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Abstract
During a verbal conversation, as individuals listen and respond, the human brain moves through a series of complex linguistic processing
stages: decoding of speech sounds, semantic comprehension, retrieval of semantically coherent words, and �nally, overt production of speech
outputs. Each process is thought to be supported by a cortical network consisting of local and long-range connections bridging between major
cortical areas. Both temporal and extratemporal lobe regions are suggested to have functional compartments responsible for distinct language
domains, including the perception and production of phonological and semantic components. This study provides quantitative evidence of how
directly connected, inter-lobar neocortical networks support distinct linguistic stages of linguistic processing across brain development. A novel
six-dimensional tractography animation technique was used to intuitively visualize the strength and temporal dynamics of direct inter-lobar
effective connectivity between cortical areas activated during distinct linguistic processing stages. This study analyzed 3,401 non-epileptic
intracranial electrode sites from 37 children with focal epilepsy (age: 5–20 years) who underwent extraoperative electrocorticography recording.
We used a principal component analysis of high-gamma modulations during an auditory naming task to determine the relative involvement of
each cortical area during each linguistic processing stage. To quantify direct effective connectivity, we delivered single-pulse electrical
stimulation to 488 temporal lobe sites and 1,581 extratemporal lobe sites and measured the early cortico-cortical spectral responses at distant
electrodes. Mixed model analyses determined the effects of naming-related high-gamma co-augmentation between connecting regions, age,
and cerebral hemisphere on the strength of effective connectivity independent of epilepsy-related factors. Direct effective connectivity was
strongest between temporal and extratemporal lobe site pairs which were simultaneously activated during the period between sentence offset
and verbal response onset (i.e., semantic retrieval period); this connectivity was approximately twice more robust than that with temporal lobe
sites activated during stimulus listening or overt response. Conversely, extratemporal lobe sites activated during overt response were equally
connected with temporal lobe language sites. Older age was associated with the increased strength of inter-lobar effective connectivity between
those activated during semantic retrieval. The arcuate fasciculus supported approximately two-thirds of the direct effective connectivity
pathways from temporal to extratemporal auditory language-related areas but only up to half of those in the opposite direction. The uncinate
fasciculus consisted of only less than 2% of those in the temporal-to-extratemporal direction and up to 6% of those in the opposite direction.
Our multimodal study quanti�ed and animated the direct inter-lobar networks toward and from temporal lobe regions supporting distinct stages
of auditory language processing. Additionally, age-dependent strengthening of connectivity after age �ve may preferentially occur between
language areas supporting semantic retrieval.

Introduction
Human verbal conversations can be considered in two phases: reception and expression. Reception happens in two stages: initially, each sound
in the heard sentence is recognized and decoded via phonological processing, followed by integration with higher-order functions to understand
the semantic meaning1–5. The second phase, expression, also consists of two parts. Semantically coherent words are retrieved, followed by
overt speech production and monitoring of one’s own speech5–8. This complex, the multi-stage process is believed to be supported by a broad
cortical network incorporating a combination of local processing and long-range inter-lobar connections. The precise spatial con�guration and
temporal dynamics of the language network are still active research, and multiple competing models exist2–4,9,10. Common among each model
is evidence that long-range white matter tracts (e.g., the arcuate and uncinate fasciculi) from and toward the temporal lobe play a central role in
the language network. These inter-lobar pathways are suggested to exchange language information, including mental representation of
sentences, and facilitate the translation of sound and semantics into motor representations9–15. However, previous studies have not provided
direct quantitative evidence of how much, how fast, via what fasciculus, and in which direction given inter-lobar fasciculi can transfer neural
information between language areas supporting phonologic and semantic processes. Collective evidence also indicates that the development
of inter-lobar connectivity networks begins early in life and continues in an experience-dependent manner, possibly beyond adolescence16,17.
Investigators have not reached a consensus on the developmental patterns of effective connectivity between the temporal and extratemporal
lobe regions supporting different linguistic processing stages.

This multimodality study aimed to localize, quantify, and visualize the strength and dynamics of effective connectivity networks that support
direct transfers of neural activity between the temporal and extratemporal lobe neocortices supporting distinct linguistic processing stages.
Investigators have proposed several models for how the cerebral cortex transfers neural representations of phonological and semantic
information. The classical Geschwind model of language-related connectivity did not distinguish separate pathways supporting the
phonological and semantic domains18. Instead, it proposed that the left posterior temporal lobe neocortex transfers the entire linguistic content
expressed by a given spoken sentence to the left inferior frontal gyrus (IFG) for subsequent speech output. Conversely, most current models
propose that neural activity representing phonological and semantic domains is transferred via different pathways and bihemispheric
involvement, though with left-hemispheric dominance2–4,10. Some models suggest that the human brain transfers neural representations
directly from the posterior temporal to the extratemporal lobe language areas, mainly via the arcuate fasciculus3,4,10,11. Another model infers
that auditory language information is transferred indirectly via another structure in the temporoparietal junction2. Another suggests that
auditory semantic processing is initially supported by the neural information transfer from the left posterior to the anterior temporal area, which
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in turn projects to the inferior frontal region, presumably via the uncinate fasciculus9; subsequent semantic processing to understand auditory
sentences is proposed to be supported by neural transfer from the inferior frontal to the posterior temporal region mainly via the arcuate
fasiculus9.

The sound processing network is often referred to as the ‘phonological loop.’ It is localized mainly in the inferior Rolandic area, superior
temporal gyrus (STG), and the surrounding regions of both hemispheres19–23. The ‘phonological loop’ is believed to support the transformation
of perceptual to motor representations of spoken sounds and the monitoring of the volume/pitch of one’s own spoken sounds7,8,12,19.

The semantic processing network comprises both temporal and extratemporal lobe regions, with left-hemispheric dominance, including the left
IFG and inferior parietal region24–27. Linguistic processing is thought to be in part sequential5,28. Phonological process of an auditory input can
begin once auditory information is received by the primary auditory cortex, followed by semantic understanding processes that continue until
after the auditory stimulus offset. Following processing of a heard linguistic input, semantic retrieval begins before an individual starts
preparing an overt response. Although to some degree each of these processes overlaps during verbal conversations28, the linear nature of
language processing suggests that late neuronal engagement between the offset of auditory sentence stimuli and the onset of overt responses
during an auditory naming task re�ects, at least in part, semantic understanding and retrieval5,29. Interventional evidence from an intracranial
study supports this notion; high-frequency electrical stimulation of left-hemispheric regions showing such late neuronal engagement often
results in a transient impairment of semantic retrieval with intact phonological repetition5.

Electrocorticography (ECoG) recordings during cognitive tasks can provide detailed estimations of the spatiotemporal distribution of
corresponding brain activity. In particular, event-related augmentation of broadband activity, including the high-gamma range at 70–110 Hz, has
been demonstrated to be an excellent surrogate marker for neural activation5,30−33. An increase in high-gamma amplitude is associated with
increased �ring rate on a single-neuron recording, hemodynamic response on functional MRI, and cortical metabolism on glucose-metabolism
positron emission tomography34–36. The relevance of event-related high-gamma augmentation to language behavior has also been
demonstrated. Naming-related high-gamma augmentation is capable of accurately predicting the language areas de�ned by electrical
stimulation mapping (ESM) as well as postoperative language impairment37,38.

To quantify inter-lobar effective connectivity, we measured cortico-cortical spectral responses (CCSRs) elicited by weak single-pulse electrical
stimulation at two adjacent electrode contacts39. While task-related high-gamma connectivity measures can demonstrate statistical covariation,
they do not provide causal evidence of direct connectivity. Both CCSRs and cortico-cortical evoked potentials (CCEPs) are powerful tools to
quantify the strength and dynamics of effective connectivity in each direction between two remote regions39–43. The two measures generally
re�ect the same underlying neuronal process but highlight different aspects of the recorded signal. CCSRs comprise a summation of phase-
locked and asynchronous responses, whereas CCEPs consist of phase-locked responses alone. CCSRs are agnostic to the polarity of cortical
responses, whereas CCEPs may exhibit a variable polarity of responses depending on the structural feature of the underlying cortex41. Previous
studies suggest that early CCSRs roughly correspond to the early CCEP component (also known as N1), thus re�ecting cortical excitation
elicited by single-axonal neural propagation from the stimulus site39,41,44−47. This notion is supported by the observation that the peak latency
of such early responses is correlated with the surface distance as well as the underlying white matter streamline length on diffusion-weighted
imaging (DWI) tractography48–50. Late, low-frequency band CCSRs, roughly corresponding to the late CCEP component (also known as N2), are
suggested to mainly indicate post-excitatory neuronal inhibition39,44,46 and represent an indirect measure of inhibitory networks that govern
effective connectivity.

The present study utilized a novel multimodal approach, integrating ECoG high-gamma augmentation during an auditory naming task with
CCSRs and DWI-based tractography to identify the strength, direction, and anatomical pathway of networks that support each stage of
language processing. In this study, we sought to use the new perspective provided by an integrated, multimodal approach to test the
spatiotemporal predictions of each proposed phonological and semantic network model19–23. To that end, for each stage of language
processing, we quanti�ed the strength and dynamics of the inter-lobar effective connectivity toward and from the temporal lobe and localized
the corresponding white matter pathways. Auditory language-related cortical activity was thus measured using the dynamics of high-gamma
amplitude modulations at each electrode site during an auditory naming task5. We then estimated the relative involvement of cortical areas in
each linguistic processing stage with a principal component analysis (PCA) of the temporal variations in high-gamma amplitude
modulations51.

Multimodal studies present a unique challenge for intuitive visualization and interpretation of results, which are often high-dimensional. Here,
the spatiotemporal dynamics are represented in six dimensions: CCSR magnitude, CCSR dynamics, naming task-related high-gamma activity
(HGA), and three spatial dimensions. To facilitate interpretation, we generated animations visualizing the strength and dynamics of effective
connectivity (i.e., CCSR-based neural propagations) via white-matter tracts directly bridging cortical sites supporting speci�c linguistic
processing stages. We refer to the multimodal analysis and corresponding animation-based atlas presented here as six-dimensional (6D)
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dynamic tractography. We expected that our 6D dynamic tractography would validate or revise existing neurobiological models of language
organization and development2–4,9−11. We tested the speci�c hypothesis that extratemporal lobe sites supporting semantic retrieval would have
direct effective connectivity toward and from temporal lobe sites supporting the same linguistic stage more robustly than phonological
processing. We also quantitatively determined what speci�c fasciculi would support direct inter-lobar effective connectivity between given
language sites in each direction. In this study of participants of age ranging between 5 and 20 years, we hypothesized that older age would
increase the strength of inter-lobar effective connectivity speci�cally between those supporting the semantic rather than the phonological
process.

Materials And Methods
Participants

We studied 37 patients with focal seizures (age: 5–20 years; Table 1and Supplementary Fig. S1) who underwent epilepsy surgery between
February 2013 and August 2018 at Detroit Medical Center in Detroit, MI, USA, and satis�ed the following criteria. The inclusion criteria included
[i] age ≥ 4 years52 and [ii] extraoperative ECoG sampling from temporal and extratemporal lobe regions. The exclusion criteria consisted of [i]
the presence of a massive structural lesion (such as megalencephaly or perisylvian polymicrogyria) that renders the landmarks for the central or
lateral sulcus unidenti�able, [ii] an inability to complete the auditory naming task due to inadequate vocabulary, incomprehension of task
instructions, or lack of cooperativity, [iii] history of previous epilepsy surgery, and [iv] right-hemispheric language dominance estimated based on
left-handedness associated with an early epileptogenic lesion in the neocortex of the left hemisphere (the rationale has been discussed in
ref.38).

Table 1
Patient pro�le.

Number of patients 37

Mean age (years) 12.7

Range of age (years) 5–20

Proportion of male (%) 43.2

Proportion of right-handedness (%) 89.2

Proportion of sampled hemisphere (%): left/right/bilateral 45.9/ 48.6/ 5.4

SOZ, n (%)  

Frontal 10 (27.0)

Temporal 16 (43.2)

Parietal 11 (29.7)

Occipital 6 (16.2)

N/A * 2 (5.4)

Mean number of antiepileptic drugs 1.9

MRI-visible cortical lesion, n (%) 24 (64.9)

Etiology, n (%)  

Tumor 5 (13.5)

Focal cortical dysplasia 12 (32.4)

Hippocampal sclerosis 1 (2.7)

Non-lesional or gliosis alone 20 (54.1)

Mean number of artifact-free non-epileptic electrodes 87.3

SOZ: seizure onset zone. N/A: not available. *: The extent of cortical resection was guided by interictal epileptiform discharges as well as
the MRI lesion.
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All procedures were performed as part of our routine presurgical evaluation, and the spatial extent and duration of extraoperative ECoG
recording and electrical stimulation were determined based on clinical demands20,41,53,54. This study has been approved by the Wayne State
University Institutional Review Board. Written informed consent was obtained from the legal parents or guardians of patients. Written assent
was obtained from children older than 13, and oral assent was obtained from younger children.
Subdural electrode placement and 3D localization

Each patient underwent placement of platinum grid and strip electrodes (10 mm center-to-center distance; 3 mm diameter contact) in the
subdural space to localize the boundaries between the epileptogenic zone and eloquent areas. Electrode plates were anchored with sutures to
adjacent plates or the dura mater’s edge to avoid electrode movement after placement54.

We created a 3D surface image for each patient and determined each electrode’s location on the cortical surface, using the preoperative T1
spoiled gradient-recalled MRI and the FreeSurfer software package (http://surfer.nmr.mgh.harvard.edu)5,55,56. We con�rmed the spatial
accuracy of the electrode display using an intraoperative photograph57. We then spatially normalized all individual electrode sites’ location to
the FreeSurfer template for group-level display and analysis (Fig. 1)5,52.

Extraoperative ECoG recording

ECoG was recorded at a sampling frequency of 1,000 Hz using a 192-channel Neurofax 1100A Digital System (Nihon Kohden America Inc.,
Foothill Ranch, CA, USA). To make our results more generalizable, we limited the quantitative analysis to non-epileptic electrode sites58,59.
Electrode sites classi�ed as seizure onset zone (SOZ)53, those showing interictal spikes31,60, and those located on a structural lesion58 were
excluded from the analysis. Likewise, electrodes affected by artifacts, including electromyographic ones, during the auditory naming task or the
CCSR acquisition period were excluded from analysis54,61. After rejecting unusable channels, a total of 3,401 non-epileptic sites were included in
the analysis. For both high-gamma and CCSR analyses, ECoG signals were analyzed using a common average reference (i.e., an average of
signals across all non-artifactual, non-epileptic channels5450).
Linguistic stage categorization using naming-related high-gamma activity

Each patient was assigned a series of auditory question trials and instructed to verbally answer each question (Fig. 2). All question stimuli,
starting with either ‘what’, ‘where’, ‘when’, or ‘who’, were sentences designed to draw out answers with nouns. Trials without correct answers were
excluded from the analysis62. The mean rate of correct answers was 93.2 ± 1.9% (± standard error: SE). Response time was de�ned as the delay
between sentence offset and response onset. The median response time across trials was 1.58 ± 0.07 seconds on average across patients.

At each electrode site, we quanti�ed naming-related high-gamma (70–110 Hz) amplitude as a summary measure re�ecting the magnitude of
neuronal engagement at each moment during auditory verbal discourse (Fig. 2)5,54. ECoG signals were �rst transformed into the frequency
domain using a complex demodulation technique implemented in BESA®  EEG V.5.1.8 (BESA GmbH, Gräfel�ng, Germany)63,64 in non-
overlapping 10 ms time and 5 Hz frequency bins5,38,65,66. We computed high-gamma amplitude augmentation by averaging the amplitude
within 70–110 Hz and normalizing to the mean high-gamma amplitude in a 600 to 200 ms pre-stimulus baseline period (Fig. 2a). We previously
reported that sites showing naming-related high-gamma augmentation were spatially concordant with the language-related areas de�ned by
ESM5,66. Furthermore, resection of sites showing naming-related high-gamma augmentation increased the risk of acute language de�cits
requiring speech therapy38.

The PCA transformed six 300 ms windows (Fig. 2b) into a new dimensional space of orthogonal components (Fig. 3a)51. The �rst principal
components (PCs) explaining 95% of the variance in high-gamma temporal dynamic patterns were extracted and used to categorize the
linguistic processing stages (Fig. 3).

Quanti�cation of direct inter-lobar effective connectivity using early CCSRs
We identi�ed direct effective connectivity between temporal and extratemporal lobe electrode sites by measuring cortical responses to local
single-pulse electrical stimulation20,49. As part of our routine presurgical evaluation47,49,67, we delivered trains of weak electrical stimuli to a
total of 488 electrode sites (314 pairs of adjacent electrodes, 8.5 pairs per patient on average; Fig. 1b) within the temporal lobe neocortex (STG,
middle temporal gyrus [MTG], and inferior temporal gyrus) and 1,581 extratemporal lobe electrode sites (885 pairs of adjacent electrodes, 24.6
pairs per patient on average; Fig. 1c) at a frequency of 1 Hz for 40 s during sleep. Each stimulus consisted of a biphasic square wave with a
pulse width of 0.3 ms and an intensity of 5 mA. The stimulus intensity was smaller than those previously reported to be safe40,42,68,69. No
adverse events were noted during the CCSR acquisition period.

Using the Morlet wavelet transformation70 implemented in FieldTrip (http://www.�eldtriptoolbox.org/)71, we transformed ECoG voltage signals
into time-frequency bins (2 Hz frequency bins; three cycles for each frequency) sliding in 1 ms steps. The present study excluded recording sites
within 1.5 cm of a given stimulus pair from the analysis of inter-lobar effective connectivity72,73. We measured the percent change of CCSR
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amplitude relative to the 50–200 ms pre-stimulus baseline period. The CCSR percent change was computed for each frequency bin at 20–60 Hz
range within 10–50 ms post-stimulus for early CCSRs and between 2–20 Hz within 50–300 ms post-stimulus for late CCSRs. The magnitude of
the local time-frequency peak that survived a cluster-based permutation test (n = 200; cluster size threshold α = 0.05) was considered the
strength of signi�cant effective connectivity from the stimulus toward the recording electrode site (Fig. 4)74. When an electrode site was
stimulated multiple times with different pairs, we computed the average connectivity from a given stimulus site (Fig. 1B).

Determination of factors predictive of the strength ofdirectinter-lobar effective connectivity

Prediction of direct effective connectivity strength between temporal and extratemporal lobe sites was accomplished using a set of mixed
model analyses (Figs. 5a-b). Mixed models were conducted using the Matlab Statistics Toolbox (The MathWorks, Inc., Natick, MA, USA), and the
signi�cance was set at a false discovery rate (FDR)-corrected p-value of 0.05. The dependent variable in each mixed model was the percent
change of early CCSR-based effective connectivity in a given direction. The �xed-effect predictor variables included: [a] the interaction of high-
gamma activity (i.e., multiplication of percent change) during a given PC stage at the stimulus and recording sites, [b] the Euclidean distance
(mm) from the stimulus site to each recording site, [c] patient age (years), [d] the hemisphere of electrode placement (left/right), [e] severity of
epilepsy-related burden, estimated by the number of oral antiepileptic drugs (AEDs) immediately before the electrode implantation58,75, [f]
naming speed, assessed by the median response time during the auditory naming task (seconds), [g] the lobe in which the SOZ was identi�ed
(i.e., frontal, temporal or parietal/occipital lobe), and [h] the presence of an MRI-visible cortical lesion58. Intercept and patient were treated as
random factors.

Two sets of ancillary mixed model analyses were conducted to assess the effect of language pro�ciency-adjusted age and to predict the
strength of indirect effective connectivity. Twenty-�ve patients underwent the Clinical Evaluation of Language Fundamentals-Fourth Edition
(CELF-4) before the ECoG recording76. The mixed model to assess the effect of language pro�ciency-adjusted age on the strength of CCSR-
based direct effective connectivity was analogous to those described above but incorporated ‘the square root of [patient age × standardized
CELF-4 language score]’ instead of ‘patient age.’ The second set of ancillary mixed models to predict the strength of late CCSR (Fig. 4) were
analogous to the above but replaced early CCSR with late CCSR percent change as the dependent variable (Figs. 5c-d).

6D tractography visualization of rapid neural propagations
Using DWI data acquired from 27 patients, we created animations to visualize, at the group level, the spatial trajectory of stimulation-induced
neuronal activity along with corresponding high-gamma interaction values (Videos S1-S2). The basic dynamic tractography methodology has
been reported previously49. Brie�y, before the subdural electrode placement, diffusion-weighted images were collected on a 3T GE Signa MRI
scanner, with a multislice single-shot diffusion-weighted echo-planar imaging sequence at TR = 12,500 ms, TE = 88.7 ms, FOV = 24 cm, 128×128
acquisition matrix, contiguous 3 mm thickness axial slices to cover the entire brain using 55 isotropic gradient directions with b = 1000 s/mm2,
number of excitations = 1, and single b = 0 image56. We estimated anatomically-constrained probabilistic DWI tractography77,78, at the whole-
brain level, using the �ber orientation distributions (FOD) image via the iFOD2 algorithm79, a seed density of 6000 seeds/voxel,
minimum/maximum streamline length of 20/250 mm, and a maximum angle of 70˚. Electrode coordinates were �rst moved from the T1 to the
DWI space using an a�ne transformation derived from the DWI b0 images and T1 images80, then translated from the grey matter surface to the
nearest white matter coordinate using FreeSurfer algorithms. We placed a 4 mm radius sphere around each DWI-space electrode coordinate to
extract electrode pair-speci�c streamlines. To estimate the velocity of early CCSRs, we divided the minimum streamline length of each electrode-
pair streamline bundle by the local peak latency of the corresponding early CCSR. The resulting movies visualized early CCSR-based neural
propagations’ dynamics and strengths along DWI-based streamlines between cortical sites engaged during each PC-de�ned linguistic
processing stage.

Using open-source DWI data collected from the 1,065 healthy participants in the Human Connectome Project (referred to as HCP1065;
http://brain.labsolver.org/diffusion-mri-templates/hcp-842-hcp-102181), we likewise determined the dynamics, strengths, and trajectories of
early CCSR-induced neural propagations as computed with data from all 37 patients. We previously reported the methodological details of the
usage of open-source DWI data50. In short, we placed a 4 mm radius sphere around each standardized Montreal Neurological Institute (MNI)-
space electrode coordinate to extract electrode pair-speci�c streamlines. Signi�cant streamlines were estimated with the following criteria: a
fractional anisotropy threshold of 0.5, minimum/maximum streamline length of 20/250 mm, a maximum angle of 70˚, and step size of 0.3 mm.
We used a Pearson correlation test to determine how well the velocities computed with individual DWI data corresponded to those calculated
with open-source DWI data.

We quanti�ed the proportion of each anatomical pathway that supported observed direct inter-lobar effective connectivity between given PCA-
based linguistic processing stages, using the Clopper-Pearson method82. We used all 37 patients’ CCSR data and open-source HCP1065 DWI
data for this analysis. All streamlines satisfying the following criteria were included for this analysis: [a] naming-related high-gamma activity
was augmented at temporal and extratemporal lobe sites during speci�c PCA-based linguistic processing stages (Fig. 3), and [b] a given
streamline was associated with a signi�cant local peak of early CCSR (Fig. 4). Each included streamline was classi�ed into one of the following
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anatomical pathways of interest: [1] arcuate fasciculus, [2] cingulum, [3] extreme capsule, [4] frontal aslant tract, [5] inferior fronto-occipital
fasciculus, [6] inferior longitudinal fasciculus, [7] middle longitudinal fasciculus, [8] parietal aslant tract, [9] superior longitudinal fasciculus, [10]
uncinate fasciculus, and [11] vertical occipital fasciculus (http://www.bic.mni.mcgill.ca/ServicesAtlases/ICBM152NLin200983,84).

Data and code availability
All data used in the present study are available upon request to the corresponding author. We plan to provide our MATLAB codes in GitHub.com
following the publication. We are pleased to re-analyze the data and give the results based on speci�c suggestions from readers to improve our
understanding of the neurobiology of language.

Results
Linguistic processing stages based on the principal component analysis (PCA)

The �rst three PCs explained approximately 95% of the variance in naming-related high-gamma modulation patterns (Fig. 3b); thus, the
following analyses focus on the effective connectivity between these PCA-based language sites. As shown in the PC coe�cient matrix (Figs. 3a
and c), PC1 was primarily attributed to high-gamma augmentation elicited during overt speech-response and self-monitoring one’s own voice;
electrode sites showing the PC1 high-gamma pattern were distributed bilaterally in the Rolandic gyri as well as STG (Fig. 3d). PC2 was
attributed to high-gamma augmentation elicited during a sentence stimulus listening period (Figs. 3a and c); PC2 sites were distributed mainly
in the STG and posterior MTG (Fig. 3e). PC3 was attributed to high-gamma augmentation elicited mainly between sentence stimulus offset and
response onset (Figs. 3a and c); PC3 sites were distributed predominantly in the left hemisphere, including widespread posterior temporal and
frontal neocortical regions (Fig. 3f).

Factors predictive ofdirectinter-lobar effective connectivity

The mixed model analyses con�rmed the hypothesis that the magnitude of naming-related co-activation predicts the strength of direct inter-
lobar effective connectivity (i.e., the magnitude of early CCSR local peak). Across all six (PCs 1–3, and two directions) mixed models, the
interaction of naming-related HGA was a signi�cant predictor of the strength of direct effective connectivity (Figs. 5a-b; Supplementary Tables
S1-S6). For example, an increased interaction of temporal and extratemporal lobe naming-related HGA during the PC3 language stage predicted
an increased strength of direct inter-lobar effective connectivity from PC3 temporal lobe language sites (mixed model estimate: +106.1%; FDR-
corrected p-value: <0.001; t-value: 5.3; DF: 7697; Fig. 5a and Supplementary Table S3).

Patient age was likewise found to be a key predictor of the strength of direct effective connectivity. Positive associations between age and the
connectivity strength were observed in the extratemporal-to-temporal direction across all three PC networks and bidirectionally in PC3. For
example, each one-year increase in patient age likewise predicted an increased strength of direct inter-lobar effective connectivity from PC3
temporal lobe language sites (mixed model estimate: +1.2%/year; FDR-corrected p-value: <0.001; t-value: 4.9; DF: 7697; Fig. 5a and
Supplementary Table S3). However, when language pro�ciency-adjusted age was used, the relationship to the strength of direct effective
connectivity was not replicated (See the details in Supplementary Tables S7-S9). The age effect on the effective connectivity in the opposite
direction was signi�cant (Fig. 5b) regardless of the types of underlying PC language sites (Supplementary Tables S4-S6).

The aforementioned signi�cant effects were all independent of those of inter-electrode Euclidean distance as well as epilepsy-related factors.
For example, longer Euclidean distance between stimulus and recording sites was associated with a decreased strength of direct effective
connectivity across all PC-de�ned language networks. The number of AEDs was found to negatively predict the connectivity strength in the
temporal-to-extratemporal direction across all three PC networks (Figs. 5a-b; Supplementary Tables S1-S6).

Factors predictive ofindirectinter-lobar effective connectivity

The mixed model analyses also con�rmed the positive relationship between the magnitude of naming-related HGA interaction and the strength
of indirect inter-lobar effective connectivity (i.e., the magnitude of late CCSR local peak) from the temporal to the extratemporal lobe sites in all
three PC-de�ned language networks (Fig. 5c). The high-gamma interaction effect, however, was signi�cant only for PC1 in the extratemporal-to-
temporal direction (Figs. 5c-d; Supplementary Tables S10-S13). In contrast to direct effective connectivity which did not show any hemispheric
differences, a bias towards the left hemisphere was observed for indirect effective connectivity projecting from all PC-de�ne language sites in
the temporal lobe (mixed model estimate: 18.0-32.5%; Fig. 5c; Supplementary Tables S10-S12). Older age was associated with an increased
strength of indirect effective connectivity from all extratemporal lobe PC-de�ned language sites (Fig. 5d; Supplementary Tables S13-15). Similar
to direct effective connectivity, decreased inter-electrode Euclidean distance likewise predicted the strength of indirect effective connectivity
(Figs. 5c-d).

Direct inter-lobar effective connectivity across sites supporting the same and different linguistic processing stages
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6D dynamic tractography

Videos S1 and S2 best demonstrate the behavioral mode of early CCSR-based neural propagations across PC-de�ned language stages. In these
videos, we localized streamline estimates of white matter pathways directly connecting regions supporting PC-de�ned linguistic stages using
DWI data acquired from 27 patients. Evidence of CCSR connections and DWI connection provided evidence of a physiological relationship
between stimulus and recording sites. Readers will �nd that red streamlines are associated with large moving dots. The video snapshots (Fig. 7)
present the anatomical clustering of ‘collaborative’ (high-gamma co-augmentation at the stimulus and the recording sites; red streamline) and
‘uncollaborative’ (high-gamma augmentation at the stimulus site but high-gamma attenuation at the recording endpoint; blue streamlines)
relationships at the group level in template space. For example, the PC1 temporal lobe language sites collaborated mainly with the precentral
gyrus bilaterally (Fig. 7a), whereas the PC3 temporal lobe language sites collaborated with widespread regions in the left hemisphere (Fig. 7c).

The additional analysis using open-source DWI scans of healthy individuals and CCSR-based effective connectivity derived from all 37 study
patients provided generalizable language-network models (Supplementary Fig. S2). Before using the DWI data to analyze the anatomical
distribution of inter-lobar effective connectivity pathways between language sites, we �rst veri�ed that, where the open-source DWI data and the
individual data overlapped, they had similar relationships to the CCSR data. Speci�cally, we found that the velocity of CCSR-based neural
propagations was highly correlated between individual and open-source DWI data (r = 0.81, p-value < 0.001 in the 338 commonly available
streamlines in the temporal-to-extratemporal direction; r = 0.80; p-value < 0.001 in the 189 streamlines in the extratemporal-to-temporal
direction). Assessment of all 37 patients’ CCSR data using the open-source DWI data indicated that the arcuate fasciculus allowed
approximately two-thirds of the temporal-to-extratemporal lobe neural propagations; the uncinate fasciculus was used for less than 2% of such
propagations (Table 2and Supplementary Fig. S2). Conversely, the arcuate fasciculus was used for up to half of the extratemporal-to-temporal
lobe neural propagations; the uncinate fasciculus was used for up to 6% of such propagations (Table 2and Supplementary Fig. S2).
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Table 2
Composition proportion of naming-related pathways from and to the temporal lobe based on the open-source DWI data.

Direction Stimulus Recording n AF C EMC FAT

95%CI 95%CI 95%CI 95%CI

LL UL LL UL LL UL LL UL

Temporal to
extratemporal

PC1 PC1 229 74.6 85.3 0 1.6 0 1.6 0.01 2.4

  PC2 204 52.7 66.6 0 1.8 0 1.80 0 1.8

  PC3 372 72.3 81.1 0 1.0 0 1.0 0.01 1.5

PC2 PC1 384 72.8 81.4 0 1.0 0 1.0 1.3 4.7

  PC2 330 53.3 64.2 0 1.1 0 1.1 0 1.1

  PC3 642 68.5 75.6 0 0.6 0 0.6 0.6 2.6

PC3 PC1 276 70.6 81.0 0 1.3 0 1.3 1.3 5.6

  PC2 237 53.8 66.6 0 1.5 0 1.5 0 1.5

  PC3 463 68.7 77.0 0 0.8 0 0.8 0.5 2.8

Extratemporal
to temporal

PC1 PC1 55 27.0 54.1 0 6.5 0 6.5 0 6.5

  PC2 107 40.6 60.3 0 3.4 0 3.4 0 3.4

  PC3 100 45.7 65.9 0 3.6 0 3.6 0 3.6

PC2 PC1 64 8.9 28.7 0 5.6 0 5.6 0 5.6

  PC2 114 21.6 39.1 0 3.2 0 3.2 0 3.2

  PC3 90 21.8 41.7 0 4.0 0 4.0 0 4.0

PC3 PC1 75 26.4 49.3 0 4.8 0 4.8 0 4.8

  PC2 147 40.0 56.7 0 2.5 0 2.5 0 2.5

  PC3 132 44.2 61.8 0 2.8 0 2.8 0 2.8

IFOF ILF MdLF PAT SLF UF VOF

95%CI 95%CI 95%CI 95%CI 95%CI 95%CI 95%CI

LL UL LL UL LL UL LL UL LL UL LL UL LL UL

1.2 6.2 0.01 2.4 0 1.6 0 1.6 0.3 3.8 0 1.6 0 1.6

2.4 8.8 1.1 6.3 0.01 2.7 0.1 3.5 0.1 3.5 0 1.8 0 1.8

1.7 5.6 0.01 1.5 0.01 1.5 0.01 1.5 0.3 2.7 0 1.0 0 1.0

1.4 5.1 0.4 3.0 0 1.0 0.2 2.3 1.6 5.4 0 1.0 0 1.0

1.7 5.9 1.9 6.3 0.07 2.2 1.1 4.7 0.1 2.2 0 1.1 0 1.1

1.7 4.4 0.9 3.1 0 0.9 0.9 3.1 1.2 3.6 0 0.6 0 0.6

1.0 5.2 0.2 3.1 0 1.3 0.2 3.1 2.5 7.9 0 1.3 0 1.3

2.3 8.2 2.3 8.2 0 1.5 0.7 4.9 0.1 3.0 0 1.5 0 1.5

1.4 4.5 0.6 3.1 0.01 1.2 0.9 3.7 2.0 5.6 0 0.8 0 0.8

0.4 12.5 0.4 12.5 0 6.5 0.4 12.5 0 6.5 0 6.5 0 6.5

0 3.4 0 3.4 0 3.4 0.6 8.0 0 3.4 0 3.4 0 3.4

0.2 7.0 0.2 7.0 0 3.6 0.2 7.0 0 3.6 0 3.6 0 3.6

0.04 8.4 1.73 15.2 0.4 10.8 8.9 28.7 0 5.6 0 5.6 0 5.6
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Direction Stimulus Recording n AF C EMC FAT

95%CI 95%CI 95%CI 95%CI

LL UL LL UL LL UL LL UL

1.0 8.7 1.44 9.9 0.6 7.5 9.6 23.8 0 3.2 0 3.2 0 3.2

0.3 7.8 1.83 12.5 0.7 9.4 10.5 27.3 0 4.0 0 4.0 0 4.0

0.8 11.3 0.83 11.3 0 4.8 4.7 19.9 0 4.8 0 4.8 0 4.8

0.4 5.9 0.17 4.8 0 2.5 5.8 16.3 0 2.5 0 2.5 0 2.5

0.5 6.5 0.47 6.5 0 2.8 3.7 13.5 0 2.8 0 2.8 0 2.8

 

 

Discussion
The novelty of the present study

Our multimodality study quantitatively determined the strength, dynamics, and direction, and anatomical distribution of inter-lobar effective
connectivity between areas supporting the same and different linguistic stages in the developing brain. Our novel 6D tractography animations
visualized the trajectory of inter-lobar CCSR-based neural propagations from speci�c language-related sites, along with correlated metrics, at the
whole-brain level. Extratemporal lobe sites that support semantic retrieval had direct effective connectivity preferentially from and toward
temporal lobe sites supporting the same linguistic stage. Conversely, extratemporal lobe sites activated during overt responses had direct
effective connectivity with temporal lobe language sites regardless of supporting linguistic stages. Age-dependent strengthening of temporal-to-
extratemporal lobe direct effective connectivity preferentially took place between language areas supporting semantic retrieval. The arcuate
fasciculus consisted of about two-thirds of the auditory language-related effective connectivity pathways in the temporal-to-extratemporal
direction but only up to half of those in the opposite direction. The uncinate fasciculus consisted of only less than 2% of those in the temporal-
to-extratemporal direction and up to 6% of those in the opposite direction.

PC-based categorization of linguistic processing stages

Cortical regions classi�ed as PC1 were characterized by neural activation during the 300-ms period after the response onset (Fig. 3). The
anatomical distribution of PC1 sites was mainly in the bilateral Rolandic gyri and STG, which are suggested to be an integral part of the
‘phonological loop’7,8,12,19−23. High-frequency electrical stimulation of cortical areas in these regions has been shown to result in speech arrest,
face motor symptoms, or auditory hallucination5. Therefore we interpreted the PC1 network to be highly engaged in supporting motor output
and interpreting auditory perceptions, in particular the monitoring of one’s own vocal sounds.

PC2 was characterized by neural activation mainly during the sentence listening period (Fig. 3c) and was distributed mostly in the bilateral STG
and posterior MTG (Fig. 3e). High-frequency stimulation of these cortical areas has been shown to elicit auditory hallucination, impaired
syllable discrimination, or receptive aphasia5,85. Prior ECoG, fMRI, and lesion-de�cit studies have suggested that these anatomical regions map
acoustic information onto phonological representations86–89. We thus interpret PC2 sites as engaged in support of perceptual processing of
auditory sentence stimuli. It is also plausible that the PC2 high-gamma pattern re�ects some of the neural engagement required for semantic
understanding of each word. In contrast, some investigators suggest that much of the higher-order processing to understand the entire
semantic context occurs, mainly after a full sentence is heard90,91.

PC3 was characterized by neural activation between sentence offset and response onset (Fig. 3c). The PC3 sites were distributed predominantly
in the left hemisphere, including widespread posterior temporal and frontal neocortical regions (Fig. 3f). We previously reported that ESM at
these regions frequently elicited expressive aphasia characterized by the inability to generate a relevant answer on time while the patient could
repeat heard sounds and recall the heard sentence5. Therefore, PC3 sites are believed to support the retrieval of semantically coherent words.
Proposed model of the inter-lobar network dynamics supporting auditory naming

As best presented in Videos S1-S2, the temporal lobe language areas have developed effective connectivity pathways allowing rapid sharing of
phonologic and semantic representations with the extratemporal lobe structures supporting the same and different linguistic stages.
Approximately two-thirds of such temporal-to-extratemporal effective connectivity lies in the arcuate fasciculus, whereas less than 2% in the
uncinate (Figs. 7a-c and Table 2). Conversely, the arcuate and uncinate fasciculi support up to 50% and 6% of the effective connectivity in the
opposite direction (Figs. 7d-f and Table 2).
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Our multimodal study has expanded the existing models suggesting that the arcuate fasciculus consists of a central pathway allowing
temporal-to-extratemporal communications essential for auditory naming3,4,10,11. The novel aspects of our study include the quanti�cation of
the functional speci�city and direction dependency of the underlying white matter fasciculi. We propose that extratemporal lobe regions
supporting semantic retrieval have direct effective connectivity from widespread temporal lobe language regions but twice more preferentially
from those supporting the same linguistic stage (Fig. 6c). Conversely, extratemporal lobe regions consisting of the ‘phonological loop’ have
effective connectivity uniformly from the temporal lobe language regions. Our results support the models suggesting that much of the
language-related neural propagations from the temporal lobe occur directly through the arcuate fasciculus4,11. In contrast, we suggest that
neural propagations toward the temporal lobe originate from more diffuse extratemporal regions, including those outside the arcuate fasciculus
territory such as the anterior IFG, parietal, and occipital regions (Table 2). Verbal discourse is suggested to require self-assessments and
monitoring of voice pitch, semantic coherence of answers, and contextual appropriateness7,8,92,93. Further studies are warranted to determine if
the extratemporal-to-temporal effective connectivity outside the arcuate fasciculus in each hemisphere would be involved in the audio-visual
integration supporting the pragmatic aspect of language94,95.

Our results do not support a central role for temporal-to-extratemporal connectivity along the uncinate fasciculus in auditory naming9. Previous
studies have likewise reported unimpaired language function during high-frequency stimulation of the uncinate fasciculus96 and after left
anterior temporal lobectomy97. Our auditory naming-related network dynamics reported in the present study should not be generalized to those
enabling visual language. It remains unknown how much the uncinate fasciculus would contribute to inter-lobar effective connectivity between
visual language areas. Indeed, our previous ECoG study reported that a picture naming task, compared to an auditory naming task, elicited more
intense high-gamma augmentation in the anterior fusiform and entorhinal cortices62. These ventral temporal lobe structures are anatomically
connected to the anterior IFG via the uncinate fasciculus98.

Our sturdy by no means disproves the presence of indirect connectivity pathways between temporal and extratemporal lobe sites. Indeed, we
observed early CCSRs between the STG and inferior parietal lobe, which might contribute to indirect information transfer between the STG and
the frontal lobe2,48.
Proposed model of the inter-lobar connectivity development after age �ve

Our study proposes that age-dependent strengthening of inter-lobar effective connectivity after age �ve preferentially occurs between language
areas supporting semantic retrieval. The present study demonstrated that older age increased the strength of direct temporal-to-extratemporal
lobe effective connectivity preferentially between sites supporting semantic retrieval processing (Fig. 5a and Supplementary Table S3).

It is plausible to hypothesize that the numerous transfers of the neural representations of semantic information, which occurs over the
lifespan99, may strengthen inter-lobar effective connectivity via white matter pathways. Verbal conversation is a face-to-face communication
style typical across the lifespan. Children and young adults are estimated to exchange up to several thousands of spoken sentences a day100,
implying heavy utilization of the white matter networks between the temporal and extratemporal lobe structures. A putative mechanism for the
age-dependent increases in connectivity may be a strengthening of myelination. Studies of cultured cells have demonstrated that increased
action potential �ring strengthens myelination101–103. There is likewise evidence for use-dependent changes in white matter pathways. A DWI
study of 8- to 12-year-old readers reported that a six-month training including 100 hours of intensive remedial reading instruction additively
increased the fractional anisotropy (a measure of underlying myelination) of the left-hemispheric cortico-cortical white matter tracts104.
Enormous changes in inter-lobar effective connectivity are expected to occur during infancy and toddlerhood9; thus, further studies including
younger children are warranted to determine if the temporal-to-extratemporal lobe connectivity supporting the phonological process are
strengthened earlier than that supporting the semantic process.

Hemispheric asymmetry ofindirecteffective connectivity from the temporal lobe

One of our novel �ndings was that the left hemisphere, compared to the right, had increased strength of late CCSR-based effective connectivity
from temporal lobe language sites (Fig. 5c and Supplementary Tables S10-S12). Late CCSRs, characterized by augmentation of low-frequency
activity at 4–7 Hz, are suggested to indicate post-excitatory neural inhibition39,41, as re�ected by reduced �ring in simultaneous single-neuron
recording44,46. Likewise, in the current study, the average frequency of the signi�cant late CCSR local peaks in temporal-to-extratemporal lobe
direction was 6.8 Hz, indicating inhibitory-functioning connectivity. The observation of left-hemispheric bias in late CCSRs raises the possibility
that the left hemisphere may have more robust inhibitory networks governing inter-lobar effective connectivity.

It is possible that the left-hemispheric dominant late CCSRs, which may re�ect inhibitory activity, account for the left-hemispheric dominant
naming-related high-gamma augmentation during the semantic retrieval period (Fig. 3f)5,29. Task-related high-gamma augmentation has been
suggested to be attributed to the �ring of inhibitory interneurons at high-gamma frequencies105–110. Some have reported that increased GABA
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level measured by magnetic resonance spectroscopy (MRS) predicted a high peak frequency and power of task-induced gamma (< 70 Hz)
activity measured by magnetoencephalography111,112, whereas others failed to replicate such �ndings113.
Methodological considerations

While task-based functional connectivity, CCSR-based effective connectivity, and DWI-based structural connectivity have speci�c strengths,
each method has an inevitable limitation. Previous studies using Granger causality reported that cortical sites showing task-related high-
gamma augmentation during a shared time window could propagate neural activity between them12,13,20,114. However, Granger causality
cannot consistently distinguish direct versus indirect connectivity. Early CCSRs are a valuable measure to quantify the strength of long-range
direct effective connectivity39,41, but do not reveal the anatomical white matter structure which supports the observed connectivity. Conversely,
DWI-based tractography is a powerful tool to characterize anatomical white matter networks between two regions11, but does not measure the
directionality or function of the pathway. Our 6D dynamic tractography approach integrates all three modalities into a single model and
visualization, which revealed the white matter pathways supporting rapid neural propagations between sites engaged to speci�c linguistic
stages. We hypothesize that the dynamic trajectories observable via 6D tractography are more likely to be used for auditory naming if the
remote areas connected are simultaneously engaged in the same linguistic stage12,13,20,114. Indeed, we found that early CCSRs were larger when
the stimulus and recording sites showed high-gamma augmentation during the same linguistic stage. However, it is possible that although a
direct connection exists (as evidenced by a CCSR), this is not the pathway being utilized during the task. One cannot blindly presume that all of
the dynamic trajectories on the 6D tractography (particularly those via blue streamlines; Fig. 7) are active during auditory naming. Single-pulse
electrical stimulation forces a cortical site to induce neural propagations, some of which may or may not take place during a cognitive task.

We believe that the risk of our late CCSRs being contaminated by stimulation-induced pathological/epileptogenic high-frequency oscillations
(HFOs) is small115 because we excluded the SOZ as well as areas affected by interictal spikes or structural lesions from the CCSR analysis.
Furthermore, the mean latencies of our late CCSRs from temporal lobe sites were < 120 ms, whereas stimulation-induced pathological HFOs
typically occur approximately 250 ms and after115. TMS-based single-pulse stimulation at a central region in healthy adults was reported to
elicit low-frequency responses in remote areas at a latency of roughly 100 ms116.

A bene�t but also a limitation of 6D tractography is that it leverages the intersection of data from CCSR and DWI-based tractography. The use
of early CCSRs to constrain tractography helps minimize the in�uence of false positives in tractography results49. However, the low resolution
and signal-to-noise ratio of tractography may mean that false negatives are potentially present as well. Therefore, while we can have con�dence
in the positive results observed in the 6D dynamic tractography movies, they likely represent a subset of the full network. The velocity of neural
propagations was highly correlated between the datasets derived from individual and open-source DWI (Pearson r = 0.8). This observation
indicates that the anatomical trajectories of streamlines supporting observed effective connectivity were spatially similar between epilepsy
patients and healthy participants in the human connectome project (http://brain.labsolver.org/diffusion-mri-templates/hcp-842-hcp-102181).

Our mixed model analysis effectively controlled for the effect of epilepsy-related factors on CCSR and DWI measures. The reported effects of
linguistic processing stages and patient age on the strength of inter-lobar effective connectivity were all independent of epilepsy-related factors
as well as the Euclidean distance between stimulus and recording sites. For example, an increased number of oral antiepileptic drugs at the
time of surgery was associated with reduced strength of direct effective connectivity from the temporal lobe sites supporting the semantic
process (Fig. 5a and Supplementary Table S3). Either antiepileptic drugs or severe epilepsy requiring polytherapy may account for this
observation. A previous study of healthy adults reported that sodium-channel blockers but not GABA-mediated antiepileptic drugs elevated the
motor threshold on transcranial magnetic stimulation-based mapping117. In contrast, sodium-channel blocker monotherapy did not alter the
amplitude of short-latency somatosensory evoked potentials118. Second, a larger number of oral antiepileptic drugs generally re�ect greater
severity of seizure burden, including more severe cognitive dysfunction75. Several fMRI studies have reported that resting-state connectivity is
altered severely within and slightly outside the SOZ119–121.

Because the extent of electrode placement was guided purely by clinical needs, most patients underwent unilateral electrode placement. As
shown in Fig. 1, the spatial extent of ECoG sampling across patients was grossly symmetric. The present study was not designed to clarify the
role of interhemispheric connectivity in auditory naming. Our recent stereo-EEG study of three patients reported that both temporal and frontal
lobe neocortices had direct effective connectivity to the homotopic areas via either the corpus callosum or anterior commissure and that the
latency of early CCSR was less than 50 ms50.

The present study focused on assessing large-scale, inter-lobar connectivity networks from and toward the temporal lobe on each hemisphere.
We indeed excluded recording sites within 1.5 cm from a given stimulus pair from the analysis72,73. Thus, at this moment, we cannot propose a
model of short-range network dynamics supporting auditory naming. Employment of smaller intensity of single-pulse stimulation, an ECoG
ampli�er with a higher sampling rate, and increased density of intracranial electrode arrays may allow us to quantify the short-range effective
connectivity network.
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