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a b s t r a c t 

During visual conscious perception, the earliest responses linked to signal detection are little known. The current 

study aims to reveal the cortical neural activity changes in the earliest stages of conscious perception using record- 

ings from intracranial electrodes. Epilepsy patients ( N = 158) were recruited from a multi-center collaboration and 

completed a visual word recall task. Broadband gamma activity (40–115Hz) was extracted with a band-pass fil- 

ter and gamma power was calculated across subjects on a common brain surface. Our results show early gamma 

power increases within 0-50ms after stimulus onset in bilateral visual processing cortex, right frontal cortex 

(frontal eye fields, ventral medial/frontopolar, orbital frontal) and bilateral medial temporal cortex regardless 

of whether the word was later recalled. At the same early times, decreases were seen in the left rostral middle 

frontal gyrus. At later times after stimulus onset, gamma power changes developed in multiple cortical regions. 

These included sustained changes in visual and other association cortical networks, and transient decreases in 

the default mode network most prominently at 300–650ms. In agreement with prior work in this verbal memory 

task, we also saw greater increases in visual and medial temporal regions as well as prominent later ( > 300ms) 

increases in left hemisphere language areas for recalled versus not recalled stimuli. These results suggest an early 

signal detection network in the frontal, medial temporal, and visual cortex is engaged at the earliest stages of 

conscious visual perception. 
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. Introduction 

Sensory organs are the access points to self and the environment.

hile the structure of sensory organs and the character of its recep-

ors filter sensory information to only a fraction of those available in-

uts, what remains is an overwhelming barrage of electrophysiological

ignals. The central nervous system has the challenging task of sorting

hrough the avalanche of incoming multimodal signals, sifting through

irrelevant inputs and electrophysiologic noise for salient content. The

nitial stage in this critical process is signal detection. The goal of sig-

al detection is to identify target inputs at the earliest stages of basic

ensory decoding and propel those inputs for higher-order processing.

he theoretical role of signal detection leads to several predictions about

he spatial and temporal character of the detection network. First, sig-

al detection should occur rapidly after sensory signal input. Speed is

ecessary for tasks with rigid temporal constraints. Signal detection as

he first stage in a sequence of processing means that a delay in de-
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ection may decrease the detection rate as input signals decay or are

asked by subsequent inputs, and may have downstream implications

or subsequent higher-order processes. A second prediction is that the

ignal detection network should involve sensory cortex, as the earliest

ortical processor for sensory signals, and particular networks in associ-

tion cortices to offer flexibility in the definition of salience according

o current goals, attention, and multimodal influences. Previous human

nd non-human primate studies on the earliest stages of signal input

rocessing support these two major predictions on the spatiotemporal

haracter of the detection network ( Libedinsky and Livingstone, 2011 ;

hompson and Schall, 2000 ; Wang et al., 2018 ). 

There is consensus that sensory cortices play a role in signal detection

or those inputs that match their corresponding sensory modality. The

emporal profile of sensory cortex matches the needs of signal detection

y rapid access and early processing of sensory inputs. For example, the

isual cortex is the earliest cortical structure to receive signal from the

etina, with several studies showing signal arrival in visual cortex less
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i  

f  
han 50ms post-stimulus ( Deco and Lee, 2004 ; Fornaciai et al., 2017 ;

eeren et al., 2008 ; Schmolesky et al., 1998 ; Shigihara et al., 2016 ). Al-

ost all visual information is first distributed to other cortical regions

rom primary visual cortex at the early stage of visual processing. Also,

tudies of visual perception show sensory regions are the first discrim-

nating regions for perception within approximately 200ms post stimu-

us onset ( Dobs et al., 2019 ; Gaillard et al., 2009 ; Herman et al., 2019 ;

i et al., 2019 ). These findings for early signaling in sensory cortex for vi-

ion are also reported in other modalities, including somatosensory and

uditory stimuli ( Meador et al., 2002 ; N’Diaye et al., 2004 ; Palva et al.,

005 ). 

Long-range cortico-cortical and thalamo-cortical projections al-

ow for rapid signaling between sensory and association cortices

 Pennartz et al., 2019 ). Therefore, along with sensory cortex, asso-

iation cortices can receive details of sensory signal early and guide

ignal detection. Likewise, the dorsal lateral prefrontal cortex is also

mong those consistently reported structures involved in early signal

rocessing. For example, the frontal eye fields (FEF), traditionally as-

ociated with controlling eye movements and orienting, is also found

ngaged in signal detection ( Bruce and Goldberg, 1985 ; Tehovnik et al.,

000 ). Neuronal activity in the FEF corresponds to visual perception

nd attention in macaque studies ( Schall, 2002 ). Electrophysiological

tudies in monkeys suggest that neuronal responses in FEF increase at

he earliest stage of visual perception, as early as 100ms post stimulus

 Bichot and Schall, 2002 ; Bollimunta et al., 2018 ; Gregoriou et al., 2009 ;

hompson and Schall, 1999 , 2000 ). Other evidence from animal mod-

ls suggests that FEF neurons may have even earlier latencies, nearly

s fast as primary visual cortex ( Libedinsky and Livingstone, 2011 ;

etroni et al., 2001 ; Sommer and Wurtz, 2004 ). In human studies, FEF

as shown cortical responses as early as 100ms post visual stimulus in

calp potential recordings ( Foxe and Simpson, 2002 ). From intracranial

EG recordings in three patients with selective electrode coverage, FEF

ctivity was found as early as 100ms post visual stimulus ( Blanke et al.,

999 ). However, some human intracranial event-related potential stud-

es have shown very fast responses in FEF as early as 24 - 45 ms after

timulus onset ( Kirchner et al., 2009 ). In other human studies, tran-

cranial magnetic stimulation (TMS) has been used to investigate the

ole of FEF during visual processing and a significant change in a time

indow of 40-80ms post stimulus in FEF is observed after presentation

f the visual array ( O’Shea et al., 2004 ). TMS over right FEF has been

hown to disrupt performance on stimulus detection tasks ( Grosbras and

aus, 2002 ). The FEF also plays an important role in connecting with

nd influencing other brain areas in the early stages of visual percep-

ion. Several studies have suggested that FEF is a major source of the

ttentional effects on frontal gamma frequency synchrony with visual

ortex ( Gregoriou et al., 2009 ) and the latency of FEF and temporal

rea spiking precedes visual cortex spiking ( Schmolesky et al., 1998 ). 

Beyond the FEF, several studies have suggested that prefrontal cor-

ex and parietal cortex may be sources of top-down attentional control

n the visual pathway ( Gregoriou et al., 2009 ; Saalmann et al., 2007 ).

he prefrontal cortex is the most likely origin of top-down facilitation

n object recognition, and is activated directly from early visual areas

o initiate top-down visual processing ( Bar, 2003 ). Human brain imag-

ng, including functional magnetic resonance imaging (fMRI) studies

ave further elucidated frontoparietal cortical networks involved in top-

own attentional control, as well as subcortical-cortical networks cru-

ial for bottom-up signal detection, although neuroimaging has lower

ime resolution than electrophysiological methods ( Corbetta and Shul-

an, 2002 ; Dosenbach et al., 2007 ; Kinomura et al., 1996 ; Li et al.,

021 ; Seeley et al., 2007 ; Vossel et al., 2014 ). Outside the frontal lobes,

euronal activity in the parietal cortex is highly correlated with sac-

adic reaction time, suggesting that it has an important role in con-

rolling of visual attention ( Bisley and Goldberg, 2010 ). The activity of

ampled neurons in the temporal area has also shown significant early

hanges identified by spike train analysis ( Desimone and Duncan, 1995 ;

chmolesky et al., 1998 ). Neurons in the temporal lobe also respond
2 
hortly after the onset of visual stimuli and increase their firing rate in

elation to visual awareness in monkeys and humans ( Mormann et al.,

008 ; Wang et al., 2018 ). Previous findings on signal detection sug-

est a distributed network, temporally linked by rapid signaling. The

deal method for studying signal detection is a whole-brain recording

pproach with high temporal resolution, necessary to capture the rapid

nd transient detection electrophysiology. Intracranial EEG is the gold-

tandard for recording electrophysiological responses directly from the

uman brain with high spatiotemporal resolution ( Baroni et al., 2017 ;

iller et al., 2014 ). By extracting changes in broadband gamma (40–

15Hz) power, intracranial EEG can be used to infer the pattern of local

hanges in population neuronal activity ( Li et al., 2019 ; Miller et al.,

014 ; Mukamel et al., 2005 ). 

Therefore, the current study aims to elucidate the human visual de-

ection network using recordings from intracranial electrodes implanted

n a large number of patients that offers coverage of nearly the entire

ortex for high temporal resolution electrophysiological recordings. We

ypothesized based on prior work that this approach would provide un-

aralleled access to an early visual signal detection network including

isual areas, frontal cortex and possibly other regions engaged at the

arliest stages in conscious experience ( Blumenfeld, 2021 ). 

. Materials and methods 

.1. Participants and subdural electrodes 

A total of 158 participants (77 males; age range: 16-64 years old;

ean ± std: 36.77 ± 11.38 years old) with drug-resistant epilepsy un-

ergoing intracranial EEG implantation for seizure monitoring were re-

ruited after written informed consent from all participants or their

uardians. Among the participants, 131 were right-handed, 17 left-

anded and 10 ambidextrous. Separate subgroup analyses of females

nd males did not show any major difference in results (see Supple-

entary Figs. S1, S2) so results were combined across sex. Similarly,

eparate analysis of right-handed individuals alone produced similar re-

ults to the overall cohort, and sample sizes for left-handed or ambidex-

rous individuals were too small to produce statistically significant re-

ults (data not shown), so analyses were combined across handedness to

ncrease sample size. Participants were recruited from the neurology and

eurosurgery departments of Boston Children’s Hospital, Columbia Uni-

ersity Hospital, Dartmouth Hitchcock Medical Center, Emory Univer-

ity Hospital, Freiburg University Hospital, Thomas Jefferson University

ospital, Mayo Clinic, National Institutes of Health, University of Texas

outhwestern Medical Center and Hospital of the University of Pennsyl-

ania. All research was conducted in accordance with the Declaration

f Helsinki and under research protocols approved by the institutional

eview board at each recruitment site. 

Electrodes included a combination of subdural strip, grid, and depth

lectrode contacts implanted according to recommendation of the clin-

cal team to best localize epileptogenic regions. The EEG data were re-

eferenced to a bipolar montage and all data are presented as differen-

ial results for adjacent electrode pairs ( Burke et al., 2013 ). Across all

articipants there were 14,860 intracranial electrode pairs (8382 left

emispheric and 6478 right hemispheric), after excluding 1797 elec-

rode pairs in white matter or determined poor from its noise profile

y the monitoring clinical team ( Fig. 1 B). Each participant was im-

lanted with on average 94.05 ± 30.78 electrode pairs. These data

ay be publicly accessed at the Cognitive Electrophysiology Data Portal

 http://memory.psych.upenn.edu/Electrophysiological_Data ). 

.2. Free-recall task 

Participants were instructed to complete a free-recall task, explained

n previous publications ( Burke et al., 2013 ; Long et al., 2014 ). The

ree-recall task involved three discrete task phases. First, participants

http://memory.psych.upenn.edu/Electrophysiological_Data
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Fig. 1. Free Recall Task, electrode distribution, and parcellation map. (A) Par- 

ticipants completed a free recall task. A list of capital English words ( N = 15 or 20) 

were presented for 1600ms at 800–1200 ms intervals. After a distraction period 

(arithmetic problems lasting approximately 20 s), participants were instructed 

to verbally recall any words presented in the preceding task phase. (B) Den- 

sity map of electrode distribution across subjects. All included electrodes pairs 

( N = 14,860) from 158 participants in the study were mapped. Colored dots rep- 

resent electrode pair midpoints, with a different color for each subject. Density 

map shows number of participants contributing to signal for each location on 

the brain surface, using a 15 mm radius analysis region centered on each elec- 

trode pair (see Methods for details). (C) 400-region bilateral parcellation map 

in FreeSurfer space ( Schaefer et al., 2018 ) was used for regional correspondence 

across participants and cluster-based permutation testing. 
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ere asked at their bedside to study a list of 12 capitalized, En-

lish nouns (e.g., TREE and CAT) in white letters on a black back-

round displayed on a 15 inch Macbook computer monitor (approx-

mate viewing angle of each word was 3 × 9 degrees). Words were

hosen from a pool of high-frequency nouns without replacement

 http://memory.psych.upenn.edu/WordPools ). Each word was present

or 1600ms, followed by a blank interstimulus period of a random in-

erval between 800–1200ms ( Fig. 1 A). This temporal jitter served to

nticorrelate the expectation or anticipatory physiological responses

ith successive word presentations ( Sederberg et al., 2007 ). Because of

he long presentation of fully opaque words, all stimuli are considered

o have been perceived. Immediately following the word presentation

hase, participants were asked to complete a series of self-paced, arith-

etic problems until 20 s had elapsed since the preceding letter presen-
3 
ation phase (average duration of distraction task ∼22 s, as participants

ere allowed to complete the current arithmetic problem when 20 s

ad elapsed). The goal of the distractor task was to reduce recall bias

or the end-of-list words ( Howard and Kahana, 1999 ). Finally, partic-

pants were instructed to verbally recall as many words shown in the

nitial word presentation phase as possible within 45 s. 25 word lists

ith 12 words each (300 nouns total) were used per session, and partic-

pants participated in two sessions on average (range 1–4). The average

umber of word presentations across all participants was 538.3 ± 27.6

Mean ± SD). Task words were categorized as recalled (the participant

orrectly stated the previously presented word during the recall phase,

5.1 ± 0.8% (Mean ± SD) of total word presentations) or not recalled

the participant neglected the previously presented word). Subsequent

nalyses considered both recalled and not recalled words together (Re-

alled + Not Recalled) and in contrast (Recalled - Not Recalled). 

.3. Intracranial EEG recordings and localization 

Depending on the study site, intracranial EEG data was recorded us-

ng a Bio-Logic, DeltaMed, Nicolet, GrassTelefactor, or Nihon Kohden

EG system. The signals were sampled at 500, 512, 1000, 1024, or 2000

z. For uniform analyses across sites, EEG signals sampled with a fre-

uency above 500 Hz were downsampled to 500 Hz using the gete_ms.m

unction in EEG Toolbox ( http://memory.psych.upenn.edu/Software ).

or temporal synchronization of electrophysiological recordings with

ctual word presentation on the screen, the experimental computer

ent pulses through a parallel port via an optical isolator into an un-

sed recording channel or digital input on the amplifier. These pulses

ligned the clock of the experimental computer with the intracranial

EG recording system to a precision within the lowest sampling rate

f the intracranial EEG recording ( < 2ms) ( Sederberg et al., 2007 ). As

escribed previously ( Burke et al., 2013 ; Long et al., 2014 ), electrode

ontact localization was achieved by co-registering the post-op CTs with

he post-op MRIs using Brain Extraction Tool (BET) and FMRIB’s Lin-

ar Image Registration Tool (FLIRT) in FMRIB Software Library (FSL)

rogram ( www.fmrib.ox.ac.uk/fsl ) and mapped to the fsaverage brain

urface in FreeSurfer space ( https://surfer.nmr.mgh.harvard.edu/ ) after

urface-based registration for each participant. The EEG data were re-

eferenced to a bipolar montage using adjacent electrode contact pairs

 Burke et al., 2013 ), and the location of each electrode pair was repre-

ented by their Euclidian midpoint ( Fig. 1 B). Electrode pairs are referred

o simply as electrodes below. 

.4. Intracranial EEG artifact rejection 

Any electrodes defined by the clinical team as coming from brain

esions, broken leads or containing epileptic activity were excluded

rom the analysis. All remaining EEG data were then preprocessed us-

ng an in-house four-stage artifact rejection pipeline detailed previ-

usly ( Herman et al., 2019 ; Li et al., 2019 ). The interval of interest for

ach trial was defined as lasting 2500ms, from 500ms pre- to 2000ms

ost-onset of word presentation. All artifact rejection stages were ap-

lied to all trials within each subject and each electrode regardless

f whether they were Recalled or Not Recalled trials. The staged pre-

rocessing procedure first involved calculating the power spectrum by

elch’s power spectral density estimate function in MATLAB 2019b

 www.mathworks.com ). To remove trials with high frequency noise, in-

luding electrical line noise, any trial with a topographical prominence

 200 𝜇V/Hz in a frequency peak above 30 Hz was rejected. Next, any

rial with the mean-square error (MSE) relative to zero < 200 𝜇V 

2 was

ejected to remove low amplitude signals resulting from loose or un-

lugged electrodes. Third, the MSE relative to the mean voltage time

ourse of remaining trials from the first and second preprocessing step

as calculated and then any trial with a MSE value > 3000 𝜇V 

2 was

ejected to remove signals which had larger amplitude than normal. To

void removing too many trials by this step, only the worst 20% of trials

http://memory.psych.upenn.edu/WordPools
http://memory.psych.upenn.edu/Software
http://www.fmrib.ox.ac.uk/fsl
https://surfer.nmr.mgh.harvard.edu/
http://www.mathworks.com
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ere rejected for an electrode if the number of trials with MSE > 3000

V 

2 exceeded 20% of trials. Finally, trials were rejected for a partic-

lar electrode if it contained any values beyond 5 standard deviations

rom the mean at any time point. The entire preprocessing pipeline re-

ected 19.81% ± 5.34% (mean ± std) of all trials across electrodes and

articipants. 

.5. Broadband z-score gamma power extraction 

Broadband gamma power (40-115 Hz), a measure of population neu-

onal activity, was extracted for further analysis in this study. The ap-

roach for gamma power extraction was adapted from previous studies

 Herman et al., 2019 ; Li et al., 2019 ). First, downsampled, preprocessed

EG trials were passed through a 40-115 Hz Butterworth band-pass fil-

er (zero-phase, 40th order) using the filtfilt MATLAB function. When

xtracting broadband gamma, trials were 4500ms in duration that in-

luded a 1000ms buffer on both sides of each trial to eliminate filter

dge effects. After filtering, the buffer period was removed and the fi-

al cut trials were 2500ms, including 500ms pre and 2000ms post word

resentation onset. Gamma power was calculated by taking the square

f the voltage output from the band-pass filter. To smooth the power re-

ponses over time, gamma power was averaged within 50ms windows

ith 25ms overlap, yielding a total of 98 windows across the entire

500ms trial. Because temporal precision is important for this investi-

ation, we tested the effects of our filtering and smoothing method on

imulated data, and found that temporal smearing (leakage) between

ime windows was minimal (see Supplementary Fig. S3). 

Next, one final artifact rejection measure was employed. Trials were

ejected if the gamma power at any 50ms time window exceeded 20

D of the mean across trials and 50 ms time windows for that elec-

rode within each subject. The initial 19 windows (total time period:

500ms–0ms) correspond with the pre-stimulus or baseline period, and

he subsequent 79 windows (total time period: 0ms to 2000ms) corre-

pond with the post-stimulus period. Note that the -25–25ms time win-

ow was excluded by this definition. Finally, for each subject, z-scored

amma power was computed by taking the average of the baseline (-

00ms–0ms) across all trials for each electrode, and using its mean and

tandard deviation to compute the z-score for every 50ms time point

n each 2500ms trial. The z-score calculations were done across both

ecalled and Not Recalled trials together. After z-scoring, subsequent

nalyses were performed either by grouping all stimuli together (Re-

alled + Not Recalled), or by subtracting data in these categories from

ach other (Recalled - Not Recalled). For each subject, Recalled + Not

ecalled data were calculated by combining and averaging the z-scored

amma power timeseries across all trials within each electrode regard-

ess of memory condition (Recalled or Not Recalled). For Recalled - Not

ecalled analyses, z-scored gamma power timeseries were first aver-

ged within stimuli categories for each electrode, and the difference of

he electrode average z-scored gamma power was found between the

ecalled and Not Recalled conditions. 

.6. Mapping z-scored gamma power to the brain surface 

All participant electrodes were projected onto the fsaverage brain

urface in FreeSurfer space and displayed on the inflated fsaverage brain

urface ( https://surfer.nmr.mgh.harvard.edu/ ) ( Fig. 1 B). The common

rain surface was converted into a triangular mesh, and gamma power

alues were applied to vertices around each electrode using a distance

riterion of 15mm radius sphere as described previously ( Herman et al.,

019 ; Li et al., 2019 ). This process was done separately for the Re-

alled + Not Recalled and for the Recalled - Not Recalled data. In sum-

ary, first, electrode raw z-scored gamma power was assigned to ver-

ices within 1mm radius sphere from that electrode. Next, electrode z-

core gamma power was projected to vertices within a 1–15mm radius

rom the central vertex, but with a linearly descending gamma power

radient where a value of 0 was assigned to vertices at 15mm from the
4 
entral vertex. Finally, all vertex-assigned z-scored gamma power val-

es across electrodes were summed within each participant. This process

as separately repeated for all 50ms time windows. 

.7. Statistical analyses 

Due to the high number of subjects and electrodes in these data, stan-

ard statistical approaches are susceptible to false discoveries. There-

ore, an adapted spatiotemporal cluster-based permutation test was ap-

lied to the z-scored gamma power for optimal identification of statisti-

ally significant changes in z-score gamma power compared to baseline

nd correction for multiple comparison. Implementing this statistical

pproach involved, first, subdividing the cortical brain vertex mesh into

00 non-overlapping regions (200 regions per hemisphere) utilizing a

ilateral parcellation map ( Fig. 1 C) ( Schaefer et al., 2018 ). Next, the spa-

ial dimension of these data was reduced through conversion of vertices

o parcels by assigning each vertex to one of the 400 possible parcels

ased on its location on the brain mesh. The z-scored gamma power of

ll vertices assigned to each parcel were averaged at each 50 ms time

oint within each participant. To obtain a cluster-based permutation

istribution, we used a paired, two-tailed t-test across participants com-

aring mean z-scored gamma power of the pre-stimulus baseline and the

re- and post-stimulus period for all 400 parcels and all time points with

n in-house MATLAB function modified from clust_perm1.m function in

atlabmk Toolbox ( http://kutaslab.ucsd.edu/matlabmk_fn_docs ). This

rocess was done separately for the Recalled + Not Recalled and for the

ecalled - Not Recalled data. Baseline was calculated based on the mean

f all trials prior to stimulus onset. A parcel and time point were consid-

red eligible to join a cluster if the t-value fulfilled an alpha threshold

f p < 0.05. All parcels and time points exceeding this threshold were

lustered based on spatial and temporal adjacency (i.e., either spatially

eighboring parcels or proximal time points). Summed t-values for each

patio-temporal cluster were then computed by taking the sum of the ab-

olute value of t-values for all parcels and time points within each clus-

er. Positive and negative t-value clusters were defined separately, and

he absolute value of their summed t-values were used for the permu-

ation distribution function (below). The above procedure was repeated

000 times. For each permutation, the gamma power z-score value at

ach parcel and time point was randomly shuffled with its paired base-

ine value across subjects. Finally, a permutation distribution was gener-

ted by taking the cluster with the largest absolute summed t-value for

ach permutation. Clusters in the unpermuted data were then consid-

red significant if their absolute summed t-value exceeded the top 5%

f the permutation distribution. As an additional step to avoid spurious

rief clusters due to transient noise, we required any significant cluster

o have a minimum duration of 150ms. To display results within signifi-

ant clusters across subjects (see Figs. 2 , 3 ), all vertex-assigned z-scored

amma power values were averaged across subjects and then, they were

eighted by multiplying by the square root of the number of subjects

ontributing to each vertex. This weighting was intended to represent

he improved signal/noise ratio (which scales by square root of sample

ize) expected for vertices with data from more patients, as described

reviously ( Herman et al., 2019 ). 

A similar procedure was used to determine statistical significance of

amma power changes in time courses generated for specific regions of

nterest (ROIs) (see next section; Figs. 4 , 5 ). Z-scored gamma power val-

es of the vertices within each ROI were averaged at each time point for

ach participant. The same cluster-based permutation testing method

escribed above was applied, interchanging baseline and time points

or each participant, but because only one region was considered, only

emporal adjacency was used when defining clusters. Again, the clus-

er based statistical approach was applied to Recalled + Not Recalled

nd Recalled - Not Recalled data independently. Time courses of mean

alues within each ROI were displayed, with values for each vertex cal-

ulated as the average gamma power z-score across subjects weighted

y multiplying by the square root of the number of subjects at each ver-

https://surfer.nmr.mgh.harvard.edu/
http://kutaslab.ucsd.edu/matlabmk_fn_docs
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Fig. 2. Gamma power activity changes at the early stages of visual perception. Significant spatiotemporal gamma power (40–115 Hz) activity changes relative to 

baseline (500 to 0 ms before word presentation) were identified by cluster-based permutation testing (p < 0.05). (A) Based on all event trials regardless of whether 

the word was recalled, defined as Recalled + Not Recalled, gamma power increased at the earliest stage of word detection (0–150 ms) in bilateral lateral occipital and 

ventral fusiform visual association cortex, bilateral parahippocampal cortex, left posterior inferior temporal cortex, right dorsal-lateral frontal cortex (overlapping 

frontal eye fields), right ventral-medial and right orbital/ frontopolar cortices; and decreased in left dorsolateral frontal cortex. Later, gamma power increases and 

decreases were seen in multiple regions (150–300 ms, see text). (B) There were no significant gamma power differences for recalled versus not recalled stimuli, 

defined as Recalled - Not Recalled, at the earliest stage of word detection (0–150 ms). However, gamma power differences for Recalled - Not Recalled were seen 

lateral occipital and ventral fusiform visual association cortex at later times (150–300 ms). N = 158 subjects. See also Supplementary PPT S1 and S2 for full detailed 

time course maps. 
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ex ( Herman et al., 2019 ). Significant time points were then indicated

n the time courses based on permutation statistics, where the absolute

ummed t-values of clusters exceeded the top 5% of the permutation

istribution (see Figs. 4 , 5 ). 

.8. Regions of Interest 

To visualize gamma power changes among specific cortical anatom-

cal areas, twelve anatomical regions of interest were identified from

he Desikan-Killiany-Tourville (DKT) atlas in FreeSurfer ( Klein and

ourville, 2012 ). These anatomical regions were divided into two

roups according to their temporal character in whole-brain gamma

ower visualization: early and late stage regions of interest. The early

tage regions ( Fig. 4 A) included lateral occipital cortex (LO), fusiform

yrus (FG), parahippocampal gyrus (PH), caudal middle frontal gyrus

CMF), orbitofrontal cortex (OFC) and ventral medial frontal cortex

VMF). The OFC ROI in this study corresponded to the lateral orbital

rontal ROI from the DKT atlas; the VMF ROI in this study included

oth the medial orbital frontal and rostral anterior cingulate ROIs from

he DKT atlas. 

The late stage regions ( Fig. 5 A) included superior parietal cortex

SP), inferior parietal cortex (IP), superior frontal cortex (SF), inferior

rontal cortex (IF), rostral middle frontal cortex (RMF) and inferior tem-

oral cortex (IT). Pars opercularis, pars orbitalis, and pars triangularis

rom the DKT atlas were grouped to form our IF ROI. The supramarginal

nd inferior parietal ROIs from the DKT atlas (the latter corresponding

ore accurately to the angular gyrus) were combined to form our IP
5 
OI. The middle temporal and inferior temporal ROIs from the DKT at-

as were combined to form our IT ROI. 

. Results 

.1. Early cortical signal changes with visual stimuli 

At the earliest times after stimulus presentation (0–150 ms), there

ere no significant differences between gamma power changes for Re-

alled versus Not Recalled stimuli ( Fig. 2 B, Recalled - Not Recalled).

herefore, we examined the combined Recalled and Not Recalled data

or early cortical changes shared across trials ( Fig. 2 A, Recalled + Not

ecalled). As expected, this revealed early changes in bilateral visual

rocessing areas, including occipital cortex, and fusiform gyri, as well

s the left posterior inferior temporal gyrus. Interestingly, changes also

ppeared as early as 0-50ms after stimulus onset in frontal cortical net-

orks and in medial temporal regions ( Fig. 2 A). These included in-

reases in the right caudal middle frontal gyrus (overlapping frontal eye

elds), right ventral medial/frontopolar cortex, right orbital frontal cor-

ex, and the bilateral medial temporal parahippocampal gyri ( Fig. 2 A).

arly decreases were found in the left rostral middle frontal gyrus

 Fig. 2 A). 

Time course analyses confirmed the observed early changes in vi-

ual, frontal and temporal cortical networks (see Fig. 4 ). In region of

nterest analyses, the earliest increases in cortical gamma activity were

een in the combined Recalled + Not Recalled data in the bilateral oc-

ipital, fusiform and medial temporal (parahippocampal) cortex, and in

he right caudal middle frontal gyrus, right orbital frontal, and right
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Fig. 3. Gamma power activity changes at the later stages of visual perception. The same statistical approach as Fig. 2 was applied (see Methods). (A) For Recalled + Not 

Recalled data, after early stages of word detection ( > 300ms) gamma power increases continued in multiple brain areas; and decreases were seen in the default mode 

network as well as in other regions. (B) For Recalled - Not Recalled data, gamma power increases for recalled words were greater in the bilateral medial temporal 

cortex, and in multiple regions of left hemisphere language networks. N = 158 subjects. See also Supplementary PPT S1 and S2 for full detailed time course maps. 
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entral medial frontal cortex (see Fig. 4 B). The early changes in the first

50 ms were significantly greater in the right hemisphere for the or-

ital and ventral medial frontal cortex (green bars in Fig. 4 B). Overall,

oth the cortical surface maps and time course analyses show very early

amma activity increases within 0-50ms after stimulus onset in visual

rocessing areas including bilateral occipital and fusiform cortex, in me-

ial temporal parahippocampal gyri, and in the right frontal cortex. 

.2. Later cortical signal changes 

Later gamma power changes > 150 ms after stimulus onset revealed a

equence of increases and decreases in multiple cortical regions ( Figs. 2 ,

 ). One set of changes was a continuation of the gamma power changes

bserved at earlier times in visual (lateral occipital and fusiform gyri),

edial temporal and frontal cortical areas, which progressed and be-

ame more prominent at later times for the Recalled + Not Recalled

timuli ( Figs. 2 A and 3 A). The early gamma power increases in lat-

ral, medial and orbital frontal cortical networks gave way to later de-

reases at > 300 ms in these same regions ( Fig. 3 A). In addition, gamma

ower decreases in default mode network areas were observed, includ-

ng bilateral precuneus, posterior inferior parietal lobule, and ventral

edial frontal cortex. These default mode network decreases appeared

ost prominently at approximately 300–650 ms after stimulus onset

 Fig. 3 A), as reported previously for consciously perceived visual stim-

li ( Herman et al., 2019 ). 

As already noted, for Recalled - Not Recalled, there were no signif-

cant gamma power differences at the earliest stage of word detection

0–150 ms) ( Fig. 2 B). However, gamma power differences were present

n bilateral occipital, fusiform cortex and some parts of the medial tem-

oral cortex starting from intermediate stages ( Fig. 2 B, 150–300 ms)

nd continuing at later times ( Fig. 3 B, 300–650 ms). This suggests more

ctivity was present in higher-order visual processing and memory net-
6 
orks for Recalled versus Not Recalled stimuli. In addition, at time-

oints > 300ms from word presentation, significant left hemispheric dif-

erences were observed in extensive frontal, parietal and temporal lan-

uage regions for Recalled versus Not Recalled stimuli ( Fig. 3 B), similar

o results reported previously for this verbal memory task ( Burke et al.,

014 ). The full detailed time courses of changes for Recalled + Not Re-

alled and for Recalled – Not Recalled stimuli can be found in Supple-

entary PPT S1 and S2. 

The region of interest time courses confirmed the findings shown in

he whole brain cortical surface maps at later times ( Figs. 4 , 5 ). Persis-

ent gamma power increases were seen in the Recalled + Not Recalled

ata for lateral occipital, fusiform, parahippocampal ( Fig. 4 B), superior

arietal and inferior temporal cortices ( Fig. 5 B). At later times, decreases

ere seen in the Recalled + Not Recalled data in caudal middle frontal,

rbital frontal, ventral medial frontal ( Fig. 4 B), superior frontal and ros-

ral middle frontal cortices ( Fig. 5 B). In this verbal memory task, sev-

ral regions showed significantly greater increases in the left hemisphere

or Recalled + Not Recalled stimuli (green bars in Figs. 4 B, 5 B). When

e compared Recalled - Not Recalled stimuli, in agreement with the

rain maps, ROI analyses again showed significantly greater increases

t later times ( > 150ms) for Recalled stimuli in bilateral lateral occip-

tal, fusiform and parahippocampal cortices ( Fig. 4 C). In addition, we

gain saw greater increases in left hemisphere language areas at later

imes ( > 300ms) for Recalled - Not Recalled stimuli in the left orbital

rontal, inferior parietal, superior frontal, inferior frontal, and rostral

iddle frontal cortices (times indicated by green bars in Figs. 4 C, 5 C). 

. Discussion 

The current study examined the spatiotemporal neural activity

hanges at early and late stages of visual perception using record-

ngs from intracranial electrodes implanted in large number of pa-
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Fig. 4. Time course of gamma power in anatomical regions with early changes (0–150 ms) during visual perception. (A) Six different anatomical regions of interest 

were identified from a Desikan-Killiany-Tourville atlas in FreeSurfer (see Methods) showing changes at the early stages of visual perception (0–150 ms): lateral 

occipital cortex (LO), fusiform gyrus (FG), parahippocampal gyrus (PH), caudal middle frontal gyrus (CMF), orbitofrontal cortex (OFC) and ventral medial frontal 

cortex (VMF). (B) Recalled + Not Recalled data. LO, FG and PH in both hemispheres showed significant gamma power increases for about all of the time that words 

were presented. Right CMF, OFC and VMF also showed significant gamma power increases at the earliest times. Gamma power later decreased significantly in CMF, 

OFC and VMF. In FG, OFC and VMF, there were significant gamma power differences between the left and right hemisphere for < 500ms from word presentation. 

(C) Recalled - Not Recalled data. There were no significant differences between recalled and not recalled stimuli at the earliest stage of word detection. At times 

greater than ∼100–150 ms, LO, FG and PH in both hemispheres showed significantly greater gamma power for recalled stimuli. At later times after word onset, left 

hemisphere CMF and OFC regions showed significantly greater gamma power for recalled stimuli. (B,C) Mean gamma power z-score time courses are shown (blue 

traces, left hemisphere; red traces, right hemisphere) ± standard error of mean (SEM) across subjects (blue or red shaded areas). Vertical dotted lines represent visual 

stimulus onset and offset. Thick horizontal bars indicate significant difference for gamma power in left versus right hemisphere (green bars), left hemisphere versus 

baseline (blue bars), or right hemisphere versus baseline (red bars) by permutation testing (p < 0.05). Baseline is defined as the 500 ms time period before word 

presentation. N = 158 subjects (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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ients. These distinct temporal windows correspond with signal detec-

ion (early) and signal processing/encoding (late), with the latter having

mplications for future recall of the stimulus. Broadly, the results showed

ery early (within 0-50ms of stimulus onset) gamma power increases in

isual processing cortex, right frontal cortex, and medial temporal cor-

ex. Together, these regions may work as a signal detection network for

apid visual input identification and initiation of processing. At later

imes after stimulus presentation, we observed sustained changes in vi-

ual and other association cortical networks, transient decreases in the

efault mode network, and prominent increases in medial temporal and

eft hemisphere language areas, which were greater for subsequently Re-
 m  

7 
alled versus Not Recalled stimuli. These later changes observed when

omparing Recalled versus Not Recalled stimuli suggest a possible role

n the later dynamics of successful stimulus encoding. 

.1. Early stage signal detection 

We observed that prefrontal areas showed gamma power signifi-

antly increased above baseline at the earliest stage of visual percep-

ion ( Fig. 2 A). In region of interest analyses, the caudal middle frontal

ortex (including frontal eye fields), orbital frontal cortex and ventral

edial/frontopolar cortex showed significant gamma power increases
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Fig.e 5. Time course of gamma power in anatomical regions with later changes during visual perception. (A) Six different anatomical regions of interest were 

identified from a Desikan-Killiany-Tourville atlas in FreeSurfer (see Methods) showing changes at the later stages of visual perception: superior parietal lobule 

(SP), inferior parietal lobule (IP), superior frontal gyrus (SF), inferior frontal gyrus (IF), rostral middle frontal gyrus (RMF) and inferior temporal cortex (IT). (B) 

Recalled + Not Recalled data. Persistent gamma power increases were seen in SP and IT. Decreases were seen in SF, IF and RMF. In this verbal memory encoding 

task, IF and IT showed significantly greater increases in the left hemisphere. (C) Recalled - Not Recalled data. There were significantly greater increases in the 

left hemisphere IP, SF, IF and RMF for recalled stimuli. (B,C) Mean gamma power z-score time courses are shown (blue traces, left hemisphere; red traces, right 

hemisphere) ± standard error of mean (SEM) across subjects (blue or red shaded areas). Vertical dotted lines represent visual stimulus onset and offset. Thick 

horizontal bars indicate significant difference for gamma power in left versus right hemisphere (green bars), left hemisphere versus baseline (blue bars), or right 

hemisphere versus baseline (red bars) by permutation testing (p < 0.05). Baseline is defined as the 500 ms time period before word presentation. N = 158 subjects (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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apidly following stimulus presentation ( Fig. 4 B). These results corre-

pond with macaque studies that show the neuronal activity in the pre-

rontal cortex, especially in the frontal eye fields, corresponds to visual

erception and attention; neuronal responses in frontal eye fields have

reviously been shown to increase at the earliest stage of visual percep-

ion. Several studies have shown responses within 100 ms post-stimulus

 Bichot and Schall, 2002 ; Bollimunta et al., 2018 ; Gregoriou et al.,

009 ; Thompson and Schall, 1999 , 2000 ), although other work suggests

hat FEF neurons may have even earlier latencies, nearly as fast as pri-

ary visual cortex ( Libedinsky and Livingstone, 2011 ; Petroni et al.,

001 ; Sommer and Wurtz, 2004 ). In human studies, a critical change

n time window between 40-80ms post-stimulus in frontal eye fields

s observed after presentation of a visual array, and the frontal eye
8 
elds also show cortical responses within 100 ms post visual stimulus

 Blanke et al., 1999 ; Foxe and Simpson, 2002 ; Grosbras and Paus, 2002 ;

uggleton et al., 2003 ; O’Shea et al., 2004 ); and some human intracra-

ial event-related potential recordings have shown very fast responses in

EF as early as 24–45 ms after stimulus onset ( Kirchner et al., 2009 ). Our

ndings are consistent with previous studies, in which the prefrontal

ortex, including the frontal eye fields, is considered an important early

egion for visual perception and attention ( Gregoriou et al., 2009 ). 

We observed asymmetrical neuronal changes in prefrontal cortex

ncluding frontal eye fields at the earliest stage of visual perception.

ome previous work suggests that the right hemisphere may be domi-

ant for bottom up attention capture and salience ( Corbetta and Shul-

an, 2002 ; Shulman et al., 2010 ). We found that the right hemisphere
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refrontal cortex (caudal middle frontal, orbital frontal, ventral me-

ial frontal/frontopolar cortex) showed significant gamma power in-

reases which were not observed in left hemisphere at the earliest stage

f visual perception ( Figs. 2 A, 4 B). This finding corresponds with TMS

tudies that find specifically the right frontal eye fields influence atten-

ional gamma power modulation in visual cortex ( Duecker et al., 2013 ;

rosbras and Paus, 2002 ; Marshall et al., 2015 ; Silvanto et al., 2006 ).

MS of frontal eye fields in the right hemisphere also were shown to

ncrease BOLD activity in visual processing during a TMS-fMRI study

 Heinen et al., 2014 ). Our findings in the prefrontal cortex during in-

racranial EEG are consistent with previous studies suggesting that early

isual signal detection and processing is largely lateralized to the right

rontal eye fields. However, our results were not limited to frontal eye

elds, but included a larger prefrontal cortical network. In addition to

ight caudal middle/frontal eye fields, we observed increases in right

rbitofrontal and ventral medial/frontopolar cortex, as well as intrigu-

ng early gamma power decreases in the rostral middle frontal gyrus

f the left hemisphere ( Fig. 2 A). The possible functional role of these

roader bilateral frontal networks in early signal detection should be

nvestigated further. 

Beyond the neuronal activity changes in the prefrontal cortex, we

bserved significant very early gamma power increases in visual pro-

essing and medial temporal regions. The observed early changes in vi-

ual cortex, including the lateral occipital and ventral fusiform gyri are

onsistent with previous human and non-human primate work in vi-

ual stimulus detection ( Herman et al., 2019 ; Schmolesky et al., 1998 ).

f note, the present study focused on lateral and ventral visual cortex

ecause we had relatively sparse coverage in medial occipital regions

 Fig. 1 B), however prior human intracranial work has shown early in-

reases in medial occipital cortex as well ( Li et al., 2019 ). The lateral

osterior inferior temporal cortical increases in gamma activity we ob-

erved at very early times, particularly on the left side ( Fig. 2 A), could

lso participate in early visual detection and processing, or might be

art of basal temporal language networks given the verbal nature of

he word encoding task ( Benjamin et al., 2017 ; Luders et al., 1991 ). In

 similar manner, the bilateral medial temporal parahippocampal in-

reases we observed at very early times could be related to the spe-

ific mnemonic nature of the task, or could reflect a broader early role

f medial temporal and hippocampal circuits in higher order associa-

ion, context-dependence and relational aspects of stimulus processing

 Hassabis et al., 2007 ; Konkel and Cohen, 2009 ; Schacter et al., 2007 ;

urk-Browne et al., 2009 ). In addition, recent work suggests that frontal

nd medial temporal circuits may interact in visual stimulus detection

 Wang et al., 2018 ). 

At slightly later times, but still within the first ∼200 ms of stimu-

us onset, we observed gamma power increases in the superior parietal

ortex ( Figs. 2 A, 4 B). Numerous previous studies have demonstrated

hat the parietal cortex has an important role in visual perception and

ttention ( Bisley and Goldberg, 2010 ; Critchley, 1962 ). Several stud-

es have also suggested that parietal cortex may be a major source of

op-down attentional feedback in the visual pathway, and thus an in-

rease in neuronal activity might be helpful in early stages of visual

erception ( Bisley and Goldberg, 2010 ; Corbetta and Shulman, 2002 ;

regoriou et al., 2009 ; Saalmann et al., 2007 ). This is further supported

y early increases in the firing rate of neurons sampled from lateral

emporal and parietal neocortical areas ( Desimone and Duncan, 1995 ;

chmolesky et al., 1998 ). These activated regions may have intercon-

ected functions that could enhance activity of neurons in visual cortex

t the earliest stages of visual perception ( Knudsen, 2011 ; Schall et al.,

995 ; Thompson and Schall, 2000 ). 

We found no significant differences between activity elicited by Re-

alled and Not Recalled words at the very early stages of visual process-

ng, within 150 ms of stimulus onset ( Fig. 2 B). At intermediate times

eginning ∼150 ms after stimulus onset, the earliest differences that we

bserved between Recalled and Not Recalled stimuli were larger gamma

ower increases for Recalled stimuli in the lateral occipital, fusiform
9 
nd parahippocampal cortices ( Figs. 2 B, 4 C). The findings in these re-

ions may represent relatively early neural signatures that differentiate

timuli that are subsequently successfully recalled, in agreement with

revious work ( Burke et al., 2014 ). 

.2. Late stage signal processing and encoding 

After early stages of visual perception, gamma power increases per-

ist in the visual, frontal and medial temporal cortex during the later

tages of visual stimulus presentation, suggesting some parts of the de-

ection network are still activated for later higher-order processing. We

lso observed later decreases in gamma power in default mode net-

ork regions following stimulus presentation, consistent with previ-

us intracranial EEG studies ( Dastjerdi et al., 2011 ; Foster et al., 2012 ;

erman et al., 2019 ; Jerbi et al., 2010 ; Li et al., 2019 ; Miller et al., 2009 ;

ssandón et al., 2011 ; Ramot et al., 2012 ). In addition, at later times

 300 ms after word stimulus presentation, we observed significant left

emispheric differences in extensive frontal, parietal and temporal lan-

uage regions for Recalled versus Not Recalled stimuli. These included

reater increases for Recalled word stimuli in the left orbital frontal,

nferior parietal, superior frontal, inferior frontal, and rostral middle

rontal cortices. It has been proposed that these late language network

hanges are related to encoding of the verbal memory stimuli, as re-

orted previously for this task ( Burke et al., 2014 ). These regions are

argely non-overlapping with the earliest responses, suggesting that the

etworks involved in early detection and late encoding are unique and

eparate. 

.3. Limitations 

Intracranial EEG offers unparalleled access to human brain electro-

hysiology, yet is limited by the heterogeneous electrode coverage dic-

ated by the clinical needs of the patient. While the current study’s large

ample size offered full brain coverage, electrode placement was densest

n the lateral surfaces and sparser on the medial surface. Therefore, it is

arder to interpret results involving those regions where electrode cov-

rage was more limited. Moreover, inherent to the patient group under-

oing intracranial EEG, the results are limited by the use of participants

ith epilepsy. While we aimed to limit this confound by eliminating

ata with subclinical or clinical epileptic activity, the networks inves-

igated may be permanently altered by epilepsy and its comorbidities,

imiting generalization to the healthy nervous system. However, the cor-

espondence between the current results and previous investigations in

ealthy normal human and non-human subjects tempers this concern.

t is possible that anticipatory activity or expectation of the next stim-

lus might have contributed to early signals close to stimulus onset,

lthough the temporal jitter used in the study design would tend to re-

uce the consistency of such signals. Another limitation is the inherent

estriction of electrode coverage to cortical networks, whereas subcorti-

al brain regions including the midbrain tectum as well as other brain-

tem, thalamic and striatal circuits may be quite important to perceptual

ignal detection and amplification ( Li et al., 2021 )( Asadollahi and Knud-

en, 2016 ; Bollimunta et al., 2018 ; Knudsen, 2011 ; Knudsen et al., 2017 ;

chiff et al., 2013 ; Van der Werf et al., 2002 ). Although non-human

nimal model studies can investigate these subcortical networks most

irectly, future human studies may also provide insights through in-

reasing availability of subcortical depth electrodes used for therapeutic

nterventions ( Fisher et al., 2010 ; Kronemer et al., 2021 ; Velasco et al.,

007 ). In this study, structural MRI was used to map electrode contact

ocalizations for each participant to an average brain surface, however

here are important advantages to localizing brain function in individ-

als ( Laumann et al., 2015 ). The observed changes in gamma power

ould be related to individual folding patterns in future work to more

ccurately localize function to the brain surface. Finally, future stud-

es should investigate gamma power synchronization and other inter-
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ctions across cortical regions in the early visual detection network

 Rohenkohl et al., 2018 ). 

.4. Conclusion 

Signal detection is the process of rapidly identifying incoming sen-

ory inputs for additional attention amplification, processing, and en-

oding. Likewise, signal detection may be the first stage for stimuli to be

ealized in conscious experience ( Blumenfeld, 2021 ). In a large dataset

f intracranial EEG among participants completing a visual presentation

nd recall task, we observed a network of cortical regions involved at

he earliest stages within 0–50 ms after stimulus onset suggesting a role

n detection. These early regions included the caudal middle/frontal eye

elds, orbital frontal, ventral medial/frontopolar cortex, visual process-

ng cortex, and medial temporal parahippocampal cortex. Other regions,

nvolved at later times included broad left hemisphere language net-

orks related to subsequent recall of verbal stimuli, suggesting a sepa-

ate role from early detection areas. Together, we show that visual stim-

lus detection and encoding is a staged process occurring over 100 s of

illiseconds that involves many distributed anterior and posterior cor-

ical structures beginning very early after stimulus onset. 
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