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Abstract

Early visual cortex (V1–V3) is believed to be critical for normal visual awareness by providing 

the necessary feedforward input. However, it remains unclear whether visual awareness can 

occur without further involvement of early visual cortex, such as re-entrant feedback. It has 

been challenging to determine the importance of feedback activity to these areas because of the 

difficulties in dissociating this activity from the initial feedforward activity. Here, we applied 

single-pulse transcranial magnetic stimulation (TMS) over the left posterior parietal cortex to 

elicit phosphenes in the absence of direct visual input to early visual cortex. Immediate neural 

activity after the TMS pulse was assessed using the event-related optical signal (EROS), which 

can measure activity under the TMS coil without artifacts. Our results show that: 1) The activity 

in posterior parietal cortex 50 ms after TMS was related to phosphene awareness, and 2) Activity 

related to awareness was observed in a small portion of V1 140 ms after TMS, but in contrast 

(3) Activity in V2 was a more robust correlate of awareness. Together, these results are consistent 

with interactive models proposing that sustained and recurrent loops of activity between cortical 

areas are necessary for visual awareness to emerge. In addition, we observed phosphene-related 

activations of the anteromedial cuneus and lateral occipital cortex, suggesting a functional network 

subserving awareness comprising these regions, the parietal cortex and early visual cortex.
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1. Introduction

It is widely believed that early visual cortex, and in particular primary visual cortex (V1), 

plays a critical role in visual awareness. However, it is still debated whether this role is 

purely due to its anatomical position as the gateway of visual information into the cortex, 

or if it is also involved in ongoing generation of visual awareness. These two possibilities 

have been difficult to assess, in part because it is difficult to dissociate visual input from 

continued processes.

During normal visual processing, information from the eye enters the cortex primarily 

through V1. After this, the visual pathway comprises a hierarchy of feedforward and 

feedback projections from V1 to extrastriate cortex and higher cognitive areas (de Graaf 

et al., 2012; Hurme et al., 2019; Lamme and Roelfsema, 2000; Wokke et al., 2013), as well 

as local connections within a region (Lamme et al., 1998; Roebuck et al., 2014). Disruptions 

to the visual pathway caused by lesion or trauma to V1 lead to a profound loss of conscious 

visual awareness in the corresponding visual field, a condition known as hemianopia 

(Cavézian et al., 2010; Holmes, 1918; Teuber et al., 1960). Traditionally, hemianopia is 

considered the strongest evidence that V1 may be necessary for visual awareness. However, 

recently this necessity has been challenged, with some reports of awareness in patients 

without V1 (Ffytche and Zeki, 2011; Mazzi et al., 2014). Similarly, phosphene awareness 

has been produced by stimulating V2 while ensuring indirect stimulation in V1, implicating 

V2 as a critical correlate of visual awareness (Salminen-Vaparanta et al., 2012). Others have 

suggested that the correlates of awareness are downstream of even V2, beginning in V3 and 

later (Tse et al., 2005).

Regardless of which regions are necessary for awareness, it is unclear what specific role 

these areas play in visual awareness. Some have put forward what Tong (2003) refers to as 

hierarchical models (Crick and Koch, 1995; Rees et al., 2002), which argue that the primary 

reason hemianopics lack awareness in their blind field is that damage to V1 disrupts the 

input of information into the rest of visual cortex. A similar argument can be extended to 

other regions of occipital cortex. Others have put forward what Tong (2003) refers to as 

interactive models in which awareness depends on recurrent activity into V1 or other early 

visual areas (Breitmeyer, 2007; Di Lollo et al., 2000; Enns and Di Lollo, 2000; Fahrenfort 

et al., 2007, 2008; Lamme, 2000, 2006; Lamme and Roelfsema, 2000; Pascual-Leone and 

Walsh, 2001; Silvanto et al., 2005; Silvanto and Pascual-Leone, 2008; Tapia and Beck, 2014; 

Tong, 2003).

Although data from hemianopics provide the strongest evidence of the necessity of early 

visual cortex for normal visual awareness, it is not a good case study for distinguishing 

hierarchical from interactive models of awareness. Having lost portions of V1, hemianopics 

have, in theory, lost both the input functions and any recurrent activity into early visual 
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cortex. Thus, the absence of visual awareness in hemianopia patients cannot be attributed to 

either the lack of sufficient input to anterior regions or feedback.

The majority of evidence supporting the involvement of feedback activity in visual 

awareness come from the timing of so-called interference of processes related to awareness 

in the intact brain. In particular, it has been argued that the timing of the interference reflects 

disruptions of feedback processes (Breitmeyer, 2007; Di Lollo et al., 2000; Enns and Di 

Lollo, 2000; Fahrenfort et al., 2007, 2008; Lamme, 2000, 2006; Lamme and Roelfsema, 

2000; Pascual-Leone and Walsh, 2001; Silvanto, 2008; Silvanto et al., 2005a,b; Tapia and 

Beck, 2014). Specifically, these studies included interference of ongoing signals by either a 

visual mask (Breitmeyer, 2007; Di Lollo et al., 2000; Enns and Di Lollo, 2000; Fahrenfort 

et al., 2007, 2008) or transcranial magnetic stimulation (TMS) (Pascual-Leone and Walsh, 

2001; Silvanto et al., 2005a,b; Silvanto et al., 2008) occurring at varying delays. Typically, 

these studies found maximum disruption of target awareness when visual masks or TMS 

pulses occurred at precise delays relative to the targets. Such delays are usually larger than 

the widely assumed retino-cortical transmission time (60 ms; Foxe and Simpson, 2002; 

Railo and Koivisto, 2012), which led to the idea that these interferences must be disrupting 

feedback signals, and thus supports the role of feedback in visual awareness. However, the 

retino-cortical transmission time and the suppression latency vary widely based on stimulus 

characteristics (White and Jeffreys, 1982; Musselwhite and Jeffreys, 1985; Hansen et al., 

2016; Gebodh et al., 2017; de Graaf et al., 2014; Paulus et al., 1999). Such inferences are 

fraught with assumptions about the timing of visual signals in different cortical regions, 

which may or may not hold true across all studies (Center et al., 2019), since the retino-

cortical transmission time and TMS suppression latency vary widely based on stimulus 

characteristics (White and Jeffreys, 1982; Musselwhite and Jeffreys, 1985; Hansen et al., 

2016; Gebodh et al., 2017; de Graaf et al., 2014; Paulus et al., 1999). The suppression 

posed by visual masks or TMS may also interfere with feedforward activity or ongoing 

horizontal recurrent in the early visual cortex (Center et al., 2019). Thus, we are in need of 

new approaches to investigate the role of feedback activity in isolation.

In the current study, we sought to assess whether the involvement of early visual cortex 

in awareness is due purely to its role as a feedforward gateway into the cortex for visual 

information, or if it is also involved with later feedback processing stages as well. To 

this end, we bypassed early visual cortex as the region of visual input by administering 

single-pulse TMS over the posterior parietal cortex. Previous studies have shown that TMS 

to posterior parietal cortex can evoke brief and transient flashes of light in the visual field, 

referred to as phosphenes (Bagattini et al., 2015; Fried et al., 2011; Marzi et al., 2009; Mazzi 

et al., 2014, 2017a; Parks et al., 2015; Tapia et al., 2014; Bonfanti et al., 2024). Moreover, 

this posterior parietal stimulation results in subsequent activity in occipital cortex suggestive 

of feedback (Parks et al., 2015). By administering TMS to posterior parietal cortex, we 

were able to sidestep the normal visual pathway and eliminated early visual cortex’s role 

as an input gateway, while still generating conscious visual awareness. Using posterior 

parietal cortex as the input location also sets aside the need for assumptions about the 

timing of visual signals from the eyes to the brain, a timing that is necessary to distinguish 

between feedforward and feedback processing (Center et al., 2019). We accomplish this by 
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stimulating the cortex directly, and not relying on the retinocortical pathway to deliver visual 

information to the brain.

To capture the cortical activity giving rise to visual awareness without loss of localization 

power due to electric field volume conduction, and without artifacts due to the application 

of the TMS pulse, in the current study we used the event-related optical signal (EROS; 

Gratton et al., 1995;2006; Gratton and Fabiani, 1998, 2003). EROS measures changes in 

the amount of near infrared (NIR) light scattering in active neural tissue, compared to a 

baseline. Specifically, light scattering is reduced when cells depolarize, and this reduces both 

the photons time-of-flight and light intensity, measurements that can then be used to infer 

neural activity. EROS is sensitive enough to capture neural activity in the millisecond range, 

similar to the temporal resolution of event-related brain potentials (ERPs). Because NIR 

light attenuates quickly from the point of input, EROS has a high spatial resolution, similar 

to functional magnetic resonance imaging (fMRI), albeit limited to outer cortical layers. 

Unlike EEG and fMRI, optical imaging is not impacted by the electrical and magnetic 

artifacts produced by TMS (Parks et al., 2012, 2015; Tse et al., 2018), because optical fibers 

are made of glass and therefore are not impacted by these artifacts. Moreover, previous 

work from our lab demonstrated that cortical activations caused by TMS to posterior parietal 

cortex result in early visual cortex activity that can be reliably measured by EROS (Parks et 

al., 2015).

Based on these previous studies, we recorded EROS from bilateral occipital cortex and 

left posterior parietal cortex while administering single-pulse TMS over the left posterior 

parietal cortex. The onset of the TMS pulse was time-locked to the optical recording. By 

combining TMS and EROS, we were able to investigate temporally and spatially the role 

of ongoing feedback to early visual cortex during visual awareness. We hypothesized that 

activity in early visual cortex, as well as activity under the TMS coil, would be related to 

awareness; that is, activity there will differ as a function of whether or not the participant 

experiences phosphenes. We note that we are investigating the role of feedback activity as a 

component of visual awareness rather than as a generator of awareness.

2. Methods

2.1. Participants

Seventy-seven participants were tested during an initial evaluation session, of whom 12 (8 

females, mean age = 21.75, SD = 2.8) passed all criteria (see TMS procedures below) and 

completed all experimental sessions (this low ratio of participants passing the TMS criteria 

is typical of experiments requiring the elicitation of visual phosphenes, Center et al., 2019). 

Participants were recruited from the University of Illinois at Urbana-Champaign community 

through an online newsletter and were screened for TMS suitability based on the guidelines 

listed in Rossi et al. (2009). All participants reported having no history of neurological or 

psychiatric disorder and had normal or corrected-to-normal vision. All participants provided 

written informed consent and were compensated $15 per hour for their time. The protocol 

was approved by the Institutional Review Board of the University of Illinois.
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2.2. Transcranial magnetic stimulation (TMS) pilot session

Single-pulse TMS was delivered using a Magstim 220 Rapid bi-phasic stimulator with 

a 70-mm figure-8 coil (Magstim Company Limited, Whitland, UK). During the initial 

evaluation session, participants wore a cap containing the International 10–20 EEG locations 

for electrodes Cz, Oz, O1, O2, Pz, P3, and P4 (Herwig et al., 2003). With the TMS 

handle oriented rostro-lateral from the inion, the center of the wand was placed against the 

scalp over O1, corresponding to the left visual cortex. While viewing a mid-grey uniform 

background, participants fixated on the central target and a single TMS pulse was delivered 

at 65% of the maximum stimulator output (MSO). After each pulse, participants were 

instructed to give a verbal yes/no response regarding the detection of a phosphene. With 

each “no” response, the coil was moved to a slightly different location and/or angle within 2 

cm of O1, until reliable phosphenes were reported. The procedure was repeated over O2 and 

P3. Participants who reliably reported having experienced phosphenes over P3 were asked 

to return for the subsequent experimental sessions. Phosphenes were deemed reliable if 1) 

they occurred in the contralateral visual field to the site of stimulation, 2) were perceived 

with eyes both open and closed, and 3) their location followed the eyes’ gaze (Kammer, 

1999). The session lasted approximately 30–60 min. Fourteen participants reported seeing 

no phosphenes and 34 reported seeing only occipital phosphenes. Of the remaining 29 

who reported seeing parietal phosphenes, 12 agreed to return for the subsequent MRI and 

TMS-EROS experimental sessions.

2.3. Structural MRI scanning

A high-resolution structural 3D MPRAGE (192 slices, 0.9x0.9 × 0.9 mm voxel size; TR, 

1.9 s; TE, 2.32 ms, flip angle, 9°) in the coronal plane was acquired for each participant 

passing the TMS criteria (N = 12) with a 3T Siemens Trio scanner and 64-channel head coil. 

Structural images were used for localization and co-registration of both participants’ TMS 

stimulation site and EROS optical source and detector scalp locations.

2.4. Event-related optical signal (EROS) recordings

EROS data were acquired using four synchronized frequency-domain Imagent oximeters 

(ISS Inc., Champaign, IL). Thirteen diodes, emitting near-infrared light at 830 nm, coupled 

with 400-μm silica fibers, were used as sources. Eleven sources were held in place 

orthogonally over the occipital cortex using a custom-made soft foam helmet (Fig. 1). A 

custom-made thin rubber patch was affixed to the helmet under the location of the TMS 

coil and held the remaining two sources. Twenty 3-mm fiber-optic bundles connected to 

photomultiplier tubes (detectors) were used to capture the light exiting the head. Sixteen 

detectors were mounted orthogonally to the scalp on the helmet to record occipital activity, 

and four were mounted parallel to the scalp on the rubber patch to accommodate the TMS 

coil and record parietal activity from beneath the coil. A prism was attached to each of the 

patch-mounted detectors to enable light capture under the TMS coil, allowing for it to be 

positioned very close to the head surface (Parks et al., 2012, Fig. 1(A) and (B)) Sources 

were modulated at 110 MHz and detectors at 110.003125 MHz, creating a cross-correlation 

(heterodyning) frequency of 3125 Hz.
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A montage of 160 source-detector pairs (channels) was used to capture the relative phase 

delay data at a sampling rate of 78.125 Hz, equal to intervals of 12.8 ms. We will refer to 

the phase delay data as activity, as it reflects the average post-TMS increase of time (delay) 

in picoseconds needed for photons to travel from the sources to the detectors, via the cortex, 

when compared to the average pre-TMS baseline (Gratton et al., 2006; Gratton et al., 2000). 

The montages and their relative position with respect to the head and the location of the 

TMS coil in a representative participant are shown in Fig. 1.

To avoid crosstalk between the optical channels, sources were positioned so that no two 

sources were simultaneously active within the same cortical hemisphere, nor within the 

range of any one detector (75 mm) at the same time (Mathewson et al., 2014). Sources were 

also time multiplexed so that each detector could pick up 8 different sources at different 

times within a multiplexing cycle. Channel lengths shorter than 25 mm (measuring shallow 

depths) were excluded due to their low likelihood of reaching the cortex; channels longer 

than 50 mm (measuring greater depths) were excluded due to the low number of photons 

detected, and therefore their high likelihood of having an S/N too low to yield useful data 

(Gratton et al., 2006).

Immediately after the EROS session, source and detector locations were digitized using a 

Polhemus 3Space Fastrak (Colchester, VT) for five of the 12 participants. These locations 

were taken for each participant and were co-registered to the participant’s structural MR 

images using the nasion and preauricular points as fiducials (Whalen et al., 2008). Because 

of the experiment time limit set by the IRB protocol, the remaining seven participants did 

not complete the digitization. Instead, for them, we used a lab template obtained from other 

participants The co-registered source and detector locations were MNI-transformed to allow 

registration across all participants (Chiarelli et al., 2015).

2.5. TMS/EROS experimental session

A mid-grey uniform background with a dark blue central fixation cross was presented on a 

17-inch cathode ray tube (CRT) monitor (Gateway VX 920, 60 Hz, 1280 x 1024 resolution). 

The visual display was generated using MATLAB and Psychophysics Toolbox (Brainard 

and Vision, 1997). Participants were seated approximately 90 cm from the monitor in a dark 

room with their head situated on a head and chin rest. Disposable ear plugs were worn for 

protection against the auditory noise created by each TMS pulse (Rossi et al., 2009).

We applied Brainsight neuronavigation software (Rogue Research, Montreal, Canada) and 

a Polaris Vicra 3D optical infrared camera digitizer (NDI, Waterloo, Canada) to guide the 

manual placement of the TMS coil and stimulation and to ensure the consistency of the 

location and angle of the coil throughout the session. Specifically, the coil was placed 

over the posterior parietal cortex near the P3 EEG electrode location and held by the 

experimenter throughout the session. The neuronavigator was used to confirm that the coil’s 

location and angle did not move from block to block. The camera was uncovered at the 

end of each block to make the measurements, and then covered again before the next 

experimental block began. The wavelength (635 nm) of the Polaris Vicra interfered with the 

fast optical image recording (described later) and thus it was covered with a dark absorbing 

fabric during recording.

Knight et al. Page 6

Neuropsychologia. Author manuscript; available in PMC 2024 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Participants’ individual phosphene thresholds (PT) were measured using the method of 

constant stimulation (MOCS) whereby 64 self-administered pulses ranging from 57 to 78% 

MSO, in steps of 3%, were administered in a randomized order (Mazzi et al., 2017b). 

After each pulse, participants responded yes or no to having experienced a phosphene. 

Results were fitted to a psychometric function calculated using Palamedes Toolbox 

(www.palamedestoolbox.org) and the TMS intensity yielding 50% yes-no responses was 

used for the remainder of the experiment.

After PT was determined, participants completed 240–600 trials (Mean = 318.08 SD = 

134.47) divided into blocks of 40 trials. The variation in trial numbers was due to a limited 

experiment session time set by the IRB protocol. Subjects who required more time for the 

experimental setup completed fewer trials as a result. Trials began with a random delay 

(800–1400 ms) followed by a single-TMS pulse. Participants were instructed to fixate on 

a central target throughout the entire trial and report phosphene perception via keypress 

(arrow keys on keyboard) using a graded scale: 1 (right arrow) = “yes”, 2 (up arrow) = 

“maybe yes”, 3 (down arrow) = “maybe no”, 4 (left arrow) = “no”. Twenty catch trials 

were administered throughout the session (4 trials every 3 blocks) to gauge false-positive 

responses. During the catch trials, the stimulator was surreptitiously lowered 20 units below 

the threshold intensity, an intensity that should not elicit phosphene percepts.

2.6. Regions of interest

We were primarily interested in three regions of interest (ROIs): one placed directly under 

the coil, which was defined as the two sources and four detectors that were mounted 

to the rubber patch under the coil; and two in occipital areas, V1 and V2, which were 

defined using BA17 and BA18 from an NiFTI file in MNI space, with Brodmann areas 

marked by appropriate numbers (separately for the left and right hemisphere, Maldjian et 

al., 2003). In addition, we conducted post-hoc analyses on two additional ROIs showing 

differences between the phosphene-present and phosphene-absent conditions (See Table 1 

for coordinates): the anteromedial cuneus and the lateral occipital cortex (including V2 and 

V3). These ROIs were not corrected for multiple comparisons and thus were only reported 

for exploratory purposes.

2.7. Preprocessing and data analysis

The relative phase delay of modulated light measured by the detectors served as our 

dependent variable. Data were preprocessed using in-house MATLAB package P-POD (Pre-

Processing of Optical Data). Recordings were corrected for phase wrapping, pulse artifacts 

(Gratton and Corballis, 1995), and amplitudes were normalized (within each block of trials). 

No band-pass filter was used in the analyses. The data were 3-D reconstructed using an 

approach based on the physics of light diffusion in highly scattering media described by 

(Feng et al., 1995) adapted for phase delay data. A model assuming homogenous absorption 

and scattering characteristics of the tissue was used for the 3D reconstruction. The signal 

was segmented into 1000 ms epochs spanning 500 ms prior and 500 ms after the TMS 

pulse. The average phase delay during the first 230 ms of the epoch was used for baseline 

correction. In addition, a 6-mm Gaussian spatial filter was applied for spatial smoothing.
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Statistical analyses for each ROI were performed by first calculating a bootstrapped 

distribution of the grand average values using 1000 samples, each formed by an average 

of 12 individual subject values, obtained by randomly sampling the individual subject 

distribution with replacement. The 1000 bootstrapped values were rank-ordered, and 

the probability of the true grand average value was obtained by comparing its value 

with this “bootstrapped” distribution. A z-score corresponding to this probability was 

also computed. This bootstrapping procedure allowed us to avoid statistical assumptions 

that may not be valid given our smaller sample size (N = 11 or 12, depending on 

the ROI (i.e., for the parietal ROI, one subject was removed because of insufficient 

light detected). For statistical purposes, responses were grouped into two trial types: 1) 

phosphene-present trials containing the “yes” responses and 2) phosphene-absent trials 

containing the “no” responses. The trials with “maybe yes” and “maybe no” responses were 

excluded to maximize the subjective difference between the percept for phosphene-present 

and phosphene-absent trials. Statistical parametric maps were orthogonally projected in the 

coronal and axial plane in MNI space. Differences in peak voxel z scores were considered 

statistically significant at p < 0.05 after a Bonferroni correction for multiple comparisons 

(i.e. number of voxels per ROI).

3. Results

On average, during the experimental session, participants reported “clearly seeing” 

phosphenes (i.e., responded “yes”) on 33.3% (number of trials: Mean = 148.42 SD = 

136.76) of the trials and “clearly not seeing” phosphenes (i.e., responded “no”) on 38.2% 

(number of trials: Mean = 169.67 SD = 103.71) of the trials. Phosphene-present reports 

varied from 9% to 84% across subjects (Fig. 2). The response latency for phosphene-absent 

conditions (Mean = 1.19 s SD = 0.62 s) was longer than that for phosphene-present 

conditions (Mean = 1.13 s SD = 0.57 s), in line with previous research (Mazzi C et al., 

2014; Bagattini, C et al., 2015; Bonfanti et al., 2024). The response latency for the “maybe” 

conditions (Mean = 1.51 s SD = 0.30 s) was longer than when subjects were more confident 

about their responses (Mean = 1.02 s SD = 0.31 s). Maps of the EROS activity at various 

latencies are presented in Figs. 3–5. Fig. 3 shows group-level bootstrap Z score activity 

for phosphene-present versus phosphene-absent trials on a coronal Y = −60 slice. Fig. 4 

shows group-level bootstrap Z score activity for phosphene-present versus phosphene-absent 

trials on axial (Z = 0, 5, 10, 15) slices, with V1 and V2 identified by a probabilistic 

atlas (Maldjian et al., 2003). Fig. 5 shows the coronal surface projection of the group-level 

bootstrap Z score activity for phosphene-present versus phosphene-absent trials in a 243 ms 

time window after the TMS pulse.

3.1. Parietal ROI: comparison between phosphene-present versus phosphene-absent 
trials

We first examined the optical signal in the left posterior parietal cortex, the ROI directly 

underneath the TMS coil, and assessed by the optical imaging patch. For one participant, 

there was insufficient light reaching the detector under the patch and thus the patch data 

for this subject were removed from the parietal ROI analysis. This participant’s data from 

the remaining montage, however, were acceptable and so they were included in the analyses 
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described below. For the parietal patch data (N = 11), a significant difference in activity 

between phosphene-present versus phosphene-absent trials was observed at 51 ms (Z = 

3.070, Zcrit = 2.24), 63 ms (Z = 3.070, Zcrit = 2.24) and 76 ms (Z = 3.070, Zcrit = 2.24) after 

the TMS pulse (Fig. 3). These data suggest that greater and more sustained neural activity at 

the site of stimulation is related to phosphene awareness (see Table 2).

3.2. Occipital ROI: comparison of phosphene-present versus phosphene-absent trials

We next analyzed data from the occipital channels as a function of phosphene presence 

versus absence. Analysis of this contrast indicated a significant difference in activations in 

ipsilateral occipital cortex beginning at 140 ms (Z = 3.143, Zcrit = 3.012) after the TMS 

pulse (see Fig. 4). To further localize the effect, we plotted different axial slice projections 

within BA17 (V1) and BA18 (V2) ROIs with white and cyan outlines, respectively. The 

majority of voxels showing a significant phosphene-present versus -absent difference fell in 

V2 (cyan) with so few voxels in V1 (white) and given the limitations of registration, we 

cannot confidentially conclude V1 was activated. The two-tailed z test indicated a similar 

result (see Table 2).

In addition to these planned analyses, we also observed significant activation in the 

anteromedial region of the cuneus, occurring temporally between the effect in the parietal 

cortex and primary visual cortex at 102 ms (Z = 3.070), 115 ms (Z = 3.070) and127 ms (Z = 

3.070) after the TMS pulse, respectively (Fig. 5, cyan). In addition, we observed a bilateral 

activation of lateral occipital cortex (Fig. 5, circled in green and yellow in a later temporal 

window at 179 ms (Right LO: Z = 3.143), 191 ms (Left LO: Z = 3.070, Right LO: Z = 

3.070), 204 ms (Left LO: Z = 3.143), and 217 ms (Left LO: Z = 3.143). These findings were 

not predicted, so their validity needs to be confirmed in future research.

4. Discussion

The aim of the current study was to assess the role of early visual cortex during visual 

awareness; that is, is early visual cortex’s role in awareness confined to its role as the 

input to subsequent areas (hierarchical models of awareness) or must it receive feedback 

from anterior regions (interactive models of awareness)? We applied single-pulse TMS to 

left posterior parietal cortex to induce a phosphene and measured the underlying cortical 

activity using fast optical imaging. The combination of TMS and EROS allowed us to 

bypass direct visual input to the occipital cortex, and to record directly under the TMS coil 

without artifacts, making it possible to bypass initial feedforward activity from early visual 

cortex and assess the role of feedback to early visual cortex in isolation. TMS intensity 

was set at each participant’s individual phosphene threshold, allowing us to compare trials 

in which participants reported a phosphene to those in which they did not. Under these 

conditions, we found that activity in both parietal cortex and V2 was associated with 

awareness. Specifically, activity underneath the coil in the left posterior parietal cortex was 

related to phosphene perception 51–76 ms following the TMS pulse, while activity in V2 

(BA18) was related to phosphene perception in a later time window, between 140 and 166 

ms after the pulse. Differential activity in posterior parietal areas as a function of awareness 

is in line with previous evidence showing that the intraparietal sulcus can be an independent 
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generator of conscious experience (Bagattini et al., 2015). Moreover, these results support 

previous findings (Parks et al., 2015) showing that TMS pulses delivered to the posterior 

parietal cortex can induce activity in occipital cortex, and further suggest that the strength 

of the occipital activity predicts awareness. The role of this activity in awareness could not 

be determined in the Parks et al. (2015) study because the phosphene-present and phosphene 

absent trials came from different stimulation sites and thus it is unclear whether the amount 

of activity in occipital cortex is related to phosphene experiences.

In addition to parietal activity, we also observed significant activations in early visual 

cortex in a later time window (140–166 ms post-TMS). Although there were some active 

voxels that appear to be localized to V1, the vast majority were contained within V2. Even 

for these few voxels, their assignment to V1 is not definitive because of the limitation 

in spatial resolution – approximately 5 mm – of the optical imaging technique and the 

uncertainty of co-registration. Because activity originated in parietal cortex rather than in 

V1, the early visual cortex activity must be a result of trans-synaptic stimulation, which 

was either orthodromic and/or antidromic in nature. Whether or not the activity reaches 

early visual cortex via normal feedback projections (orthodromic) or traveled backwards 

on feedforward connections (antidromic), the late activation associated with phosphene 

perception is consistent with interactive models (Tong, 2003) in which awareness depends 

on later recurrent activity.

Interestingly, in contrast to interactive models of awareness that specifically predict feedback 

to V1 (Breitmeyer, 2007; Di Lollo et al., 2000; Enns and Di Lollo, 2000; Fahrenfort et al., 

2007, 2008; Lamme, 2000, 2006; Lamme and Roelfsema, 2000; Pascual-Leone and Walsh, 

2001; Silvanto et al., 2005; Silvanto and Pascual-Leone, 2008; Tapia and Beck, 2014; Tong, 

2003), the feedback activity we observed was more obvious in V2. However, EROS has 

limited penetration (on the order of 30 mm), and thus it may not be able to probe the most 

peripheral/deepest regions of V1. Moreover, our localization of the activity is approximate, 

and our atlas is probabilistic. Despite these limitations, we did observe some activity that 

could be localized to V1, at least with a probabilistic atlas. Even if one questions whether the 

effect includes V1, a null effect cannot definitively rule out the possibility that activity in V1 

is related to phosphene perception. In short, our data suggest that the stimulation of parietal 

cortex results in feedback activity to early visual cortex that is related to awareness but leave 

open the question as to which early visual areas play a role in awareness.

It should also be noted that neither the visual masking nor TMS-disruption, cited in support 

of interactive models of awareness, can unequivocally tie their results to V1. As mentioned 

earlier, visual masking studies (Breitmeyer, 2007; Di Lollo et al., 2000; Enns and Di 

Lollo, 2000; Fahrenfort et al., 2007, 2008) use delayed masking to infer feedback to V1. 

Even if such masking reflects a disruption of feedback processes, this conclusion is not 

without controversy (Center et al., 2019), the relative timing of signals to V1 versus V2, 

estimated to be 14 ms in humans (Hagler, 2014), would be extremely difficult to resolve 

behaviorally. In other words, it is possible that the critical source of re-entrant activity 

responsible for visual masking could be V2. TMS suppression studies also cannot guarantee 

a V1 source. (Pascual-Leone and Walsh, 2001; Silvanto et al., 2005; Silvanto et al., 2008; 

Silvanto et al., 2005). First, due to anatomical variations across individuals, V1 is not always 
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accessible to TMS from the scalp (Stokes et al., 2005; Stensaas et al., 1974). Second, 

due to TMS-suppression protocols that include small changes in coil position in order to 

empirically maximize suppression, coupled with the spread of the electrical field induced 

by TMS (Jalinous, 1991; Miranda et al., 2003), TMS-suppression has been localized, when 

assessed, to V1, V2, and even V3 (Center et al., 2019; Kammer et al., 2005; McKeefry et 

al., 2009; Thielscher et al., 2010; Salminen-Vaparanta et al., 2012). Another possibility is 

that the TMS suppression targeted at V1 may feedforward to V2, which, in turn, interrupts 

the recurrence and causes the absence of perception. In other words, even if TMS initially 

stimulated V1, the critical interference may still arise in V2.

Putting limitation in measuring V1 activity aside, our observation of activation of V2 

rather than V1 associated with awareness is consistent with reports of awareness in patients 

without V1 (Ffytche and Zeki, 2011; Mazzi et al., 2014, 2019a). As we did here, Mazzi et 

al. (2014) applied single-pulse TMS over the posterior parietal cortex of two hemianopic 

patients. Despite complete destruction of either left or right V1, both patients showed similar 

sensitivity to phosphenes in their blind visual field as healthy participants, suggesting that 

feedback to V1 is not necessary for phosphene awareness. It is possible that feedback to V2, 

as was shown here, or other visual areas played a role in phosphene perception. Watanabe 

et al. (2011) argued that earlier fMRI reports of V1 activity associated with awareness 

(Polonsky et al., 2000; Tong and Engel, 2001; Maier et al., 2008) stem from an attention 

confound rather than a critical role in awareness.

As mentioned, our limited effect in V1, like that of Watanabe et al. (2011), does not rule 

out the possibility that more sensitive methods may reveal that activity in V1 is related to 

awareness. The results with hemianopic patients, however, do suggest that V1 activity is not 

strictly necessary. Instead, taking all the data together, it might make more sense to consider 

the entire early visual cortex (V1–V3) as critically involved in awareness, with activity in a 

subset of these areas being sufficient (along with frontoparietal activity) for awareness.

In exploratory analyses we also observed a significant activation of the anteromedial region 

of the cuneus at an intermediate latency between the parietal (under the TMS coil) and 

occipital regions. Interestingly, a previous MEG study investigating the cortical response 

to visual stimulation localized early visual activity simultaneously to this anteromedial 

region of the cuneus and V1 50 ms after stimulus onset and before the signal transfers to 

extrastriate cortices (Vanni et al., 2001). These authors argue that this temporally positions 

the cuneus to potentially interact with V1 and thereby modulate the activity arriving in 

V2 (Vanni et al., 2001). Recent tractography, however, shows extensive connections within 

the cuneus, including between this anteromedial region and regions that contain V1 and 

V2 (Palejwala et al., 2021), leaving open the possibility of a direct pathway from the 

anteromedial cuneus to V2.

This is not the first time this anteromedial region of the cuneus has been implicated in 

awareness. Mathewson et al. (2014) located the source of the posterior alpha EEG signal that 

predicted awareness in a metacontrast paradigm to a similar region. However, in their case 

the activity was not only oscillatory, but it preceded the target stimulus.
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In a later temporal window from 179 ms to 217 ms, we observed a bilateral activation of 

lateral occipital (LO) cortex (Fig. 4). Previous MEG and low-resolution electromagnetic 

tomography (LORETA) studies have linked a late LO activity in 200–300 ms range with the 

visual awareness negativity (VAN) component of the ERP (Koivisto and Revonsuo, 2010; 

Liu et al., 2012). Among the candidate electrophysiological correlates of visual awareness, 

including P1, VAN and late positivity (LP), VAN most consistently emerges across different 

manipulations of visual awareness (Koivisto and Revonsuo, 2010; Wilenius-Emet et al., 

2004; Tagliabue et al., 2016; Mazzi et al., 2019b, 2020). In our case, the LO activation 

starts earlier (179ms) than the VAN timing measured relative to visual stimulus. However, 

such timing is reasonable given that TMS over the parietal cortex bypasses retina-cortical 

transmission delay (Samaha et al., 2017). We note that, unlike the ipsilateral effect in the 

early visual cortex and parietal cortex, the effect in LO is robust in both hemispheres. Such 

symmetry is also reported by Koivisto and Revonsuo (2010) when targets appeared on the 

right visual field, which is consistent with the phosphene location in our study. The bilateral 

activation is also not surprising given that the receptive fields of neurons in LO are both 

large and bilateral, indicating that both the right and left LO must receive input from both 

the ipsilateral and contralateral hemispheres (Decramer et al., 2019). Given the late timing of 

this activity, however, it is unclear whether it is the result of feedforward activation from V2 

or feedback from the parietal cortex.

It is important to note that our contrastive design does not allow us to definitively distinguish 

those processes directly contributing to consciousness (NCC proper: neural correlates of 

consciousness proper) from the pre-requisites (enabling consciousness but not directly 

contributing to the content of experience) and the consequences of consciousness (Aru et 

al., 2012; De Graaf et al., 2012). The consequences of awareness are particularly difficult 

to eliminate in designs such as ours where we must rely on participants overt responses 

to understand their states of consciousness. Researchers have utilized no-report paradigms 

to minimize the contribution of report-related activity or other task-related activity such as 

selective attention, expectation, self-monitoring, unconscious stimulus processing, or task 

planning (Tsuchiya, et al., 2015; Koch et al., 2016). All such processes could impact activity 

in our paradigm. However, the timing of our activity may provide some clues.

First, given the early onset (<140ms) compared to the average response time in the 

phosphene-present condition (1.13 s) and the localization of our observed activity to the 

posterior parietal (50 ms) and early visual cortex (140 ms), we believe it is less likely that 

this activity is response-related.

Second, as noted above, the bilateral activation of the LOC at 180 ms after stimulation 

most likely corresponds to the VAN ERP component. Across a variety of paradigms, the 

VAN has emerged as the most likely candidate for NCC proper (i.e. reflects the emergence 

of awareness; Mazzi et al., 2020; Koivisto and Revonsuo, 2008a; Koivisto et al., 2009; 

Koivisto and Revonsuo, 2007). If we consider the activation in LOC as indicative of the 

NCC, then the preceding activation in PPC (~60 ms), cuneus (~100 ms), and early visual 

cortex (~140 ms) may serve as the prerequisite for visual awareness. Such prerequisites may 

reflect, for example, a sufficient level of excitation in the parietal-occipital network to enable 

the processes necessary to generate awareness. Indeed, the excitability of these regions 
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fluctuates periodically, as marked by prestimulus neural oscillations, and those fluctuations 

have, in turn, impacted the likelihood of awareness (Mathewson et al., 2014; Samaha et al., 

2017; Benwell C et al., 2017; Tafuro A et al., 2023; Dugué et al., 2011; Romei et al., 2008).

Although we ran 77 participants, because of individual differences in the ease of parietal 

phosphene generation, our final sample (N = 12) was relatively small. Of the 77 subjects 

participating in the pilot session, only 29 were able to reliably report seeing parietal 

phosphenes. Out of these, 12 subjects agreed to return for subsequent experimental sessions. 

Similar difficulties have been encountered with other studies on parietal phosphenes 

(Bagattini et al., 2015; Marzi et al., 2009; Fried et al., 2011). Despite this limitation, we 

observed statistically reliable effects in occipital cortex that were associated with awareness. 

Our study addresses the critical research question of the importance of feedback activity 

in visual awareness, which requires a clear identification of feedback activity. This has 

been challenging for previous studies due to the difficulties of distinguishing feedback 

from feedforward activity because they overlap spatially and are temporally difficult to 

disambiguate. Our approach of eliciting parietal phosphene enabled us to examine feedback 

activity in isolation, since visual input from V1 was absent. This approach relies on the few 

people who can consistently detect parietal phosphene, in a way similar to working with 

patients.

In conclusion, this study adds to a growing body of work investigating interactions between 

frontoparietal cortex and occipitotemporal cortex in giving rise to awareness (Baars, 2005; 

Beck et al., 2001; Crick and Koch, 2003; Dehaene et al., 2006; Dehaene and Changeux, 

2011; Driver and Vuilleumier, 2001; Tononi and Koch, 2008). We observed that activity 

in both posterior parietal cortex and extrastriate cortex (V2) is related to the presence of 

experienced phosphenes. Importantly in this case, activity originated in posterior parietal 

cortex and was observed approximately 140–166 ms later in V2 cortex, consistent with 

theories of awareness that state that feedback to early visual cortex is necessary for 

awareness (Breitmeyer, 2007; Di Lollo et al., 2000; Enns and Di Lollo, 2000; Fahrenfort 

et al., 2007, 2008; Lamme, 2000, 2006; Lamme and Roelfsema, 2000; Pascual-Leone and 

Walsh, 2001; Silvanto et al., 2005; Silvanto and Pascual-Leone, 2008; Tapia and Beck, 2014; 

Tong, 2003). Of course, our data are also consistent with any interactive theory that posits 

that awareness is the result of an interaction among areas whether or not those interactions 

include any particular gatekeeper of awareness (Mazzi et al., 2017b; Mazzi et al., 2019a; 

Silvanto, 2015). Importantly, by combining both TMS and EROS in the same experiment we 

are able to observe those interactions in both a spatially and temporally resolved way.
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Fig. 1. 
TMS-EROS helmet before fibers were inserted. A custom-made thin rubber patch was 

affixed to the helmet over left parietal cortex. Sixteen detectors (large black holders in the 

left image and yellow dots in the right image) and eleven sources (small black holders 

in the left image and red dots in the right image) were used to record from the occipital 

cortex. Four detectors (yellow) and two sources (red) were mounted on the rubber patch 

parallel to the surface, to allow for the TMS coil to be sufficiently close to the scalp while 

recording parietal activity underneath the coil. The right figure shows the channels (green 

lines) formed by pairs of detectors (yellow) and sources(red).
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Fig. 2. 
Distribution of each participant’s detection rate (N = 12). Individual points plotted on the 

left. In the boxplot, the upper and lower whiskers refer to the maximum and minimum 

score. The upper and lower boundaries of the box refer to the upper and lower quartiles, 

respectively, and the horizontal solid line through the box is the median (25.5).The 

horizontal dotted line is the mean (30.75).
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Fig. 3. 
Coronal slice (Y = −60) showing group-level bootstrap Z score activity for phosphene-

present versus phosphene-absent trials. Darker grey shading in each slice indicates the 

regions accessible to measurement, given the placement of sources and detectors.
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Fig. 4. 
Axial slices (Z = 0, 5, 10, 15) showing group-level bootstrap Z score activity for phosphene-

present versus phosphene-absent trials. ROIs: BA17 V1 (white) and BA18 V2 (Blue). 

Darker grey shading in each slice indicates the regions accessible to measurement, given the 

placement of sources and detectors.
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Fig. 5. 
Coronal surface projections of group-level bootstrap Z score activity after TMS. Regions 

marked by circles: Posterior Parietal Cortex (Dark Blue); Anteromedial cuneus (Cyan); 

Lateral Occipital Cortex (Green, right and yellow, left). Darker grey shading in each 

slice indicates the regions accessible to measurement, given the placement of sources and 

detectors.
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Table 1

ROI coordinates used in this study. The coordinates of V1, V2, Lateral Occipital lobe are determined with a 

probabilistic atlas (Maldjian et al., 2003).

ROI X Y Z

Anteromedial Cuneus [−20, 20] [−100, −70] [15, 45]

Left Posterior Parietal Cortex [−55, −35] [−70, −50] [50, 70]
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Table 2

Z scores for phosphene-present versus phosphene-absent tests. p <.05 corrected for multiple correction.

Slice Region 140 ms 153 ms 166 ms

Axial 0 V1 2.048 1.873 **2.891

V2 2.987 2.987 2.987

Axial 5 V1 **2.987 **2.987 **2.987

V2 **3.143 **3.143 **3.143

Axial 10 V1 1.760 **2.648 1.792

V2 **3.143 **3.143 **3.070

Axial 15 V2 **3.143 **3.143 2.087

**
p < 0.05
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