasia (N = 39) and the within normal limits (WNL) cohort (N = 41).
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Neuroimaging data
 
Neuroimaging data acquisition

The lesions of the participants were manually delineated based on MRI or CT scans obtained at least 6 months post-stroke, in the chronic stage. For comprehensive details on the procedures used in earlier scans for data collection (n = 79) lesion delineation, and normalization, refer to Baldo et al. (2013) (as a subset of the data from this study was used in the current study). Post-2012 data collection utilized either a 3T Siemens Verio (n = 79) or Trio (n = 2) scanner with an MPRAGE sequence, with a voxel size of 1 × 1 × 1 mm.



Manual lesion segmentation

Using MRIcron software (Rorden, 2007) or ITK-SNAP (Yushkevich et al., 2006), lesions were manually outlined on each patient's native T1-weighted images. Where available, T2-weighted and FLAIR images were aligned with T1 images to confirm lesion boundaries. For normalization to the MNI template, we used a modified SPM8 algorithm with lesion-specific cost function masking (part of the SPM8′s Seg toolbox). This algorithm was tailored to enhance normalization of the ventricles and deep white matter, employing an age-appropriate template and a head model. This approach ensured a more accurate fit to the template without altering the overall brain structure. Lesion masks were represented in MNI space with a resolution of 1 mm isovoxels. Subsequent lesion overlays were created using FMRIB Software Library (FSL; Jenkinson et al., 2012).



Creation of lesion overlays

To isolate the voxels most commonly lesioned in patients with Broca's aphasia, we overlapped the individual lesions of all Broca's aphasia cases. To determine the commonly-affected areas, we thresholded the resulting overlay to only include those voxels in which 80 percent of individuals had a lesion. The threshold of 80 percent was chosen because it highlights the core of the lesion site in the cohort of participants with Broca's aphasia. Henceforth, we will refer to this thresholded overlay as the common Broca's aphasia lesion. Then using this thresholded lesion overlay (common Broca lesion) as a single ROI (with 0 indicating that the voxel is spared, and 1—completely damaged), we determined the percent of overlap with each parcel in the Brainnetome atlas. This analysis allowed us to consider the neuroanatomical features within the regions most commonly affected in Broca's aphasia.



Creation of the subtraction map

The overlapped area emerged with a central area within the distribution of the middle cerebral artery. It could be construed that the regions most commonly lesioned in the cohort of participants with Broca's aphasia were merely a by-product of the brain's vasculature, commonly lesioned following any left hemisphere stroke, thus not specific to Broca's aphasia per se. Additionally, strokes that result in a Broca's aphasia are normally quite large and occur in these stereotyped patterns of the middle cerebral artery. It was thus necessary to compare the lesions of patients with Broca's aphasia with other patients who also had left hemisphere strokes but were no longer aphasic. The subtraction map was created using lesions that did and did not result in Broca's aphasia to account for regions that may simply be injured to the size and probable locations of stroke. Thus, lesions from participants classified as WNL according to the WAB (Kertesz, 2007), were compared to those with Broca's aphasia to rule out any common areas of infarction that were not related to Broca's aphasia. First, we overlapped the lesions for each group (Broca and WNL) separately as described above, and for each voxel calculated the proportion of participants with a lesion in that voxel (i.e., number of lesions overlapping in that voxel divided by the number of participants in each group). Second, we subtracted these two maps (Broca cohort voxels minus WNL cohort voxels; e.g., 0.7 minus 0.1 for a voxel that is lesioned in 70% of the Broca cohort, but only lesioned in 10% of the WNL cohort, resulting in a value of 0.6).

The resulting subtraction map contained values for each voxel ranging from −0.19 to 0.85, that indicated the prevalence of lesions in the Broca cohort relative to the WNL cohort, with positive values highlighting voxels that are more commonly lesioned in the Broca's patients. However, given the lower percentage of lesion overlap in the WNL group, we decided to use a more rigorous threshold to highlight the areas truly specific to the Broca cohort. The maximum overlap value for voxels in the Broca's cohort was 0.97, meaning that the highest area of overlap in this cohort contained voxels in which 97% of patients had a lesion. The maximum overlay value for voxels in the WNL cohort was 0.42. We defined the threshold as the difference between the maximum overlap voxel values for the Broca cohort (0.97) and WNL cohort (0.42), which was 0.55. This stringent threshold is what allows us to account for any disparities in lesion size between the two groups. This method helps identify voxels with lesion prevalence meaningful for understanding Broca's aphasia, as they significantly vary from the lesion distribution seen in the WNL cohort. For an additional step-by-step explanation, see Supplementary material.

Thus, we thresholded the voxels in the subtraction map to include only those with values of 0.55 and above, to outline areas that were substantially more lesioned in the Broca's cohort above and beyond what could be expected simply due to the initially higher lesion overlap in the Broca's cohort. Then this subtraction map was binarized and used in the Brainnetome atlas analysis. This way, we could understand which regions were uniquely more lesioned in patients with Broca's aphasia even when we accounted for areas commonly lesioned after left hemisphere stroke.




Identifying involvement of gray and white matter areas
 
Brainnetome atlas

The Brainnetome atlas (Fan et al., 2016) was selected due to its comprehensive mapping of the brain based on multimodal data. This atlas was created from multimodal imaging of 40 healthy control brains. What follows is a description of the pipeline for the creation of the Brainnetome atlas: An initial parcellation of each structural scan is made using a standard anatomical atlas [Desikan–Kiliany (DK) atlas; Desikan et al., 2006], to define regions of interest (ROIs). These ROIs serve as seed masks for further analysis. Multimodal MRI data, including structural MRI, diffusion MRI (dMRI), and resting-state functional MRI (rfMRI), are then integrated for each of these ROIs. Structural MRI gives the anatomical details, diffusion MRI maps the white matter fiber pathways that stem from the ROIs, and resting state fMRI shows functional connectivity patterns. This integration allows for a comprehensive view of both the structural and functional architecture of the brain. Probabilistic diffusion tractography, using dMRI data, is used to trace the neural connections emanating from each ROI. This step is crucial to understand the physical axonal connections of each region. Then the resting state connectivity data (from fMRI) is used to subdivide the initial ROIs into smaller, more functionally homogeneous parcels. This is achieved through connectivity-based parcellation, where algorithms cluster voxels within a ROI based on similarities in their connectivity profiles. The outcome of this is a set of new, refined parcels that are defined not just by their anatomical location but also by their distinct connectivity patterns. These parcels are labeled differently from their original anatomical names but do retain some of the original nomenclature (e.g., BA44 is broken into dorsal and ventral components called 44d and 44v to reflect their unique structural and functional characteristics).

In the current study, we used Python to quantify the overlap between the brain lesion overlay for the Broca's cohort, the subtraction map, and Brainnetome atlas regions. Key libraries used included nibabel (Brett et al., 2020) for handling neuroimaging data, numpy (Harris et al., 2020) for array operations, and pandas (McKinney, 2010) for data management. We loaded lesion images and the Brainnetome atlas using nibabel, and a lookup table and participant data using pandas. The overlay was first co-registered with the Brainnetome atlas dimensions.



Indirect structural disconnection mapping

Finally, we wanted to examine white matter contributions to the unique cases of Broca's aphasia, as it is well known that white matter connectivity is crucial for language. The Brainnetome atlas is a purely cortical parcellation, although it considers structural and functional connectivity, it does not directly state which white matter pathways are affected by the lesions. To address this, we used the Lesion Quantification Toolkit (LQT; Griffis et al., 2021). Indirect mapping of structural disconnection can identify disrupted fiber pathways in brain-injured individuals by integrating spatial lesion data with normative data on white matter anatomy. This method embeds lesion data into a standard white matter connectome to determine which white matter structures, and to what extent, might be affected by this specific lesion. In this study, LQT was employed to assess white matter tract disconnections using the HCP-842 atlas (Yeh et al., 2018). This atlas was developed from high-resolution diffusion MRI data gathered from 842 healthy individuals. The common Broca's aphasia lesion and the subtraction map were loaded into LQT to determine the white matter pathways affected by the lesions.





Results


Cytoarchitectural features of the injured cortical regions that resulted in persisting Broca's aphasia
 
The common Broca's aphasia lesion

First, lesion overlays for all the participants in the Broca's and WNL cohorts were created and can be seen in Figures 1A, B respectively. Then the common Broca's aphasia lesion (see Figure 1C) was created by thresholding the Broca's lesion overlay at 80%; this map included insular, frontal, parietal, and temporal regions. Figure 2 indicates that critical overlaps were observed in the left insula, with the dorsal granular insula at 95.7%, dorsal dysgranular insula showing a 77.5% overlap, hypergranular at 70.6%, and agranular portions at 28.2%, per the Brainnetome Atlas. Frontal regions, particularly those controlling tongue and larynx movements, had overlaps of 52.9% and 21%, respectively. Traditional Broca's area, BA44 and BA45, showed lower overlaps (3.5%, 1.8%, and 0.3% for BA44 subdivisions within the Brainnetome atlas; 0.00 % for both BA45 subdivisions). In the parietal and temporal lobes, A40rv and the primary auditory cortex regions (TE1.0 and TE2.0) showed 16.6% and 8.9% overlaps, respectively.
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FIGURE 1
 (A) Lesion overlay of 39 cases of Broca's aphasia. (B) Lesion overlay of 41 cases of within normal limits participants [for (A, B), color bars represent how many individuals have a lesion in each voxel]. (C) The common Broca's aphasia lesion in 80% of the 39 cases of Broca's aphasia [for (C), color bar represents proportion of individuals lesions in each voxel]. (D) Subtraction map of lesions of Broca's aphasia minus WNL lesions thresholded at 55% [for (D), color bar represents percent voxels resulting from the subtraction map, see Methods for details].
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FIGURE 2
 Areas from the Brainnetome Atlas overlapping with the common Broca's aphasia lesion and the subtraction map. Percentage of lesion overlap within specific brain regions for the common Broca's aphasia lesion is shown in orange. Regions of overlap for the subtraction map are shown in blue. The dorsal granular insula (dIg) showed the greatest overlap.




The subtraction map

The subtraction map (see Figure 1D) was used to compare lesion prevalence between Broca's aphasia and WNL cohorts and to control for common lesion-sites due only to the vasculature of the middle cerebral artery. A threshold was applied to highlight regions more commonly affected in Broca's patients. The resulting map was then binarized and analyzed to identify brain areas uniquely associated with Broca's aphasia. The map was used to confirm that the regions identified in the common Broca's aphasia lesion were not merely a consequence of the middle cerebral artery's distribution but rather specific to the symptoms of Broca's aphasia. The left insula emerged as a critical region in both analyses, particularly in its dorsal granular and dysgranular regions, which showed significant overlap in the common Broca's aphasia lesion (95.7% and 77.6%, respectively) and substantial overlap in the subtraction map (99.2% and 93.6%). This consistency reinforces the insula's pivotal role in Broca's aphasia. Traditional Broca's area (BA44 and BA45) (23.4% for BA44d, 0.8% for BA44v, none for BA45), showed lower overlap percentages in both analyses while regions such as the rostral ventral area 40 (A40rv) (83.3%) and the primary auditory cortex (TE1.0 and TE2.0) (80.4%) also exhibited consistent overlap. This alignment between the common Broca's aphasia lesion and the subtraction map results underscores the specificity and relevance of these regions in understanding the neural basis of Broca's aphasia, rather than being a mere function of arterial distribution.



White matter tracts also contributing to persisting Broca's aphasia

The subtraction map indicated multiple white matter tracts associated with Broca's aphasia. The arcuate fasciculus (AF) showed a complete disconnection, with a disconnection index of 100.0 percent (see Figure 3). Similar complete disconnection (100 percent) was observed in the extreme capsule (EC) and the middle longitudinal fasciculus (MdLF). The corticospinal tract showed a near-total disconnection with an index of 99.96 percent. Additionally, the inferior fronto-occipital fasciculus (IFOF) showed a 98.86 percent disconnection index. The parietopontine tract demonstrated a 98.7 percent disconnection index. Finally, the frontopontine tract showed a disconnection index of 97.4 percent. These tracts were reflected in the subtraction map, confirming their uniqueness to Broca's aphasia.


[image: Figure 3]
FIGURE 3
 Tract disconnection measures for the common Broca's aphasia lesion and the subtraction map. Percent of disconnection of white matter tracts in individuals with Broca's aphasia, as defined by the common Broca's aphasia lesion, shown in orange. Percent of disconnection of white matter tracts that are injured more commonly in Broca's aphasia when compared to WNL, are shown in blue. The results were obtained by loading the common Broca's aphasia lesion and the subtraction map into the LQT (Griffis et al., 2021).






Discussion

The subtraction map identified multiple gray matter regions associated with Broca's aphasia. The left insula emerged as most critical, with the commonly affected area overlapping by 99.2% in the hypergranular insula, 93% in the dorsal granular insula, 69.5% in the dorsal dysgranular insula, 65.5% in the ventral dysgranular an granular insula, and 26.7% in the dorsal agranular insula, highlighting the importance of these areas in language processing and speech production. The motor cortex, particularly the regions associated with the tongue and larynx, overlapped with the subtraction map by 75.6%. The regions traditionally part of “Broca's area” (A44d, A44v, A44op, A45r, A45c), overlapped all below 5%, apart from 23.4% in A44d, challenging the conventional focus solely on Broca's area. Additionally, parietal and temporal lobes exhibited involvement, with 83.2% overlap in the A40rv region, 69.9% overlap in A41/42 (primary auditory cortex, bordering Wernicke's area), and 80% overlap in areas TE1.0 and TE2.0, adjacent to primary auditory cortex. White matter tracts like the AF, EC, and MdLF showed complete disconnections, underscoring the integral role of white matter pathways. Overall, the findings suggest that Broca's aphasia results from disruptions in a complex network involving insular, frontal, parietal, and temporal regions, along with underlying white matter pathways. Below we discuss regions that were identified in both maps, reporting the specific percentages from the subtraction map, to focus on the unique contributions of these regions.


Insular regions

The highest regions of overlap in Broca's aphasia were centered in the left insula. The dorsal granular insula (93.6%) contains thinner layers II and IV, with large pyramidal cells in layer V. The thinner layers II and IV may allow for denser synaptic features. The large pyramidal cells in layer V may perform computationally intensive work, as these same cells are found in layer III and V in the higher order IFG. The left dorsal granular insula (dlg) is functionally connected to portions of the frontal lobe and the temporal lobe (medial and lateral). Specifically, the dlg insula is connected to the anterior and posterior superior temporal sulcus (aSTS, pSTS) as well as the superior temporal gyrus (STG). In the frontal lobe, the dlg insula has connectivity with almost all components of “Broca's Area” (BA44, BA45) as reimagined by the Brainnetome parcellation (A45c, A45r, A44v), with the notable exclusion of A44d (the dorsal component of A44). In the precentral gyrus, the dlg insula is connected with A4tl, which is the motor representation of the tongue and larynx. The dlg insula is also connected to the entirety of the medial temporal lobe. The collection of regions with which the dlg insula is connected is from the language network, however, the dlg insula region itself is implicated in a wide set of functional tasks (interoception, perception/somatosensation, disgust, pain processing, discrimination tasks) (Kurth et al., 2010). The dorsal dysgranular insula (69.5%) contains decreased cortical thickness and increased myelination of granular layers II, IV, and V. The increased myelination in these layers could serve to increase processing speed and efficiency, which may be needed for language processing and speech production. In a meta-analysis of 1,700 studies, Kurth et al. (2010) found the mid dysgranular insula to be associated with language and motor tasks. An additional feature of the dysgranular cortex in the insula is the presence of Von Economo Neurons (VENs) in anterior layer V (Morel et al., 2013). This region also contains the SPGI, which has been implicated in apraxia of speech, a hallmark symptom of Broca's aphasia (Baldo et al., 2011; Chenausky et al., 2020; Dronkers, 1996; Pracar et al., 2023). The hypergranular insula (99.2%) contains dense layers II and IV, with large pyramidal cells near layer IV. The increased number of neurons in layers II and IV may reflect the terminations and origins of long-range connections needed for speech and language. The hypergranular (G) insula, has a connectivity profile more like the dorsal granular insula than the dorsal dysgranular insula. In addition to the same connectivity with the temporal and parietal lobes, the G insula has connectivity to the IFG but not the MFG and SFG. Functionally, the G insula has been shown to be involved in perception and somatosensation, gustation, as well as monitoring and discrimination paradigms, which makes its function more like the dld. Though not as commonly lesioned in the Broca's cohort (per the subtraction map) the dorsal agranular insula (overlap 26.6%) contains the highest relative density of VENs in layer V and a complete lack of granular cells. The agranular insula also contains columnar arrangement of the neurons in layer III and V, thought to originate from the bulky columnar layout of the VENs in layer V. The columnar organization of neurons is a distinct architectural feature of certain brain regions. This alignment may facilitate efficient local processing and rapid intracolumnar communication. Neurons within a column are often functionally similar and can process specific types of information more efficiently. For example, the columnar organization in the occipital cortex has been shown to facilitate visual processing (Mountcastle, 1997). Particularly, selectivity for specific orientations of visual stimuli can be localized to individual cortical columns. Finally, the ventral dysgranular and granular insula (overlap 65.5%) has also been, in humans, to contain VENs. This extension of the VENs, beyond agranular cortex is unique to the human brain (Morel et al., 2013).

Von Economo neurons (VENs) are distinct in their large fusiform or spindle-shaped structure, characterized by elongated cell bodies (Watson et al., 2006). This unique morphology sets them apart from other neuron types. The bipolar nature of these neurons, with symmetrical apical and basal dendrites, allows for efficient and balanced signal integration from different parts of the brain. This symmetrical structure might be crucial for the rapid processing and transmission of complex information. Interestingly, VENs predominantly develop postnatally, with significant growth occurring within the first 8 months of life, as noted by Allman et al. (2011). The late development of VENs could indicate their involvement in higher-order cognitive processes that mature postnatally, such as aspects of speech and language. VENs are hypothesized to facilitate the rapid comparison of inputs, a function that could be essential in intuitive decision-making and complex social cognition, and possibly even speech production (Watkins et al., 2002). Specifically, their ability to quickly integrate diverse sensory and cognitive inputs might be critical to the rapid switching of motor commands. In the context of Broca's aphasia, where there is a disruption in speech production and language, the role of VENs could be particularly pertinent. The influence of VENs on the columnar arrangement in the insula could be pivotal for processing complex information like linguistic cues and social communication. The columnar organization, facilitated by the morphology of VENs, might support specialized processing streams within the insula. Input into a column of neurons is sent vertically, rather than horizontally, as demonstrated by Hubel and Wiesel (1997). Nimchinsky et al. (1999) showed that axons from the VENs supply the anterior cingulum bundle in the anterior cingulate. This specialized processing, with connections spanning the cortex, could be essential for the rapid integration of language production processes with other cognitive domains (Watson et al., 2006). Understanding the potential role of VENs in cognitive processing can provide novel insights into the neural underpinnings of Broca's aphasia. Further research into the specific contributions of VENs in neural circuits related to language and social communication could reveal new therapeutic targets for aphasia and related disorders.

The insula, particularly the granular portion is more commonly lesioned in participants with Broca's aphasia. The columnar arrangement, combined with the unique properties of VENs, might be critical in coordinating the neural circuits involved in speech production. In Broca's aphasia, where speech production is hindered, disruptions in this columnar arrangement or in the functioning of VENs could lead to inefficiencies in neural signaling and integration. This could manifest as difficulty articulating words, despite often retaining comprehension abilities.



Frontal regions

Several regions in the lateral frontal cortex were implicated in Broca's aphasia. The tongue and larynx regions in the ventral precentral and postcentral cortex (A1/2/3tonla) were identified (75.6%). These regions have also been implicated in apraxia of speech (Itabashi et al., 2016) and in neurosurgical patients with lasting Broca's aphasia (Andrews et al., 2023). In a VLSM study of 289 patients, 19 who had postoperative Broca's aphasia, injury to the ventral sensorimotor areas and supramarginal gyri was correlated with the language disorder (Andrews et al., 2023). Additionally, reduced fluency scores were observed with increasing resection of precentral, postcentral, supramarginal voxels within the significant VLSM cluster. While these regions may be important for coordinating complex articulatory movements, as impacted in apraxia of speech, they are also needed for production of even the simplest words. This may explain why people with Broca's aphasia tend to have problems speaking aloud words for which they can demonstrate comprehension. In the postcentral gyrus of the parietal lobe, the tongue and larynx region contains somatosensory representation of these parts of the articulatory system. Whereas representation in the premotor strip is necessary for the motor coordination and action of these muscles, the postcentral representation is needed for proprioception. In fact, this region shares connectivity with A4tl, which is the executor of motor commands, suggesting that they work in tandem for successful use of the larynx and tongue, which must be tightly coordinated for expression of language through vocal speech. Additionally, this region has connectivity with the IFG, and the pSTS, aSTS, STG, and the IPL. Direct connections between motor control and sensory feedback for articulators may facilitate language expression in humans. Though not explicitly detailed in the Brainnetome parcellation, these regions synapse directly onto motor neurons present in the tongue and larynx, which is thought to be needed for complex vocalizations. Another example of complex vocalizers are songbirds. In songbirds, the high vocal center (HVC) contains the motor sequence code, which projects to the robust nucleus of the arcopallium (RA), which is involved in motor execution. Direct projection of RA to vocal motor neurons (syrinx muscles) is like the human projection from motor face area to brainstem nucleus ambiguous neurons to muscles of the larynx (Hahnloser et al., 2002; Jarvis, 2013). Nonhuman primates lack this connection. It should be noted that only the postcentral representation of tongue and larynx was unique to those with Broca's aphasia. This is likely because some in the WNL cohort had residual apraxia of speech in the absence of language problems.

In the current study, injury to Broca's area (traditionally defined as Brodmann's areas 44 and 45) was not associated with Broca's aphasia. Per the subtraction map, within the territory of Broca's area, we see minimal damage to ventral, opercular, and dorsal areas 44 (overlap 0.8%, 4.9%, and 23%), which contain dysgranular layer IV, distinguishing them from rostral and caudal 45 (overlap 0.3% and 0.2%). In the common Broca's aphasia lesion, the percentages are also low (A44op 3.5%, A44v 1.8%, A44d 0.3%, and all of the A45 components at 0%). Injury to the IFG may not be the source of a persisting Broca's aphasia. While this may seem surprising, other work has shown that lesions to or resections of BA44/45 do not lead to long-lasting language deficits (Ochfeld et al., 2010; Gajardo-Vidal et al., 2021; Andrews et al., 2023). Ochfeld et al. (2010) found only transient Broca's aphasia was caused by focal lesions to Broca's areas in a cohort of 50 acute patients. In a study of 134 stroke survivors (Gajardo-Vidal et al., 2021), it was shown that injury to Broca's area was not associated with long term speech production deficits, rather the underlying white matter around the insula and in the anterior AF was implicated. In 289 neurosurgical patients (Andrews et al., 2023), resection of Broca's area did not cause a lasting Broca's aphasia, rather, resection of the precentral, postcentral, supramarginal gyri were associated with the symptoms of Broca's aphasia. Finally, in another study of 334 patients with post-stroke aphasia (Wilson et al., 2023), lesions restricted to the frontal lobe showed impairment mainly in the acute phase which was largely resolved by the chronic phase. The notion that Broca's area is involved with Broca's aphasia could be because Broca's area is commonly lesioned alongside the regions we find to be more often related to Broca's aphasia. The precentral regions, for example, are found in the common Broca's aphasia lesion, a region immediately posterior to Broca's area. The insula emerged as the most significantly lesioned area in the common Broca's aphasia lesion, specifically, 95.7% in the dorsal granular insula, 77% within the dorsal dysgranular insula, and 70.6% in the hypergranular insula. The insula is directly mesial to Broca's area. Likely, cerebral vascular accidents that encompass critical areas involved in Broca's aphasia will sometimes include Broca's area, thus perpetuating the traditional theory that Broca's area is the key region in producing Broca's aphasia.



Parietal and temporal regions

A40rv (overlap 83.3%) is situated in the supramarginal gyrus and is superior to the posterior STG and posterior to the somatosensory representation of tongue and larynx. This region has connectivity with BA44 and the precentral gyrus via the ventral component of the superior longitudinal fasciculus (SLF) III (Hwang et al., 2022; Wang et al., 2016). Notably, this is the only region from the results with connectivity to the right hemisphere per the Brainnetome atlas. A41/42 (overlap 69.9%) and TE1.0 and TE2.0 (overlap 80.4%) are components of the human primary auditory cortex, specifically the area near Heschl's gyrus. This region has massive connectivity with language areas in frontal, temporal, parietal, and insular lobes, as well as interhemispherically. This region also occupies somewhat of a transition cortex between the most inferior portions of the insula as it approaches the superior temporal gyrus and the temporal plane. It is uniquely associated with the cases of chronic Broca's aphasia. Injury to the temporal lobe is most commonly associated with chronic language disorders (Fridriksson et al., 2015; Dronkers et al., 2004; Binder et al., 1997). Permanent injury to the middle temporal lobe may be responsible for the chronic language deficits observed in Broca's aphasia.



White matter pathways

The subtraction map lesion revealed significant disconnection across several major white matter tracts, all of which are critical for language processing and motor functions. The arcuate fasciculus (AF), which is essential for connecting frontal and temporal regions, showed a complete disconnection specifically in participants with Broca's aphasia (100% index). This disruption indicates a severe impairment in pathways that are crucial for both language comprehension and production, given that the AF links the brain regions responsible for phonological processing and verbal output (Ivanova et al., 2021; Catani et al., 2005). The white matter emanating from the temporal lobe has been reported as injured in cases of post-operative Broca's aphasia (Andrews et al., 2023). Though the specific tracts in the study by Andrews and colleagues were not reconstructed, the affected regions seem to align with the current findings.

Additionally, the extreme capsule (EC) and the middle longitudinal fasciculus (MdLF) also exhibited complete disconnections (100%), further underscoring the extensive damage to the language processing networks. The EC is a key tract that connects the frontal and temporal lobes and may participate in semantic processing and language comprehension, complementing the dorsal pathway functions typically associated with the AF (Makris and Pandya, 2009). The MdLF, on the other hand, is part of the ventral pathway, connecting temporal regions and playing a significant role in the understanding and production of language (Saur et al., 2008). The complete disconnection of these tracts highlights the profound disruption in the neural networks underlying language, contributing to the significant language deficits observed in Broca's aphasia. These tracts do not show the same amount of injury in the WNL cohort.

The corticospinal tract (CST), with a near-total disconnection index of 99.96%, may be associated with the significant impairment in motor function often accompanying Broca's aphasia. This disconnection is not only linked to general motor deficits, like limb paralysis, but also to specific impairments in speech production. The involvement of the CST highlights the overlap between motor and language functions, where damage to this tract can exacerbate the speech production difficulties characteristic of Broca's aphasia (Duffau, 2015; Duffau et al., 2014).

Similarly, the IFOF which showed a 98.86% disconnection, is involved in integrating visual and language processes. The IFOF, an association tract connecting occipital and frontal regions, plays a role in the semantic and syntactic aspects of language. It passes through the extreme capsule and terminates in the anterior frontal lobe, specifically in the IFG and dorsolateral prefrontal cortex—regions critical for language processing (Catani et al., 2005; Duffau, 2015; Conner et al., 2018). Duffau's research has consistently emphasized the importance of the IFOF in the language network, demonstrating that its disruption can lead to deficits in language comprehension and production that appear in the complex clinical presentation of Broca's aphasia (Duffau, 2015; Duffau et al., 2014).

High disconnection indices were also observed in the parietopontine (98.8%) and frontopontine tracts (97.4%), indicating severe disruptions in pathways associated with sensorimotor integration and executive functions. These tracts are essential for coordinating complex behaviors that require the integration of sensory information with motor outputs and higher-order cognitive functions. The extensive disconnection in these pathways may contribute to the broader cognitive and executive function deficits often seen in Broca's aphasia (Duffau, 2015).

Substantial injury to these tracts was uniquely found in the patients with Broca's aphasia. In all, these findings underscore the critical role of white matter integrity in supporting language and motor functions. Severe disconnections in these tracts align with previous studies highlighting the importance of both cortical and subcortical pathways in language processing and overall cognitive performance (Ogar et al., 2006; Bates et al., 2003; Ivanova et al., 2021; Griffis et al., 2021; Turken and Dronkers, 2011). Broca's aphasia is marked by significant disruption in both the ventral and dorsal language pathways, which are crucial for different aspects of language processing. The dorsal pathway, involving the AF, is essential for linking speech sounds to motor actions necessary for speech production, while the ventral pathway, including the extreme capsule, supports semantic processing and language comprehension (Saur et al., 2008; Friederici, 2011). In Broca's aphasia, disconnections in these pathways—particularly the AF, EC, and MdLF—lead to a widespread breakdown in the neural networks that underlie language (Ivanova et al., 2016; Catani et al., 2005; Dick et al., 2014). This pattern of widespread disconnection across multiple neural pathways underscores the interconnected nature of the brain's language network and the significant impact that such disruptions can have on both language and cognitive functions.




Limitations

While our study provides valuable insights, it is important to note that the generalization of findings is limited by the variability in lesion size between the two groups. Additionally, having larger groups and tracking involvement of the outlined areas at different stages of recovery would provide additional insights into their differential role in the symptomatology Broca's aphasia.



Conclusion

The current study aimed to investigate the relationship between the neuroanatomical features of specific brain regions and the manifestation of Broca's aphasia in 39 stroke survivors. Our approach was not limited to Broca's area, but rather explored broader regions implicated in Broca's aphasia. Our findings highlight the significant role of the insular regions, particularly the dysgranular portion, in Broca's aphasia. The unique properties and arrangement of VENs in these regions, suggest they could be involved in efficient speech production. The frontal regions, encompassing the tongue and larynx areas, were significantly injured, underscoring their importance in speech-related motor skills and articulatory control. The temporal lobe injury present uniquely in the cases of Broca's aphasia reinforces its critical role in language and its association with the chronic symptoms observed in Broca's aphasia. The use of the Brainnetome atlas (Fan et al., 2016) allowed for a nuanced picture of these regions, integrating cytoarchitectonic details with functional connectivity. Of note, the inferior frontal region traditionally known as Broca's area was not associated with chronic Broca's aphasia. Additionally, we report white matter contributions from the left AF, MdLF, CST, and IFOF to cases of Broca's aphasia. Our study advances the understanding of Broca's aphasia by demonstrating that the language deficits are not confined to Broca's area but involve a complex network of brain regions. We hope that understanding the structural features affected by Broca's aphasia could lead to future therapies that target similar cell populations in perilesional or contralateral regions.
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