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a b s t r a c t 

Gold standard neuroimaging modalities such as functional magnetic resonance imaging (fMRI), positron emission 

tomography (PET), and more recently electrocorticography (ECoG) have provided profound insights regarding 

the neural mechanisms underlying the processing of language, but they are limited in applications involving 

naturalistic language production especially in developing brains, during face-to-face dialogues, or as a brain- 

computer interface. High-density diffuse optical tomography (HD-DOT) provides high-fidelity mapping of human 

brain function with comparable spatial resolution to that of fMRI but in a silent and open scanning environment 

similar to real-life social scenarios. Therefore, HD-DOT has potential to be used in naturalistic settings where other 

neuroimaging modalities are limited. While HD-DOT has been previously validated against fMRI for mapping the 

neural correlates underlying language comprehension and covert (i.e., “silent ”) language production, HD-DOT 

has not yet been established for mapping the cortical responses to overt (i.e., “out loud ”) language production. In 

this study, we assessed the brain regions supporting a simple hierarchy of language tasks: silent reading of single 

words, covert production of verbs, and overt production of verbs in normal hearing right-handed native English 

speakers ( n = 33). First, we found that HD-DOT brain mapping is resilient to movement associated with overt 

speaking. Second, we observed that HD-DOT is sensitive to key activations and deactivations in brain function 

underlying the perception and naturalistic production of language. Specifically, statistically significant results 

were observed that show recruitment of regions in occipital, temporal, motor, and prefrontal cortices across 

all three tasks after performing stringent cluster-extent based thresholding. Our findings lay the foundation for 

future HD-DOT studies of imaging naturalistic language comprehension and production during real-life social 

interactions and for broader applications such as presurgical language assessment and brain-machine interfaces. 

1. Introduction 

Robust mapping of cortical brain function underlying naturalis- 

tic language production has broad potential impacts from tracking 

childhood development of language ( Kuhl et al., 2014 ) to diagno- 

sis and treatment of language impairments such as post-stroke apha- 

∗ Corresponding author at: Mallinckrodt Institute of Radiology; Washington University School of Medicine; 660 S. Euclid Ave, St Louis, MO 63110; USA. 

E-mail address: aeggebre@wustl.edu (A.T. Eggebrecht) . 
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sia ( Allendorfer et al., 2012 ), apraxia of speech ( Dronkers, 1996 ; 

Dronkers et al., 2004a ; Richardson et al., 2012 ), or for presurgical lan- 

guage assessment ( Benjamin et al., 2018 ; Tyndall et al., 2017 ). Despite 

extensive neuroimaging studies investigating different aspects of the hu- 

man language system, neural computations underlying language pro- 

duction in real-life settings especially in the early years of development 
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remains challenging, mainly due to the constraints of the current gold- 

standard neuroimaging modalities. 

Recent studies using invasive methods such as electrocorticography 

(ECoG) have provided unparalleled access to the neural substrates of 

language comprehension and production ( Anumanchipalli et al., 2019b ; 

Flinker et al., 2015 ; Li et al., 2021 ; Yi et al., 2019 ). However, ECoG 

not only provides a limited spatial sampling of cortical tissue but also 

is limited to a small group of clinical patients who are already under- 

going neurosurgery ( Metzger et al., 2022 ; Moses et al., 2019 ). By con- 

trast, non-invasive methods such as positron emission tomography (PET) 

and functional magnetic resonance imaging (fMRI) have been used to 

map the hierarchical and spatially distributed nature of the language 

system in typical and various atypical populations ( Bohland and Guen- 

ther, 2006 ; Brown et al., 2005 ; Church et al., 2011 , 2008 ; Eickhoff et al., 

2009 ; Fedorenko et al., 2015 ; Ihnen et al., 2009 ; Petersen et al., 1988 ; 

Wise et al., 1999 ). However, aside from high costs, PET uses ionizing ra- 

diation and has poor temporal resolution and fMRI entails a noisy ambi- 

ent environment of 110 dB (human speech typically ranges between 50 

and 65 dB). These limitations aside, none of the current neuroimaging 

modalities provide naturalistic studies of language processing in real-life 

settings as they either rely on certain patient populations in surgery set- 

tings (ECoG) or they require the participants to lie alone in an isolated 

scanner (PET or fMRI). 

Functional near infrared spectroscopy (fNIRS) methods similar to 

fMRI, measure the changes in the cerebral blood flow following neu- 

ronal activity, but offer a silent ( < 30 dB), non-invasive, portable, and 

potentially wearable alternative that enable mapping of human brain 

function in open and naturalistic social environments ( Pinti et al., 2018 , 

2020 ). Furthermore, the flexibility of the fNIRS-based scanning environ- 

ments makes it more feasible for use in developing brains ( Billing et al., 

2021 ; Blanco et al., 2021 ; Ferradal et al., 2016 ; Frijia et al., 2021 ), a crit- 

ical phase for studying the development of language. Despite all these 

advantages, fNIRS has not been widely used among neurolinguistics or 

cognitive psychologists due to its low spatial resolution, lack of depth 

profiling, and limited field of view. 

High-density diffuse optical tomography (HD-DOT) is a fast-growing 

fNIRS-based modality with a dense arrangement of optical sources and 

detectors that leads to a significantly higher spatial resolution and depth 

profiling compared to that of the standard fNIRS ( Eggebrecht et al., 

2014 , 2012 ; White and Culver, 2010 ). This higher spatial resolution, 

paired with the potential for portability and wearability, not only makes 

HD-DOT a reliable surrogate for fMRI but also enables a naturalistic 

scanning environment for use in real-life settings such as during face- 

to-face dialogues ( Hirsch et al., 2021 ) or as a brain-computer interface 

(BCI) ( Anumanchipalli et al., 2019a ; Makin et al., 2020 ) that could re- 

store communication capabilities in patients with locked in syndrome 

( Biasiucci et al., 2018 ; Collinger et al., 2013 ). Despite these possibili- 

ties, while HD-DOT has been used to map the hierarchical structure of 

processing single words ( Eggebrecht et al., 2014 ), and the functional ac- 

tivation ( Hassanpour et al., 2015 ) and connectivity ( Hassanpour et al., 

2017 ) underlying syntactic complexity, it has not yet been leveraged 

to investigate naturalistic production of language. This topic is partic- 

ularly important, as the resulting motion artifacts from overt speaking 

have been reported to be a key limitation in mapping language produc- 

tion using traditional neuroimaging modalities such as PET and fMRI. 

Thus, covert tasks are typically used instead of overt tasks to avoid in- 

troducing motion ( Black et al., 2017 ). This underscores the importance 

of demonstrating HD-DOT’s resilience to the level of motion artifacts 

during overt speaking and its feasibility for mapping the differential re- 

sponse to covert vs. overt language production. This may lay the foun- 

dation for future applications in more naturalistic real-life social inter- 

actions and presurgical language assessments. 

Herein, we imaged 41 healthy adults with HD-DOT as they per- 

formed a simple hierarchy of language tasks: silent reading of single 

words and covert and overt production of verbs. We chose this hierar- 

chy based on the hypothesis that successful language production can be 

modeled as the covert (silent and internalized) generation of language 

followed by the overt (out loud and externalized) articulation of the 

planned content and phonemes. As all stimuli for the covert and overt 

verb production tasks were presented orthographically, the silent word 

reading task could be used as a baseline for mapping the brain response 

to the visual language comprehension task. 

We aimed to quantify the level of motion artifacts during covert 

and overt verb production using a previously defined motion detec- 

tion index called the global variance of the temporal derivatives (GVTD) 

( Sherafati et al., 2020 ). We hypothesized that moderate jaw movements 

(as quantified by GVTD motion index) during the overt verb production 

task would not result in significant artifacts in HD-DOT data relative 

to control tasks that require no jaw movement: silent reading of words 

and covert production of verbs. We also hypothesized that our sample 

size and spatial resolution would be sufficient for mapping the neural 

response to language comprehension through reading words and the 

differential responses to covert vs. overt verb production. 

2. Materials and methods 

2.1. Data and code availability 

Data and analysis scripts will be publicly available upon acceptance 

at our NeuroDOT repository, https://www.nitrc.org/projects/neurodot , 

and on OpenfNIRS, https://openfnirs.org/ . 

2.2. Participants 

Adult participants were recruited from the Washington University in 

St. Louis community and surrounding area. The research was approved 

by the Human Research Protection Office at Washington University in 

St. Louis School of Medicine, and informed consent was obtained for all 

subjects. In total, 41 native English-speaking participants (21 females) 

20–44 years old participated in the study. To help control for variance 

beyond the scope of this study, exclusion criteria included being a na- 

tive speaker of an additional language to English ( n = 2), being left- 

handed or strongly ambidextrous ( n = 4), and not complying with task 

instructions ( n = 2). The final dataset was comprised of 33 native En- 

glish speaking, right-handed participants ages 20–44 years (17 females). 

To establish handedness, participants completed the short version of the 

Edinburgh Handedness Inventory ( Oldfield, 1971 ). Based on this ques- 

tionnaire, we ascertained the handedness of the participants based on 

the Laterality Quotient (Left-handedness = Less than − 40, Ambidexter- 

ity = Between − 40 and + 40, and Right-handedness = More than + 40) 

( Table 1 ). To assess general cognitive ability, the number of years of 

education was used ( Matarazzo, 1972 ; Matarazzo and Herman, 1984 ) 

( Table 1 ). All participants had no known history of speech disorder 

or language-related learning disabilities (e.g., childhood lisping, dys- 

graphia, dyslexia). 

2.3. HD-DOT system and data acquisition 

The custom-built continuous wave HD-DOT instrument used in this 

experiment has been previously described in detail ( Eggebrecht et al., 

2014 ). The instrument contained a dense array of 96 LED sources and 92 

avalanche photodiode detectors (188 total optodes) spatially arranged 

in a regular grid with first through fourth nearest neighbor distances 

of 1.3, 3.0, 3.9 and 4.7 cm, respectively ( Fig. 1 A). This dense grid 

of overlapping source-detector measurements provided sensitivity in a 

field of view over about a third of optically-accessible cortex, includ- 

ing multiple cortical regions previously implicated in processing of lan- 

guage ( Fig. 1 B). The 96 sources illuminated the head at two wavelengths 

(750 nm and 850 nm), resulting in ∼1200 source-detector measurements 

per wavelength sampled at a frame rate of 10 Hz. Optodes were coupled 

to the scalp at a perpendicular angle via a custom-built imaging cap and 

connected to the console supporting the optoelectronics with 4.2 m long 
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Table 1 

Participant demographics. 

Mean Age in Years ( + /-STD) Laterality Quotient ( + /-STD) Years of Education ( + /-STD) Estimated Full Scale IQ ( + /-STD) 

Male n = 16 28.89 (5.10) 78.28 (23.89) 19 (2.99) 113.43 (1.34) 

Female n = 17 27.39 (6.36) 80.59 (23.16) 17.5 (2.80) 112.54 (2.25) 

Full Sample 28.12 (5.75) 79.47 (23.17) 18.23 (2.95) 112.96 (1.91) 

Fig. 1. HD-DOT system and study design. (A) Schematic of a participant wearing the imaging cap (subset of fibers shown for clarity). (B) The field of view of the 

HD-DOT array on a model of the lateral perspectives of the cortex. (C) Stimulus designs and event design timing. All three task paradigms used visually presented 

nouns, with only OV requiring a spoken response. 

fiber-optic bundles. The weight of the cap and the fibers were supported 

by an extruded aluminum frame and a “double halo ” of two, collinear 

rings to prevent participants from bearing any of the imaging hardware 

weight while allowing gross head motion of a few centimeters. Partic- 

ipants were seated in an adjustable chair in a quiet, sound-insulated 

room ( < 30 dB during data acquisition) and underwent a roughly 10 min 

cap-fit procedure. The cap position, comfort, and fiber-to-scalp optical 

coupling were optimized with the aid of real time visual feedback on 

data quality including measurement-specific light levels and signal-to- 

noise as well as optode-specific assessments of coupling coefficients and 

temporal variability. 

2.4. Stimuli and procedure 

Participants completed an approximately 35 min-long HD-DOT ses- 

sion. Before beginning the experiment, participants were briefed on task 

instructions. During the experiment, participants completed three dif- 

ferent tasks ( Fig. 1 C): (i) reading single words (RW), (ii) covert verb 

production (CV), and (iii) overt verb production (OV). For the RW task, 

participants were instructed to read each word silently. For the CV task, 

participants were instructed to covertly (silently) generate a verb asso- 

ciated with each noun. For the OV task, participants were instructed 

to speak aloud a verb associated with each noun. In order to minimize 

the effect of motion artifacts due to overt speaking, we instructed our 

participants to avoid any unnecessary jaw or head movements during 

overt speaking. Each imaging session consisted of two RW runs, three 

CV runs, and three OV runs. All runs were approximately 3 min and 

45 s in length. Additionally, participants completed a practice run at 

the beginning of each session to ensure they understood task instruc- 

tions and to confirm that audio responses could be clearly captured. 

All three tasks used visual presentation of single nouns in horizontally 

and vertically centered white text (Arial font, 80 pt) on a 50% gray 

background on a computer monitor positioned 90 cm from the nasion. 

Nouns were presented using an event design paradigm. Each event block 

(ON) consisted of five nouns presented one second apart (presentation 

time of 200 ms; inter-word display interval of 800 ms; Fig. 1 C (iv). A 

white fixation crosshair was presented on the monitor between word 

presentations (Rest) with pseudorandomized exponentially distributed 

inter-stimulus intervals (2–13 s). Participants were instructed to fixate 

on the crosshair whenever it appeared, including during the initial 30 s 

resting fixation period at the beginning of each run. 

High-frequency, concrete nouns ( n = 765) from Standard Ameri- 

can English were selected from the SUBTLEXus corpus ( Brysbaert and 

New, 2009 ). Only nouns with Zipfian frequencies ( Van Heuven et al., 

2014 ) of 3.86 and higher were included. Nine lists of words were created 

(one practice run list plus a word list for each of the other eight runs). 

No noun was presented more than once per imaging session, and the 

order of words presented within each list was counterbalanced across 

participants. Four pseudorandomized orders of nouns were created for 

each of the eight lists of words. All stimuli were delivered using MATLAB 

(2010b) and Psychophysics Toolbox 3 via custom scripts. 

2.5. Behavioral response collection 

Audio responses (i.e., verbs generated during OV runs) were cap- 

tured using a Sennheiser e835 Live Vocal Microphone positioned two to 

four inches laterally from and slightly posterior to participants’ mouths 

and recorded using the Audacity software. Audio responses were mon- 

itored live (via visualizations of the waveforms in Audacity) during the 

scan to ensure that participants were not speaking during the RW or CV 

tasks and that they were speaking during the OV task. 

2.6. HD-DOT data processing 

HD-DOT data were processed using the NeuroDOT 

( https://www.nitrc.org/projects/neurodot/ ) processing pipeline in 

MATLAB ( Eggebrecht and Culver, 2019 ). Individual source-detector 

pair light level measurements were converted into 5D-movies (oxygena- 
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tion species concentrations by space by time) of relative hemodynamic 

changes at the voxel-level through five steps: light-level measurement 

pre-processing, anatomical light modeling, image reconstruction, spec- 

troscopy, and spatial normalization. Details regarding these procedures 

have been previously published ( Eggebrecht et al., 2014 ) and are 

described in brief below. 

The baseline of the raw light-level measurement for each source- 

detector (SD) channel for an individual run was calculated as the mean 

value across the entire run. This baseline was then used to convert the SD 

measurements to time-series of log-ratio optical density data by taking 

the logarithm of the ratio of the instantaneous light level and the mean 

value (baseline) over the entire run. Any measurements with temporal 

standard deviation > 7.5% were excluded from image reconstruction 

because they were deemed overly contaminated by non-physiological 

variance such as motion artifact. In summary, only 3.2 ± 3.5% of mea- 

surements were excluded for each subject across all their RW runs, and 

3.5 ± 3.7% and 4.0 ± 4.6% for CV and OV runs, respectively. The density 

of the SD grid ensured that each voxel is sampled by multiple measure- 

ments, thereby minimizing data fidelity loss when individual channel 

measurements are excluded due to high temporal variance. Long term 

drift was removed from the remaining measurements via high-pass fil- 

tering at a cutoff frequency of 0.02 Hz with a 5-pole Butterworth fil- 

ter. The mean across all included first nearest neighbor measurements 

(source-detector pairs with a 13 mm separation) was used as an approx- 

imation of systemic superficial signals and regressed out of all measure- 

ments ( Gregg et al., 2010 ). Measurements were then low-pass filtered at 

a cutoff frequency of 0.5 Hz and resampled to 1 Hz. The resampling to 

1 Hz was performed primarily because the aim of this study is to evalu- 

ate the efficacy of HD-DOT in localizing the language responsive cortical 

regions as compared to previous fMRI results (which typically samples 

at or below ∼1 Hz) rather than exploring new temporal dynamics of the 

speech related areas. 

As described in prior work ( Eggebrecht et al., 2014 ; Ferradal et al., 

2014 ), a finite-element, wavelength-dependent forward light-model was 

used to calculate the sensitivity for the full array of SD measurements us- 

ing a heterogeneous head model composed of five tissue types, each with 

specific optical properties: scalp, skull, gray matter, white matter, and 

cerebrospinal fluid ( Eggebrecht et al., 2012 ). The non-linear ICBM152 

atlas from the Montreal Neurological Institute ( Fonov et al., 2009 ) was 

used as the anatomical model ( Ferradal et al., 2014 ). 

Image reconstruction was performed to convert from optical density 

to relative changes in absorption in a voxelated space using spatially 

variant regularization parameter of 0.1, Tikhonov regularization param- 

eter of 0.01, and a Gaussian 3D smoothing kernel of 3 mm full width 

at half maximum was used to remove speckly spatial noise. These data 

were then spectroscopically unmixed to obtain volumetric time-series 

data of relative changes in oxyhemoglobin ( ∆HbO 2 ), deoxyhemoglobin 

( ∆HbR), and total hemoglobin ( ∆HbT) concentrations ( Bluestone et al., 

2001 ). For brevity, while the present analyses focused on the ∆HbO 2 

contrast, as we have consistently found higher contrast-to-noise ratios 

with ∆HbO 2 compared to ∆HbR or ∆HbT, we are also presenting figures 

and tables of significant clusters for ∆HbR to highlight the complemen- 

tary results obtainable with ∆HbO 2 and ∆HbR. 

2.7. Detection and removal of motion artifacts 

To ensure that motion artifacts (especially during the OV task) do not 

result in spurious effects in our results, we quantified motion using the 

global variance of the temporal derivatives (GVTD). The GVTD, much 

like the DVARS measure of fMRI ( Smyser et al., 2010 ), is calculated 

by taking the root mean square of the first temporal derivative of all 

first nearest neighbor measurements ( Sherafati et al., 2017 ). GVTD as a 

data-driven index of motion for HD-DOT has been previously validated 

to outperform direct accelerometer measures and other motion correc- 

tion methods for HD-DOT data ( Sherafati et al., 2020 ). Lower mean 

GVTD values have been shown to correlate with high spatial similar- 

ity of the HD-DOT maps with corresponding gold standard fMRI maps 

( Sherafati et al., 2020 ). Here, we used GVTD to quantify the levels of 

motion across three paradigms and to remove the runs of data with high 

median levels of motion using an empirical GVTD threshold. 

2.8. Response modeling and statistical analysis 

A general linear model was used with an HD-DOT-derived adult 

hemodynamic response function ( Hassanpour et al., 2014 ) to gener- 

ate within-participant beta values of stimulus contrasted against rest for 

each run. Mean beta value maps for each participant were generated by 

averaging beta values from all runs for a given task type. Cluster-extent 

based thresholding was performed in SPM12 (Wellcome Trust centre for 

Neuroimaging, London, UK) using the mean beta value maps for each 

participant as input. Cluster-extent based thresholds ( k ) were calculated 

with the Gaussian random field (GRF) method. The residual images were 

used to estimate intrinsic smoothness for the task vs. rest effects and 

the task contrast effects (e.g., OV vs. CV) using a primary voxel-level 

p < 1 × 10 − 4 . One sample t -tests were calculated for the task vs. rest 

effects and paired t -tests were calculated for the task contrast effects, 

with p < 0.05 for each tail. As a total, 24 tails were assessed (positive 

and negative for each of the twelve comparisons for each of ∆HbO 2 and 

∆HbR). Only clusters with p < 0.0021 (family wise error critical value, 

FWEc) were included as significant (0.05 ÷ 24 = 2.1 × 10 − 3 ). 

To describe anatomical regions and Brodmann areas for each 

cluster, SPM outputs were entered into the WFU PickAtlas 3.0.5b 

( Maldjian et al., 2004 , 2003 ) ( Tables 2–5 ). For each region, we then 

also calculated the Cohen’s- d to assess the effect size of the task response 

relative to rest, as well as for the contrasts between the paradigms. Fi- 

nally, we estimated the temporal profile of the ∆HbO 2 contrast hemo- 

dynamic activity for each stimulus type within a variety of implicated 

regions of interest using a finite impulse response model ( Glover, 1999 ; 

Hassanpour et al., 2014 ; Miezin et al., 2000 ). This procedure allowed 

us to both evaluate the time course of the evoked responses to each 

task type to ensure they were physiologically plausible and to highlight 

spatio-temporal characteristics differentiating brain function underlying 

these language tasks. 

3. Results 

3.1. Motion evaluation across paradigms 

Motion was quantified using the time-point by time-point GVTD 

index. Fig. 2 A-C demonstrates two GVTD time-traces and their cor- 

responding histograms for a low motion (clean)run and a high mo- 

tion (noisy) run for each of the three language paradigms. Addition- 

ally shown are the cumulative distribution for all runs for all subjects 

for each paradigm, with a different color line for each run. Insets show 

mean + /- STD across all clean runs for each paradigm with additional 

dashed traces for noisy runs that were excluded from further analyses. 

Red boxes show median GVTD values (horizontal line intersecting 50% 

normalized values, equivalent to the median value) for each paradigm 

and empirical threshold for the study (7.04 × 10 − 4 ). To ensure equal 

levels of motion across three tasks, an empirically derived threshold of 

the median GVTD value per run of 7.04 × 10 − 4 was used to exclude 

runs with too much motion contamination from analysis ( Fig. 2 ). In all, 

11 runs were excluded due to high motion as quantified by median of 

the GVTD value of the run ( n = 4 RW; n = 3 CV runs; n = 4 OV runs) 

( Fig. 2 D). As assessed by the GVTD metric, though small but signifi- 

cant differences were observed between OV and each of RW and CV, 

the majority of data collected survived our empirically-derived thresh- 

old of 7.04 × 10 − 4 for median GVTD within a run ( Fig. 2 D). In or- 

der to determine whether GVTD changed as a function of task type, 

GVTD was averaged across scan sessions (2 RW, 3 CV, 3 OV) and across 

days for all subjects ( n = 33; Fig. 2 E). A repeated measures ANOVA 
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Table 2 

∆HbO 2 Task vs. rest effects. 

Significant Clusters Brodmann Area k (cm 

3 ) T peak, mean Z X (mm) Y (mm) Z (mm) 

RW > Rest 

Middle Occipital Gyrus (L) 18 23.01 7.12, 5.51 5.47 − 30 − 94 − 4 
Middle Occipital Gyrus (R) 18 11.61 6.72, 5.07 5.27 35 − 95 − 20 

Superior Temporal Gyrus (L) 22 1.217 6.49, 4.53 5.15 − 70 − 52 9 

CV > Rest 

Middle Occipital Gyrus (L) 18 20.51 7.89, 5.59 5.84 − 53 − 87 6 

Inferior Occipital Gyrus (R) 18 16.37 8.04, 5.59 5.90 33 − 101 3 

Middle Temporal Gyrus (L) 21 9.24 5.84, 4.99 4.78 − 56 − 51 − 5 
Inferior Frontal Gyrus (L) 45 8.91 6.83, 4.77 5.33 − 43 24 13 

CV < Rest 

Superior Temporal Gyrus (R) 39 1.57 4.95, 4.35 4.24 58 − 67 25 

OV > Rest 

Inferior Frontal Gyrus (L) 9 24.23 6.24, 5.00 5.01 − 53 32 29 

Inferior Occipital Gyrus (L) 18 10.72 6.96, 4.76 5.39 − 48 − 89 − 22 

Inferior Occipital Gyrus (R) 18 4.65 5.80, 4.73 4.76 29 − 98 − 14 

Middle Temporal Gyrus (L) 37 4.21 5.68, 4.77 4.69 − 53 − 48 − 17 

Postcentral Gyrus (R) 43 3.34 5.35, 4.57 4.49 57 − 10 17 

Precentral Gyrus (L) 4 1.87 5.50, 4.65 4.58 − 55 − 13 51 

Inferior Frontal Gyrus (R) 44 1.61 5.29, 4.56 4.45 63 10 14 

Middle Frontal Gyrus (R) 6 1.59 5.60, 4.52 4.64 46 1 56 

OV < Rest 

Superior Temporal Gyrus (R) 40 1.91 5.38, 4.41 4.50 63 − 66 26 

RW, Reading Words; CV, Covert Verb Generation; OV, Overt Verb Generation; L, left; R, right; k, Cluster-extent 

based threshold P Town. 

Table 3 

∆HbR Task vs. rest effects. 

Significant Clusters Brodmann Area k (cm 

3 ) T peak, mean Z X (mm) Y (mm) Z (mm) 

RW < REST 

Inferior Occipital Gyrus (L) 18 17.76 7.79, 5.29 5.79 − 31 − 95 − 7 
Inferior Occipital Gyrus (R) 18 6.92 6.35, 4.88 5.07 33 − 80 − 17 

CV > REST 

Supramarginal Gyrus (R) 40 5.12 6.17, 4.80 4.97 64 − 64 23 

Inferior Parietal Lobule (R) 40 3.10 4.77, 5.56 4.62 59 − 31 45 

CV < REST 

Middle Occipital Gyrus (L) 18 23.19 8.73, 5.53 6.2 − 32 − 100 − 8 
Middle Occipital Gyrus (R) 18 18.35 7.38, 5.30 5.6 32 − 100 18 

Middle Frontal Gyrus (L) 9 20.34 6.53, 4.93 5.17 − 48 37 30 

Inferior Temporal Gyrus (L) 20 3.28 5.82, 4.66 4.77 − 65 − 60 − 16 

Superior Temporal Gyrus (L) 22 2.20 5.56, 4.64 4.62 − 49 − 40 5 

OV < REST 

Middle Frontal Gyrus 9 42.05 11.48, 5.60 7.18 − 70 − 8 4 

Precentral Gyrus (R) 6 19.51 8.14, 5.19 5.95 73 − 17 5 

Middle Occipital Gyrus (L) 18 18.57 6.91, 4.94 5.37 − 48 − 88 − 22 

Inferior Occipital Gyrus (R) 18 7.65 6.10, 4.68 4.93 35 − 100 2 

Inferior Temporal Gyrus (L) 37 4.67 6.15, 5.03 4.96 − 64 − 59 − 11 

Precentral Gyrus (L) 6 3.53 6.67, 4.95 5.24 − 54 − 1 52 

Lingual Gyrus (R) 18 0.68 4.92, 4.44 4.22 6 − 97 − 19 

RW, Reading Words; CV, Covert Verb Generation; OV, Overt Verb Generation; L, left; R, right; k , Cluster-extent 

based threshold. 

Table 4 

∆HbO 2 Task vs. task effects. 

Cluster-level Peak-level 

Cluster Region Brodmann Area k (cm 

3 ) T peak, mean Z X (mm) Y (mm) Z (mm) 

CV > RW Inferior Frontal Gyrus (L) 45 5.97 6.90, 4.97 5.36 − 51 25 13 

CV > RW Middle Frontal Gyrus (L) 9 0.71 5.43, 4.43 4.54 − 65 16 26 

CV < RW Supramarginal Gyrus (R) 40 3.93 5.34, 4.56 4.48 48 − 47 29 

OV > RW Inferior Frontal Gyrus (L) 46 9.15 5.91, 4.68 4.83 − 60 25 21 

OV > RW Precentral Gyrus (L) 44 3.20 6.03, 4.54 4.89 − 64 13 13 

OV < RW Supramarginal Gyrus (R) 40 3.38 4.94, 4.40 4.23 51 − 43 24 

OV > CV Postcentral Gyrus (R) 43 1.04 4.88, 4.46 4.19 54 − 17 19 

RW, Reading Words; CV, Covert Verb Generation; OV, Overt Verb Generation; L, left; R, right; k, Cluster-extent based 

threshold. 
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Fig. 2. Tracking motion artifacts across language paradigms. Representative individual time-traces and histograms (insets) of GVTD values for clean and noisy data 

acquired for representative (A) RW, (B) CV, and (C) OV runs. Black and colored boxes on x-axis denote the stimulus paradigm timings (10 Hz). Insets show mean 

+ /- STD across all clean runs with additional dashed traces for noisy runs. Additionally, cumulative distributions for all runs for all subjects for each paradigm are 

shown, with a different color for each run to distinguish the overlapping lines. Red horizontal lines show median GVTD values for each paradigm (as it intersects 0.5 

on the cumulative distributions) and red vertical lines show the empirical threshold for the study (7.04 × 10 − 4 ) that was applied to the median values for each run. 

(D) Head motion was quantified by median GVTD for each participant and run. Red line represents empirically derived threshold (same as in A-C) to remove data 

from analyses. (E) GVTD variability across scan runs and tasks after exclusion of high motion runs. Collapsing task types across days revealed a main effect of task 

type. GVTD did not differ by scan run or as an interaction of scan run and task type. Error bars represent standard error of the mean [ + / − 1SE]). 
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Table 5 

∆HbR Task vs. task effects. 

Cluster-level Peak-level 

Cluster Region Brodmann Area k (cm 

3 ) T peak, mean Z X (mm) Y (mm) Z (mm) 

CV > OV Precentral Gyrus (R) 6 17.74 8.39, 5.33 6.06 71 − 11 5 

CV > OV Superior Temporal Gyrus (L) 22 8.66 7.21, 5.10 5.52 − 61 0 − 3 
CV < RW Middle Frontal Gyrus (L) 9 13.00 6.38, 4.79 5.09 − 58 28 21 

CV > RW Supramarginal Gyrus (R) 40 8.78 6.70, 5.09 5.26 48 − 47 28 

OV < RW Inferior Frontal Gyrus (L) 9 28.35 9.22, 5.25 6.39 − 70 − 10 4 

OV < RW Precentral Gyrus (R) 6 12.58 7.89, 5.21 5.84 74 − 18 5 

OV < RW Precentral gyrus (L) 3 0.94 5.11, 4.52 4.34 − 51 − 17 61 

OV < RW Precentral Gyrus (R) 4 0.55 5.20, 4.55 4.40 64 − 8 45 

RW, Reading Words; CV, Covert Verb Generation; OV, Overt Verb Generation; L, left; R, right; k , Cluster-extent based threshold. 

Fig. 3. Task-based responses for HbO 2 . (A) Group-wise t-maps highlight spatially distributed regions recruited for responses to reading words. Statistically significant 

clusters shown on an inflated cortical surface and in selected slices through the volume with MNI-based coordinates for each slice. (B-C) Corresponding maps for 

covert verb production (B) and overt verb production (C). 

with Greenhouse-Geisser correction determined that mean GVTD sig- 

nificantly varied across tasks F (1.26,39.9) = 24.4 ( p < 0.001). Post 

hoc paired samples tests with Bonferroni correction revealed that CV 

(mean = 3.5 × 10 − 4 , STD = 1.0 × 10 − 4 ) and RW (mean = 3.6 × 10 − 4 , 

STD = 1.0 × 10 − 4 ) did not differ in GVTD t (32) = 0.14 ( p = 0.894). 

However OV GVTD (mean = 4.4 × 10 − 4 , STD = 1.0 × 10 − 4 ) was signif- 

icantly greater than CV t (32) = 6.49 ( p < 0.001) and RW t (32) = 5.78 

( p < 0.001). (FWE p < 0.05) Additional Post hoc analyses confirmed that 

OV GVTD was greater than both RW and CV GVTD and this difference 

was greater than variability in GVTD across repeated scan runs within 

a session and across days ( Fig. 2 E, Supplemental Fig. S1). 

3.2. Silent reading of words 

Silently reading single nouns caused strong increases in oxygenated 

hemoglobin ( ∆HbO 2 ) ( Fig. 3 A) and decreases in oxygenated hemoglobin 

( ∆HbR) ( Fig. 4 A) throughout bilateral occipital cortex as well as spa- 

tially distributed regions including left posterior temporal lobe and bi- 

lateral regions around dorsolateral prefrontal cortex. Stringent cluster- 

extent based thresholding at voxel-level p < 1 × 10 − 4 and cluster-level 

FWEc p < 2.1 × 10 − 3 yielded three clusters for RW > rest, with peaks 

located in left middle occipital gyrus (orange), right middle occipital 

gyrus (yellow), and left superior temporal gyrus (green) ( Fig. 3 A). No 

clusters passed significance for RW < rest for ∆HbO 2 . Cluster-extent 

based thresholding results are given in Tables 2 , 3 with one anatomi- 

cal region named for each significant cluster, corresponding with the 

peak-level coordinate for each cluster. Clusters are listed in order of de- 

creasing size ( k ) for each task type. 

3.3. Covert verb production 

In response to covertly producing a verb for each noun, robust re- 

sponses are again apparent in bilateral occipital regions along with a 

strong unilateral recruitment of the left temporal lobe and left prefrontal 

cortex ( Figs. 3 B and 4 B). For ∆HbO 2 responses to CV > rest, statisti- 

cally significant activations were located in four total clusters localized 

with peaks in left middle occipital gyrus (orange), right inferior occip- 

ital gyrus (yellow), left middle temporal gyrus (green), and left infe- 

rior frontal gyrus (purple) after the same stringent cluster-extent based 

thresholding as the RW task ( Fig. 3 B, Table 2 ). For CV < rest, one statisti- 

cally significant cluster was found with a peak in right superior temporal 

gyrus (white) for ∆HbO 2 ( Fig. 3 B, Table 2 ). Complementary results are 

presented for the ∆HbR contrast in Fig. 4 , Table 3 . 

3.4. Overt verb production 

Successful responses to this paradigm required overt language gen- 

eration or speaking aloud. In response to overtly producing a verb for 
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Fig. 4. Task-based responses for HbR. (A) Group-wise t-maps highlight spatially distributed regions recruited for responses to reading words. Statistically significant 

clusters shown on an inflated cortical surface and in selected slices through the volume with MNI-based coordinates for each slice. (B-C) Corresponding maps for 

covert verb production (B) and overt verb production (C). 

each noun, robust responses are again apparent in bilateral occipital re- 

gions, left temporal lobe, and left prefrontal cortex, along with notable 

recruitment of bilateral motor-mouth regions ( Figs. 3 C, 4 C). For ∆HbO 2 

responses to OV > rest, eight statistically significant clusters were found 

after the same stringent cluster-extent based thresholding as the RW 

and CV tasks with peaks in left inferior frontal gyrus (purple), left infe- 

rior occipital gyrus (orange), right inferior occipital gyrus (yellow), left 

middle temporal gyrus (green), right postcentral gyrus (dark blue), left 

precentral gyrus (cyan), right inferior frontal gyrus (pink), and right 

middle frontal gyrus (red) ( Fig. 3 C, Table 2 ). The OV < rest contrast 

localized one statistically significant cluster in right superior temporal 

gyrus (white) ( Fig. 3 C, Table 2 ). Complementary results are presented 

for the ∆HbR contrast in Fig. 4 , Table 3 . 

3.5. Contrasts between task paradigms 

We identified regions showing significantly different activity be- 

tween two given task types using cluster-extent based thresholding with 

the same parameters as the task vs. rest effects (primary p < 1 × 10 − 4 

and cluster level FWEc p < 2.1 × 10 − 3 ). The comparison between activ- 

ity underlying production of language relative to passive word reading 

allows for differentiation of higher-level language processing regions 

from general visual processing regions. Compared to passive reading, 

both covert and overt production of words led to significant increases 

in oxygenated hemoglobin ( ∆HbO 2 ) ( Fig. 5 A, Table 4 ) and decreases 

in oxygenated hemoglobin ( ∆HbR) ( Fig. 6 A, Table 5 ) . Specifically, for 

the ∆HbO 2 CV > RW contrast, two clusters were localized with peaks 

located in the left inferior frontal gyrus (purple, Cohen’s d = 0.93) and 

left middle frontal gyrus (dark pink, Cohen’s d = 0.77) ( Fig. 5 A). Ad- 

ditionally, the OV > RW contrast yielded two clusters, with peaks in 

left inferior frontal gyrus (purple, Cohen’s d = 0.98) and left precentral 

gyrus (brown, Cohen’s d = 1.09) ( Fig. 5 B). Further, we found significant 

decreases in activity relative to passive reading while generating lan- 

guage either overtly or covertly in right supramarginal gyrus ( Fig. 5 A- 

B). Strong effect sizes were observed for both CV < RW (white cluster 

in Fig. 5 A, Cohen’s d = 1.38) and for OV < RW (white cluster in Fig. 5 B, 

Cohen’s d = 1.09). We then identified regions showing significantly dif- 

ferent activity between covert and overt production of language ( Fig. 5 C, 

Table 4 ). We found one region with a significant increase in activity for 

OV > CV (dark blue cluster Fig. 5 C, Cohen’s d = 0.96) with the peak 

in right postcentral gyrus ( Fig. 5 C). No clusters survived cluster-extent 

based thresholding at p > 0.0001 for OV < CV. Complementary results 

are presented for the ∆HbR contrast in Fig. 6 , Table 5 . 

3.6. Temporal characteristics of responses 

To examine the temporal profile of the ΔHbO 2 responses across the 

group of n = 33 participants, we extracted the mean hemodynamic re- 

sponses evoked for each task type at selected clusters of interest from 

Figs. 3 and 5 ( Fig. 7 ). The hemodynamic response starts with a delay 

between 2 and 5 s from the start of the event block and peaks around 

4–6 s after the end of the stimulus block (5 s). These responses serve 

as a face-valid quality control to check and verify that the responses 

recorded with HD-DOT are valid hemodynamic patterns and not just 

spurious results due to noise. 

3.7. Motion artifact evaluation in OV responses 

In addition to quantifying the expected higher motion levels in the 

OV runs compared to RW and CV runs ( Fig. 2 E), we evaluated the Pear- 

son correlation between the median GVTD of each OV run and the mag- 

nitude of the mean beta value in each of the nine significant clusters in 

the ΔHbO 2 responses to the OV task across n = 33 participants. Our re- 

sults indicated no significant correlations in the magnitudes of the mean 

beta value in these nine clusters and the median GVTD value of that run 

( Table 6 ). 

4. Discussion 

Language is a complex cognitive process exclusive to humans that 

integrates several levels of linguistic analysis (phonemes, semantics, 

morphemes, clauses, etc.), social cues, and processing modes (read- 

ing, writing, listening, and speaking). Despite this complexity, the stim- 

uli most often chosen for language experiments largely lack similarity 

to how language is used naturally. Those that have used naturalistic 

stimuli have found that the neural response to language is much more 
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Fig. 5. Task contrast maps for ∆HbO 2 . (A) Group-wise t-maps highlight spatially distributed regions recruited for responses to covert production of verbs compared 

to passive reading of words. Statistically significant clusters are shown on an inflated cortical surface and in selected slices through the volume with MNI-based 

coordinates for each slice. (B-C) Corresponding maps for overt verb production compared to passive reading of words (B) and overt vs. covert verb production (C). 

Spatially smaller clusters are highlighted with a white circle. 

Fig. 6. Task contrast maps for ∆HbR. (A) Group-wise t-maps highlight spatially distributed regions recruited for responses to covert production of verbs compared 

to passive reading of words. Statistically significant clusters are shown on an inflated cortical surface and in selected slices through the volume with MNI-based 

coordinates for each slice. (B-C) Corresponding maps for overt verb production compared to passive reading of words (B) and overt vs. covert verb production (C). 

Spatially smaller clusters are highlighted with a white circle. 

Table 6 

Correlations between median GVTD and mean 

beta in each OV ∆HbO 2 significant cluster. 

Cluster r-value p-value 

Inferior Frontal Gyrus (L) 0.06 0.70 

Inferior Occipital Gyrus (L) − 0.13 0.46 

Inferior Occipital Gyrus (R) − 0.28 0.11 

Middle Temporal Gyrus (L) − 0.03 0.83 

Postcentral Gyrus (R) − 0.11 0.51 

Precentral Gyrus (L) 0.10 0.54 

Inferior Frontal Gyrus (R) − 0.15 0.37 

Middle Frontal Gyrus (R) − 0.23 0.19 

Superior Temporal Gyrus (R) 0.11 0.53 

widespread and less left-lateralized than studies of non-naturalistic lan- 

guage brain function have suggested ( Cogan et al., 2014 ; Hamilton and 

Huth, 2018 ; Lerner et al., 2011 ). While naturalistic language experi- 

ments can be very efficient for testing multiple hypotheses at once with- 

out having to specify categories ahead of time (e.g., syntactic, semantic, 

spectrotemporal, phonemic, etc.) ( de Heer et al., 2017 ; Hamilton and 

Huth, 2018 ; Wehbe et al., 2014 ), they are not commonly used in neu- 

rolinguistics studies mainly due to the limitations of the current gold 

standard neuroimaging modalities and their incompatibility with social 

environments. In this study, we aimed to assess the feasibility of HD- 

DOT, a silent, non-invasive, portable, and potentially wearable modal- 

ity for mapping the differential brain responses to three tasks: reading 

nouns, covert verb production, and overt verb production. We first quan- 

9 



M.L. Schroeder, A. Sherafati, R.L. Ulbrich et al. NeuroImage 276 (2023) 120190 

Fig. 7. Temporal profiles of the ∆HbO 2 hemodynamic response (oxygenated hemoglobin) for each task contrasted with rest for a selection of clusters, with shaded 

areas representing the standard error of the mean across participants. The color of the box outline for a given set of time traces corresponds to the color of the 

associated cluster on the cortical surface. 

tified the levels of motion in all 3 task responses using a previously vali- 

dated motion detection index for HD-DOT called GVTD ( Sherafati et al., 

2017 , 2020 ). We also showed that HD-DOT successfully localizes the 

brain regions that respond during single word perception as well as dur- 

ing covert and overt verb production. Our findings are in general agree- 

ment with a set of previously localized regions responding to the percep- 

tion and production of language based on previous PET and fMRI studies 

( Bohland and Guenther, 2006 ; Eickhoff et al., 2009 ; Fedorenko et al., 

2015 ; Petersen et al., 1988 , 1990 ; Wise et al., 1999 ) that include por- 

tions of the superior temporal cortex, inferior and middle frontal cortex, 

supramarginal gyrus and precentral and postcentral gyri. These regions 

showed statistically significant responses either in task vs. rest effects or 

task vs. task effects after cluster-extent based thresholding (see Tables 

2–5 for details). Finally, we demonstrated the resilience of HD-DOT in 

tolerating the levels of motion artifacts during overt language produc- 

tion by performing a correlation analysis between the magnitudes of the 

median GVTD value of each OV run and the mean beta value in each 

significant cluster in the OV response. 

Below we discuss these results in more detail, note their limitations, 

and explore some future potential applications of HD-DOT for mapping 

naturalistic real-life language processing and pre-surgical language as- 

sessment in light of our present findings. 

4.1. Resilience of HD-DOT to motion due to overt speaking 

Currently, fMRI is the gold standard neuroimaging tool for localizing 

the components of language network specially prior to neurosurgeries 

( Black et al., 2017 ). Overt speaking is known to induce artifacts in fMRI 

data due to the involvement of the respiratory system and the moving 

articulatory organs such as tongue, lips, and jaw ( Barch et al., 1999 ; 

Birn et al., 1998 ; Friston et al., 1996 ; Huang et al., 2008 ; Kemeny et al., 

2005 ). Thus, covert language production tasks are commonly used to 

avoid motion artifacts ( Black et al., 2017 ; Hesling et al., 2019 ; Tzourio- 

Mazoyer et al., 2016 ). However, using covert paradigms does not allow 

localizing of specific cortical regions that are recruited during overt lan- 

guage production. Here, we demonstrated that HD-DOT is resilient to 

the level of motion artifacts generated during overt speaking. We quan- 

tified the level of motion across three tasks (RW, CV, and OV) using 

median GVTD values for each subject. We found that, although the OV 

task, results in a slightly higher median compared to RW and CV tasks 

( Fig. 2 E), this difference was below the threshold for spurious motion- 

induced artifact as reflected by a lack of significant correlations between 

the median GVTD values of each OV run and the magnitudes of the 

ΔHbO 2 response activations in each significant cluster ( Table 6 ). More 

importantly, the number of the OV runs excluded due to motion was 

comparable to the RW and CV tasks (four RW runs, three CV runs, and 

four OV runs were removed due to high median GVTD values for the 

run) ( Fig. 2 D). 

4.2. Cortical regions responding to language comprehension 

All three tasks required language comprehension through the read- 

ing of single words. The impetus for including the RW task was to 

distinguish between the cortical responses to language comprehension 
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and production that were present in the CV and OV tasks. We suc- 

cessfully localized bilateral activations spanning visual cortices, espe- 

cially around the left lingual gyrus ( Petersen et al., 1988 , 1990 ), an 

expected result from reading words across three tasks. Beside the ac- 

tivations in the visual cortex due to reading of the words, receptive 

language processing is typically localized around left superior temporal 

gyrus (STG), middle temporal gyrus (MTG), or even supramarginal or 

angular gyri ( Barch et al., 1999 ; Demonet et al., 2005 ; Dronkers et al., 

2004b ; Geschwind, 1970 ; Shuster and Lemieux, 2005 ; Tremblay and 

Dick, 2016 ; Wernicke, 1881 ) although it is worth noting that the 

anatomical regions identified as Wernicke’s area are variable across the 

literature ( Bogen and Bogen, 1976 ; Tremblay and Dick, 2016 ). As ex- 

pected, our results show a cluster in these areas ( Figs. 3 , 4 ) across all 

task > rest contrasts, with magnitudes peaking in left STG for RW and 

left MTG for CV and OV. 

4.3. Cortical activations in response to covert language production 

Beside the expected left and right visual cortex activations due to 

reading words, we found a significant cluster in response to CV in left 

MTG. We also found a cluster in the right STG which did not survive 

our stringent cluster-extent based thresholding ( Table 2 ). This result is 

in agreement with the hypothesis that the areas around the STG (espe- 

cially left STG) are recruited when we prepare to produce speech output 

( Basilakos et al., 2018 ) or during phonological planning ( Hickok, 2009 ). 

An additional interesting point is that the location of the left STG cluster 

putatively associated with language comprehension descends inferiorly 

in CV compared to the RW task, approaching the visual word form area 

in the left fusiform gyrus as verb production is added to the word per- 

ception ( Cohen et al., 2000 ; Dehaene et al., 2002 ) (c.f. ( Howard et al., 

1992 ; Moore and Price, 1999 ; Price and Devlin, 2003 ). This is not sur- 

prising given that the processing required by the two tasks are different. 

The RW task required participants to simply read the words, while CV 

required participants to form a concrete semantic representation in or- 

der to generate a related verb simultaneously with reading words. This 

result is also consistent with the lemma model of lexical selection and 

form encoding ( Levelt, 1999 ), which posits phonological code retrieval 

in posterior STG (consistent with our RW task results) ( Acheson et al., 

2011 ; Pillay et al., 2014 ; Hamberger et al., 2016 ; Binder, 2017 ) and 

lemma retrieval in more inferior areas of the temporal lobe (consistent 

with our CV task results) ( Indefrey and Levelt, 2004 ; Baldo et al., 2013 ). 

We also found a statistically significant cluster localized in the left 

IFG in CV > rest that supports previous findings that this region supports 

language production ( Basilakos et al., 2018 ; Flinker et al., 2015 ). The ex- 

act role of the left IFG in language production is still debated. However, 

it is most often associated with resolving conflicts between multiple co- 

activated lemmas ( Schnur et al., 2009 ; Nozari and Pinet, 2020 ), phono- 

logical processing such as syllabification ( Indefrey and Levelt, 2004 ), 

the translation of phonological representations into an articulatory code 

( Flinker et al., 2015 ; Hickok, 2012 ; Hickok and Poeppel, 2007 ), and the 

implementation of the articulatory code via manipulation of the artic- 

ulators ( Caplan, 1992 ; Dronkers, 1996 ; Trupe et al., 2013 ). Our results 

highlight the fact that left IFG is recruited even when overt speaking 

or articulation is not performed. It also emphasizes that this region is 

involved in language production rather than just mediating the infor- 

mation flow from the temporal region (phonological planning) to motor 

regions (overt articulation) ( Hickok, 2009 ). 

Beside the exact role of the IFG in language production, there is de- 

bate in the literature about the exact location and extent of this region 

across different individuals ( Fedorenko et al., 2013 , 2010 ). Therefore, 

depending on the sample or type of analysis this region could be found 

at slightly different locations or even disappear in stringent threshold- 

ing of group results ( Basilakos et al., 2018 ). However, we did identify 

significant clusters in the IFG in both CV > rest and CV > RW effects 

as well as a significant cluster in the MFG in CV > RW effect, which 

underscores the recruitment of this region in the differential response 

between covert verb production and reading words. 

Another interesting observation is the bilateral activations in the 

motor cortex in response to the CV task (evident in the unthresholded 

CV vs. rest t-maps in Figs. 3 B, 4 B). However, these activations did not 

survive cluster-extent based thresholding ( Figs. 3 B, 4 B). This could be 

speculated to be related to imagined speaking as the participants were 

instructed to imagine saying verbs out loud for the CV task without ac- 

tually moving their articulators. 

4.4. Cortical activations in response to overt language production 

As we hypothesized, overt production of verbs (OV > rest) recruited 

all cortical regions that responded to RW and CV tasks (left and right 

occipital cortex, left MTG, right STG, and left IFG) in addition to four 

new regions (right IFG, right MFG, left precentral gyrus, and right post- 

central gyrus) ( Figs. 3 , 4 ). The successful localization of the left MTG 

underscores its role in mapping sounds to meanings for overt speech 

( Hickok, 2009 ). 

Interestingly, unlike CV > rest, we found the recruitment of the right 

IFG and MFG in response to the OV task. This is in agreement with previ- 

ous fMRI studies identifying the role of both left and right prefrontal cor- 

tex (especially IFG) in response to articulation ( Basilakos et al., 2018 ). 

It is also worth noting that the cluster around the left and right 

IFG and MFG (especially the left IFG identified in OV > rest) might 

seem to extend into the dorsolateral prefrontal cortex, an area known 

to be activated during cognitive demand ( Duncan, 2010 ). While the 

left IFG is primarily associated with domain-specific language process- 

ing ( Bogen and Bogen, 1976 ; Burton et al., 2000 ; Friederici, 2002 ; 

Hagoort, 2005 ; Mesulam et al., 2015 ; Palmer et al., 2001 ; Sahin et al., 

2009 ), dorsolateral prefrontal cortex is associated with several domain- 

general functions (such as working memory) that facilitate novel prob- 

lem solving ( Fedorenko et al., 2013 , 2012 ). Although our cluster-extent 

based thresholding accurately shows that the peaks of these clusters are 

located in IFG and MFG and are not overlapping with the dorsolateral 

prefrontal cortex ( Basilakos et al., 2018 ), we did not explore the exact 

overlap between the single-subject language and multiple demand ROIs. 

Further analyses of these data may explore such possibilities. 

We also found a strong bilateral activation in the left and right pre- 

and post-central cortices in the un-thresholded OV t-map ( Figs. 3 C, 4 C). 

After cluster-extent based thresholding we found two clusters in these 

regions with their peaks located at the left precentral gyrus and right 

postcentral gyrus, suggesting their role in the motor aspects of speech 

production. This result is in accordance with the recent findings that 

regions in the precentral cortex are exclusively contributing to the motor 

aspects of articulation, as they are shown to be engaged during both 

speech and non-speech oral movements ( Basilakos et al., 2018 ). 

As for the differential response between OV and RW, our results lo- 

calized the left IFG and MFG and areas around the left precentral and 

right postcentral gyri ( Figs. 5 , 6 ). However, the only two ΔHbO 2 re- 

sponse clusters that survived the OV vs. RW effect after cluster-extent 

based thresholding were left IFG and left precentral gyrus ( Fig. 5 ). 

4.5. Differential responses underlying covert vs. overt language production 

One of the main aims of this study was to demonstrate the feasibility 

of HD-DOT in localizing the differential cortical responses to covert vs. 

overt verb production. As explained in the previous section, we identi- 

fied that similar to CV, left STG and left IFG were recruited during the 

OV task. Crucially, we found four additional clusters that contributed 

exclusively to OV (i.e., right IFG, right MFG, left precentral gyrus and 

right postcentral gyrus) ( Fig. 3 C). Out of these four regions, right post- 

central gyrus was the only region that showed a significant effect in OV 

> CV analysis after stringent cluster-extent based thresholding ( Fig. 5 C). 

This cluster located in Brodmann area 43, has been found to respond to 

tympanic membrane pressure changes ( Job et al., 2011 ). This finding 
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suggests that while it is tempting to hypothesize that the largest differ- 

ences between CV and OV language tasks might be related to higher 

order cognition and executive control, we cannot ignore the embodied 

nature of language and its integration with somatosensory responses. 

Another interpretation of this result is that this cluster unique to OV 

but not CV is localized in cortical regions that might be associated with 

the auditory and/or somatosensory state, target, and/or error maps out- 

lined in the DIVA model (Directions Into Velocities of Articulators; an 

adaptive neural network that describes the sensorimotor interactions in- 

volved in articulator control during speech production) of speech motor 

control ( Guenther, 2016 ). These results highlight the fact that while the 

other three regions beside the right postcentral gyrus (i.e., right IFG, 

right MFG, and left precentral gyrus) are playing an exclusive role dur- 

ing OV > rest (and not CV > rest), they might not be linked to the key 

differences distinguishing overt and covert language production. 

Our results also confirm the validity of the original hypothesis that 

there are significant differences between the brain’s response to CV and 

OV tasks that extend through motor and frontal cortices, and thus these 

two tasks cannot be used interchangeably. 

4.6. Cortical deactivations in response to language production 

There was an additional and remarkably robust ΔHbO 2 response de- 

activation pattern located around the right posterior STG in the CV > 

rest and OV > rest contrasts ( Fig. 3 ) and in the neighboring right supra- 

marginal gyrus in the CV > RW and OV > RW contrasts ( Fig. 5 ). These 

two regions are parts of the default mode network and are known to 

be suppressed during cognitively challenging tasks ( Palmer et al., 2001 ; 

Shulman et al., 1997 ). It is interesting to note that participants in gen- 

eral reported finding the CV task more challenging than the RW task, 

and the OV task more challenging than the CV task. While this is only 

anecdotal evidence, our results support this hypothesis reflecting that 

these regions are indeed being suppressed during higher cognitive loads 

(CV and OV) but not suppressed during lower cognitive loads (RW). 

4.7. Temporal profile of the hemodynamic response 

Studying the temporal aspects of the brain’s response to different 

paradigms is arguably as important as its spatial aspects. Although, 

investigating the temporal dynamics of the cortical responses to lan- 

guage was not the focus of the current study, we plotted the ΔHbO 2 

hemodynamic responses across all three tasks ( Fig. 7 ) to confirm that 

the hemodynamic response function pattern was evident in all the sig- 

nificant clusters and they were not just false positive results due to 

noise ( Aguirre et al., 1998 ). Also important to note is that the tempo- 

ral dynamics of both fMRI and HD-DOT hemodynamic responses are 

an order of magnitude slower than the ECoG responses that have re- 

cently been shown to distinguish processing stages of language genera- 

tion ( Anumanchipalli et al., 2019a ; Flinker et al., 2015 ). However, fu- 

ture studies leveraging the broad spatial coverage of HD-DOT combined 

with other potential advancements in optical sampling of brain function 

such as frequency-modulated HD-DOT systems ( Doulgerakis et al., 2019 ; 

Fan et al., 2021 ) show exciting promise in non-invasive measurement 

of brain function. 

4.8. Limitations 

This study explored the neural correlates of naturalistic language us- 

ing overt single verb production, which is more naturalistic than com- 

mon covert language tasks but still not representative of language in 

the real world aside from social word-association games like Taboo or 

Catchphrase. Although single word production is arguably a key aspect 

of naturalistic learning of language especially in the developing brains, 

future studies are needed to map the neural responses to higher levels 

of linguistic analysis in more naturalistic real-life settings or in different 

age groups and social contexts. In this study, we used the GVTD motion 

index to quantify and exclude high motion runs. Future studies can be 

done to evaluate the effect of motion censoring or motion correction on 

covert and overt language production HD-DOT data. The field of view of 

the HD-DOT instrument used in this study is limited to a depth of about 

15–20 mm and does not include the entirety of the motor, frontal, and 

subcortical areas. It is important to note that areas in the cerebellum and 

supplementary motor area are also known to contribute to speech pro- 

duction ( Basilakos et al., 2018 ); however, they were outside of our field 

of view. As the HD-DOT hardware continues to develop (e.g., denser 

and expanded arrays ( Tripathy et al., 2021b ), frequency domain sys- 

tems ( Blaney et al., 2020 ), wearable wireless caps ( Uchitel et al., 2022 ; 

Vidal-Rosas et al., 2021 ), etc.), we expect that imaging truly natural- 

istic language tasks with a more expansive field of view and temporal 

resolution will be possible. Further, we analyzed our data using voxel- 

wise significance threshold of p < 0.0001 that errs on the stringent 

side. The unthresholded t-maps make it apparent that there is signal 

in some regions that did not survive cluster-extent based thresholding. 

Although our group results showed sufficient significance in all the ex- 

pected cortical regions known to contribute to language perception and 

production that were in our field of view, we should note that a voxel- 

wise functional correspondence across individuals was assumed. Future 

studies could adopt a functional localization approach by identifying the 

single-subject language regions of interest (ROIs) prior to group analysis 

( Fedorenko et al., 2010 ; Saxe et al., 2006 ). As this is an incredibly rich 

dataset, we are planning on releasing the full set of raw optical measure- 

ment data for the community to further analyze to explore additional ob- 

servables present in the total hemoglobin contrasts. Additionally, while 

the t-maps present some level of variability across the group, the data 

collection schedule of multiple runs per session over two sessions pro- 

vides opportunities for deeper within and across-participant analyses of 

these data in a future study. Further, it is possible that brain activations 

due to producing language, either covertly or overtly, that are action 

words in response to concrete nouns may lead to differential responses 

in parts of somato-motor networks or other locations due to varying lev- 

els of embodied language. While beyond the scope of the current study, 

the uniquely quiet and natural environment of HD-DOT may provide a 

compelling opportunity for future investigations on brain function un- 

derlying embodied language. Last, the relationship between the varia- 

tions in cortical activity as a function of behavioral performance (e.g., 

number of verbs generated on the OV task) is another interesting anal- 

ysis beyond the scope of this paper that may be investigated in future 

studies. 

5. Conclusions 

In this study, we not only established the resilience of HD-DOT 

to the level of motion due to overt language production, but we also 

replicated the cortical activations underlying language comprehension 

(covert word reading task) and language production (covert and overt 

verb generation tasks). Our results are consistent with previous fMRI, 

PET, and ECoG studies of the language network. Our sample size of 

33 subjects and localization of all key components of language com- 

prehension and production in our field of view, despite a stringent 

cluster-extent based thresholding method, confirms that HD-DOT has 

a comparable signal-to-noise ratio to fMRI. These findings suggest that 

HD-DOT can be used as a method of choice for presurgical language 

assessment even with overt language production tasks instead of the 

gold-standard fMRI. Furthermore, HD-DOT’s use of an open scanning 

environment with seated participants allows for studying language and 

communication in a more naturalistic setting than with supine partic- 

ipants alone inside the bore of an MRI or PET scanner or in a surgery 

room. Given recent demonstrations of optical brain mapping techniques 

for decoding activity in visual cortex ( Tripathy et al., 2021a ), and func- 

tional imaging approaches for decoding language throughout superficial 

cortex ( Tang et al., 2023 ), the sensitivity and specificity to overt and 

covert language production demonstrated in the current study points to 
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exciting future directions in non-invasive measurement and use of hu- 

man language processing, including for brain-machine interfaces. HD- 

DOT is more conducive to imaging various populations for whom other 

neuroimaging modalities are challenging or contraindicated, e.g., small 

children, individuals with implanted metal, and those who are claus- 

trophobic. Thus, HD-DOT is well-positioned to aid researchers to capi- 

talize on using naturalistic language tasks and scanning environments 

to explore brain function in real-life settings such as during face-to-face 

dialogues, as a BCI, or during early childhood development. 
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