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SUMMARY

Grid-cells firing fields tile the environment with a 6-fold periodicity during both locomotion and visual
exploration. Here, we tested, in humans, whether movements of covert attention elicit grid-like coding us-
ing frequency tagging. Participants observed visual trajectories presented sequentially at fixed rate, allow-
ing different spatial periodicities (e.g., 4-, 6-, and 8-fold) to have corresponding temporal periodicities (e.g.,
1, 1.5, and 2 Hz), thus resulting in distinct spectral responses. We found a higher response for the (grid-like)
6-fold periodicity and localized this effect in medial-temporal sources. In a control experiment featuring the
same temporal periodicity but lacking spatial structure, the 6-fold effect did not emerge, suggesting its de-
pendency on spatial movements of attention. We report evidence that grid-like signals in the human
medial-temporal lobe can be elicited by covert attentional movements and suggest that attentional coding
may provide a suitable mechanism to support the activation of cognitive maps during conceptual naviga-
tion.

INTRODUCTION

Understanding the surrounding environment is fundamental for

animals’ survival. To this end, sensory information is organized

into so-called ‘‘cognitive maps,’’ an internal model of the envi-

ronment that supports flexible behavior.1

Cognitive maps are thought to be instantiated at the neural

level through several neurons responding to spatial variables.2

Among these, grid cells in the entorhinal cortex exhibit multiple

firing fields that cover the navigable surface with a 60� rotational
symmetry3 (6-fold). The finding of spatially modulated cells has

been pioneered in rodents, and comparable evidence has

been reported in humans in virtual navigation tasks, with invasive

direct neural recordings4,5 but also using non-invasive functional

magnetic resonance imaging (fMRI).6

Interestingly, in primates the neural mechanisms that evolved

to support spatial exploration through locomotion seem to be re-

cruited when space is explored through eye movements.7,8 In

non-human primates, grid cells exhibit their hexagonal firing

also when space is explored through saccadic eye move-

ments.9,10 Similarly, Staudigl and colleagues11 reported in hu-

mans a higher gamma-band power (60–120 Hz) in the medial-

temporal lobe (MTL) for saccades aligned to the participants’

grid. Moreover, grid-like responses in the human MTL have

been reported using fMRI during visual search12 and smooth

pursuit.13

Findings of a grid-like response during visual exploration sug-

gest the possibility of an attentional mechanism taking place.14

Gaze position can be conceived as being the overt index of the

currently attended location. Attention, however, can also be

covertly deployed to peripheral spatial locations without moving

the eyes.15 Interestingly, a grid-like response in entorhinal cells

has been reported in non-human primates trained to maintain

central fixation while covertly paying attention to a dot moving

in the periphery.16 However, in humans there is no evidence of

grid-like responses being dissociated from overt visual explora-

tion of the environment.

We set out to investigate whether grid-like coding can be eli-

cited, in humans, by movements of covert attention using

frequency tagging (FT).17,18 Following previous studies,15,16 we

defined covert attention as being the orientation of attention to-

ward spatial locations achieved independently of directly

observable eye movements. Instead of relying on currently es-

tablished non-invasive methods to detect grid-like responses,19

we developed a method that enables one to obtain an objective

index of neural response that does not require participants’ overt

behavior.17 In fact, FT relies on the brain’s ability to track regular-

ities embedded within a periodic presentation of stimuli, offering

the advantage of measuring periodic neural responses with high

signal-to-noise ratio.

Our FT method relied on rhythmic visual presentation of tra-

jectories, appearing in fixed sequences of angles linearly

spaced by either 15� or 30� in different trials (Figure 1A; Videos

S1, S2, S3, and S4). This sequential ‘‘clock-like’’ presentation

allowed to embed multiple spatial periodicities at different tem-

poral intervals within the sequence. For instance, in the 30�

resolution, trajectories separated by 60� (6-fold, i.e., grid-cell

periodicity) appeared at 3 Hz, while trajectories separated by

90� (4-fold, control periodicity) appeared at 2 Hz. The afore-

mentioned frequencies were thus ‘‘tagged’’ with different
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spatial periodicities (Figure 1B). If any of these regularities were

being tracked, a response at the corresponding frequency

would emerge in the magnetoencephalography (MEG) signal

(Figure 1C). Compared to current non-invasive methods, the

recurrent presentation of 6-fold regularities avoids the need

to estimate the grid orientation with the maximal periodic

response. A peak at the frequency corresponding to the pre-

sentation of 6-fold trajectories is itself an index that during the

stimulation there was a successful recognition of a 6-fold peri-

odicity in the trajectories’ presentation. Crucially, this FT mea-

sure does not depend on the participant-specific preferred

orientation: the same frequency response should be observed

if the grid is aligned to any of the trajectories in the sequence. In

fact, the continuous clock-like presentation allows a consistent

temporal interval between the preferred trajectory (i.e., orienta-

tion) and its 60� multiples, irrespective of the participant-spe-

cific orientation.

We recorded MEG and eye tracking while participants at-

tended to the FT presentation. We quantified the neural tracking

of the spatial periodicities using inter-trial coherence (ITC)20 and

observed a grid-like response: the frequency tagged with the

6-fold periodicity shows higher ITC than control periodicities.

Figure 1. Frequency tagging design

(A) Example of a sequence at 30� resolution. Indi-

vidual trajectories were presented continuously

every 0.166 s (6 Hz). The same trajectories were

presented in one session as dots moving from one

side to the other of the circular arena (6 dots are

shown here for visualization purposes; in the

experiment 16 dotswere presented) and in another

session as static lines. Crucially, within this

sequential presentation were embedded addi-

tional spatial regularities. For instance, trajectories

separated by 60� (6-fold) appear every 0.333 s

(3 Hz). See Videos S1–S4 for examples of trials of

the different sessions and of the different angular

resolutions.

(B) Multiple spatial regularities can be embedded

within the sequential presentation of linearly

spaced trajectories. Specifically, spatial regular-

ities embedded in the 15� resolution include 90�

(4-fold, purple) appearing every 1 s (1 Hz), 60�

(6-fold, pink) appearing every 0.666 s (1.5 Hz), and

45� (8-fold, yellow) appearing every 0.5 s (2 Hz).

The 30� resolution instead includes 4-fold ap-

pearing every 0.5 s (2 Hz) and 6-fold appearing

every 0.333 s (3 Hz). The 6-fold periodicity corre-

sponds to the grid-like periodicity, whereas the

others act as control periodicities. Having two

angular resolutions allows to ‘‘tag’’ different fre-

quencies with the same spatial periodicity: 6-fold

trajectories occur at 3 Hz in the 30� resolution

and at 1.5 Hz in the 15� resolution, enabling an

estimation of the neural tracking that is not tied to a

specific chosen frequency.

(C) Predictions. If the spatial regularities were be-

ing tracked, a response at the corresponding fre-

quency would be visible in the frequency spec-

trum. Isolating the frequencies of interest should

then reveal a higher neural tracking for the fre-

quency tagged with 6-fold (pink) as compared to

4-fold (purple) and 8-fold (yellow) in the 15� reso-

lution (top) as well as a higher response for the

frequency tagged with 6-fold as compared to

4-fold in the 30� resolution (bottom).

(D) Task. During the trajectories’ sequence (both

sessions) two red dots appeared for 0.025 s in

random locations along the trajectory. To ensure

spatial attention, timing of their appearance was

randomized but constrained between 19 s and 33 s

for the first dot and between 37 s and 39 s for the

second dot. At the end of the trial, two red dots

were presented again and participants had to

indicate whether their position was consistent with

the one they were keeping in memory.

2 Cell Reports 42, 113209, October 31, 2023

Article
ll

OPEN ACCESS



At sensor level this effect was found in clusters encompassing

occipital and temporal sensors, whereas at source level this ef-

fect was found specifically in the MTL. Concurrently recorded

gaze location and participants’ accurate performance allowed

us to ascribe the observed effect to covert attention. In a control

experiment we used the same FT design with non-spatially

structured stimuli. We observed a different response profile, indi-

cating the dependency of the effect observed in the spatial

experiment on covert movements of attention.

RESULTS

Participants were covertly tracking the spatial
trajectories
Twenty-three healthy volunteers completed two MEG recording

sessions. In one session, trajectories were formed by dots mov-

ing from one side to the other in a circular arena, similar to the

method used by Nau et al.13 In another session, the same trajec-

tories were presented as static lines. Participants were in-

structed to fixate at the center of a screen while attending to

the trajectories. To ensure they were paying attention to the

stimuli, they were asked to perform a location memory task (Fig-

ure 1D). This consisted of two red dots appearing at random po-

sitions along the trajectories and at random times within the trial

sequence. Participants had to remember the dot’s exact posi-

tion, and their memory was tested at the end of each trial. Perfor-

mance overall was accurate (Figure 2A), except for one partici-

pant that was excluded from further analyses.

Gaze-location data confirmed that participants were keeping

central fixation (4.5� visual angle16) throughout the trial (Figure2B).
To further make sure that any MEG response can be ascribed to

covert attention, trials in which fixation was maintained for less

than 80% of the time were excluded from further analyses. This

threshold was used during the recording session to warn partic-

ipants of excessive eyemovements and was thus kept during the

analysis stage, but the main findings are replicated using a more

stringent threshold of 95% of time (Figure S4).

Taken together, participants’ behavior as reflected in task per-

formance and gaze position indicates successful covert tracking

of the spatial trajectories.

Figure 2. Covert tracking of spatial trajec-

tories elicited a grid-like response detect-

able with frequency tagging

(A) Accuracy in the location memory task, aver-

aged over angular resolutions as well as separately

for each angular resolution. Performance was

overall good (dots session: mean = 80%, SD = 7%;

lines session: mean = 81%, SD = 5%) except for

one participant (diamond point in the plot) whose

accuracy (dots: 54%; lines: 62%) was two SDs

below group mean in both sessions. This partici-

pant was excluded from further analyses. After

separating the responses in the two angular reso-

lutions, we observed higher accuracy in the 15�

resolution (t(22) = 3.18, p = 0.004) in the lines

session, while no difference was observed in the

dots session (t(22) = 1.71, p = 0.099).

(B) Fixation time during the trials, expressed as

percentage, averaged over angular resolutions as

well as separately for each angular resolution.

Participants kept central fixation (4.5� visual angle
from the center of the screen16) for the majority of

the time during the trial. No differences in fixation

behavior were found between angular resolutions

(dots session: t(21) = �1.06, p = 0.300; lines ses-

sion: t(21) = �1.16, p = 0.257). Green shades

indicate dots session, blue shades indicate lines

session. Lines above data points indicate signifi-

cance (n.s., not significant; *p < 0.05; **p < 0.01;

***p < 0.001).

(C) Significant clusters at sensor level in which ITC6

is greater than control ITCs, indicating a grid-like

response in occipito-temporal sensors. In the 15�

resolution, ITC6 is greater than ITC4 (p = 0.038

cluster corrected, left) and ITC6 is greater than ITC8

(p < 0.001 cluster corrected, center). In the 30�

resolution, ITC6 is greater than ITC4 (p = 0.047

cluster corrected, right). No clusters were found in

which control periodicities were higher than 6-fold

periodicity.

See Figures S1 and S2 for results of the individual

sessions.
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Figure 3. Grid-like response during covert attention originated in the MTL

(A) Regions of interest (ROIs) selected for the source-level analyses. From left to right: medial-temporal lobe (MTL; hippocampus, entorhinal, and para-

hippocampal cortices), lateral occipital, and precentral. Dark blue indicates left hemisphere and light blue indicates right hemisphere.

(B) Inter-trial coherence (ITC) in the ROIs for each frequency tagged with spatial periodicities at 15� resolution demonstrate the presence of a grid-like response,

i.e., the frequency tagged with the 6-fold spatial periodicity (pink) was higher than both control periodicities (4-fold: purple; 8-fold: yellow) in the MTL (left) in both

the left hemisphere (top) and right hemisphere (bottom). The grid-like effect was specific to the MTL in that in neither the lateral occipital (center) nor precentral

(right) control ROI was the 6-fold periodicity higher than both control periodicities.

(C) ITC in the ROIs for each for each frequency tagged with spatial periodicities at 30� resolution demonstrate the presence of a grid-like response in theMTL ROI

(left) in both the left (top) and right (bottom) hemisphere, with the 6-fold periodicity (pink) being higher than the 4-fold periodicity (purple). This effect was specific to

(legend continued on next page)
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MEG FT detects a grid-like response in humans during
covert attentional movements
As a first step, we sought to understand whether the FT method

was able to detect a grid-like response by quantifying the neural

tracking of the spatial periodicities with ITC at sensor level. This

analysis is based on the signal as recorded by MEG but will pro-

vide limited spatial information. After standardMEG preprocess-

ing, the time series of each trial was divided into shorter

segments, which then underwent a semi-automatic artifact

rejection procedure (see STAR Methods). Individual segments

were decomposed in the frequency domain with a fast Fourier

transform (FFT), and this complex representation was used to

calculate ITC following previous studies.21,22 Having observed

no statistical differences in the ITC response between the dots

and lines sessions in the predicted source-level region of interest

(ROI) analysis, we averaged the results and carried out our main

analyses on this averaged ITC value (see ‘‘grid-like responsewas

localized in medial-temporal sources’’ for the formal comparison

and Figures S1 and S2 for the individual session results).

The ITC of the frequencies corresponding to the 6-fold period-

icity (ITC6) was compared to the ITC at the frequency of the con-

trol periodicities (ITC4 and ITC8) with a two-sided cluster-permu-

tation test,23 separately for each angular resolution. For the

sensor-level analysis we focused on magnetometers, given their

higher sensitivity to deep sources as compared to gradiome-

ters.24 This analysis revealed significant clusters encompassing

occipital and temporal sensors in which ITC6 was higher than the

control periodicities (Figure 2C). Specifically, in the 15� resolu-

tion we observed a cluster in which ITC6 was greater than ITC4

(p = 0.038 cluster corrected) and a cluster in which ITC6 was

greater than ITC8 (p < 0.001 cluster corrected). In the 30� resolu-
tion, we observed a cluster in which ITC6 was greater than ITC4

(p = 0.047 cluster corrected). No cluster was found in which con-

trol periodicities’ ITCs were greater than ITC6.

This analysis indicates that covert attentional movements in

humans also elicit a grid-like response, similarly to non-human

primates.16 The limited spatial resolution of sensor-level ana-

lyses localized this response in occipito-temporal sensors, with

similar topographies giving rise to the grid-like effect in both

angular resolutions (Figure S10B).

Grid-like response was localized in medial-temporal
sources
We performed source localization to investigate which brain

areaswere responsible for the grid-like effect observed at sensor

level. We used a linearly constrained minimum variance beam-

former25 to reconstruct the time series of brain activity in each

voxel and computed the ITC at the frequencies corresponding

to the tagged spatial periodicities (see STAR Methods).

We focused our analysis on the MTL (Figure 3A, left), given the

a priori hypothesis of its involvement in the generation of the

6-fold periodic response. The average ITC value in this ROI

was compared across sessions with a two-way repeated-mea-

sures analysis of variance (ANOVA) with factors session (dots,

lines) and periodicity (15� resolution: 4-, 6-, 8-fold; 30� resolution:
4-, 6-fold) to evaluate whether the neural tracking of the spatial

periodicities is elicited differently by moving dots or static lines.

This analysis was repeated for each hemisphere and each

angular resolution. We found no significant periodicity3 session

interaction (15�: left, F(2,42) = 2.42, p = 0.101; right, F(2,42) =

1.44, p = 0.248; 30�: left, F(1,21) = 1.40, p = 0.25; right,

F(1,21) = 0.19, p = 0.66). The ITC values of the two sessions

(dots and lines) were thus averaged together and used for further

analyses (see Figures S1 and S2 for the individual session

results).

Most interestingly, the ANOVA identified a main effect of peri-

odicity in both hemispheres, and in both the 15� resolution (left:

F(2,42) = 9.27, p < 0.001; right: F(2,42) = 16.46, p < 0.001; Fig-

ure 3B, left) and 30� (left: F(1,21) = 8.63, p = 0.008; right

F(1,21) = 11.89, p = 0.002; Figure 3C, left). Planned paired

t test indicated that in the 15� resolution, ITC6 was significantly

greater than both ITC4 and ITC8 in both hemispheres (Table 1).

In the 30� resolution, ITC6 was significantly greater than ITC4 in

both the left and right MTL (Table 1). Taken together, these re-

sults suggest the presence of a grid-like response in the MTL

during covert attentional movements.

To investigate whether the grid-like effect was specific to the

MTL, we compared the MTL with two control ROIs, the lateral

occipital and precentral cortices (Figure 3A, center and right).

We conducted a two-way repeated-measures ANOVA with fac-

tors ROI (MTL, lateral occipital, precentral) and periodicity (15�

resolution: 4-, 6-, 8-fold; 30� resolution: 4-, 6-fold) separately

for each hemisphere and each angular resolution. We found a

significant two-way interaction in the 15� resolution (Figure 3B)

in both the left hemisphere (F(2.51, 52.75) = 29.62, p < 0.001)

and right hemisphere (F(2.17, 45.66) = 20.82, p < 0.001). Post

hoc t test indicated that the effect was indeed specific to the

MTL, as in neither the lateral occipital nor the precentral ROI

was ITC6 greater than both control periodicities (Table 1). In

the 30� resolution (Figure 3C) we observed a significant two-

way interaction in the left hemisphere (F(1.35, 28.27) = 4.94,

p = 0.025) and the right hemisphere (F(1.39, 29.13) = 4.79, p =

0.026). Post hoc t tests confirmed that in the control regions

ITC6 was not greater than both control periodicities (Table 1).

To localize this effect at the cortical level, we performed a

conjunction analysis.26 This analysis revealed clusters of voxels

in the bilateral MTL that survived an uncorrected threshold

(p < 0.005) (Figure 3D). In addition, a cluster-permutation test

at the cortical level identified significant clusters encompassing

the MTL in both 15� and 30� resolution (Figure S3).

Given their higher sensitivity to deep sources,24 we also

repeated source analysis using only magnetometers. We

did not find differences from the main results reported above

(Figure S5).

the MTL in that neither the lateral occipital nor precentral ROI show a comparable periodicity preference. Gray dots indicate individual subjects. Error bars

indicate standard error of the mean. Lines above data points indicate significance (n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001).

(D) Conjunction analysis (15�: ITC6 > ITC4 and ITC6 > ITC8; 30
�: ITC6 > ITC4) at the cortical level (p < 0.005 uncorrected) demonstrated the specificity to theMTL of

the grid-like effect.

See Figures S1 and S2 for results of the individual sessions.
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These results confirm that the grid-like response elicited by

covert attentional movements originated in the MTL and was

not present in control regions.

Gaze location does not influence the grid-like response
We then conducted further analyses on the eye-tracker data to

investigate the presence of eye movements within the fixation

window that could be induced by the presentation of the stimuli

and their potential relation with the observed grid-like response.

First, we replicated the analysis conducted byWilming and col-

leagues16 to directly assess the time-resolved consistency be-

tween gaze location and stimuli position (Figure 4A). We sepa-

rately computed the Euclidean distance of the eyes to the

center and of the stimuli (dots) to the center at each time point.

These distance measures would be correlated if the eyes were

following the dots. However, at the group level we did not observe

any correlation, neither in 15� (t(21) =�1.169, p = 0.255) nor in the

30� resolution (t(21) =�0.814, p = 0.424). Moreover, no difference

was present between the 15� and 30� resolutions (t(21) = �0.409,

p = 0.686). Thus, at least according to the standards adopted by

Wilming and colleagues, attentional tracking during the task was

not accompanied by consistent eye movements (at least in the

case of the moving dot session, to which this kind of analysis

could be applied). Moreover, by comparing the eye position in

the moments directly before and after the appearance of the

target dots, we found that the presentation of the target did not

induce a consistent shift of gaze location (Figure S6), indicating

that task-relevant stimuli were not influencing gaze behavior.

We then directly assessed the similarity between gaze loca-

tions during the presentation of different trajectories in both the

dots and lines sessions. We used Gaussian kernel density esti-

mate to calculate the heatmaps of fixations27 for each trajectory,

focusing on the predefined 4.5� 3 4.5� fixation window (Fig-

ure 4B). The average pairwise correlations between the heat-

maps were very high overall (dots session: 15�, r = 0.97 ± 0.01;

30�, r = 0.98 ± 0.005; lines session: 15�, r = 0.97 ± 0.01; 30�,
r = 0.98 ± 0.005; Figure 4C), indicating that individual partici-

pants’ gaze location was similar across trajectories.

However, despite the high similarity, we found that fixation

maps of trajectories that were similar to each other were nega-

tively correlated with the angular difference between trajectories

(Figure 4D). Fisher-transformed r scores were significantly

different from zero (dots session: 15�: r = 0.71 ± 0.09, t(21) =

�20.232, p < 0.001; 30�: r = 0.82 ± 0.064, t(21) = �26.486,

p < 0.001; lines session: 15�: r = 0.69 ± 0.08, t(21) = �25.224,

p < 0.001; 30�: r = 0.81 ± 0.05, t(21) = �32.202, p < 0.001), indi-

cating that individual participants’ fixation similarity was (slightly)

higher for trajectories that had smaller angular difference.

Given that the spatial trajectories induced a small but consis-

tent bias in participants’ gaze location, we next investigated

whether this effect could influence the observed grid-like

response. To this end we computed the slope of the correlation

from the previous analysis and averaged it across sessions. This

measure was taken as an index of the extent to which an individ-

ual participant’s gaze was modulated by the angular difference

between the trajectories. We then computed the slope of the

grid-like effect in the left and right MTL, separately for each

angular resolution: for the 15� resolution we fit a quadratic model

centered on 6-fold to individual participants’ ITC data in the MTL

(see Figure 6 for similar analysis at the group level), while for the

30� resolution we fit a linear model. The slope of eachmodel was

taken as an index of the strength of the grid-like response. We

Table 1. Pairwise comparison between tagged frequencies in the different ROIs in the spatial experiment

Angular resolution Hemisphere ROI Comparison df t p Significance

15� left MTL 6-fold (1.5 Hz) vs. 4-fold (1 Hz) 21 2.35 0.028 *

6-fold (1.5 Hz) vs. 8-fold (2 Hz) 21 3.92 <0.001 ***

lat. occipital 6-fold (1.5 Hz) vs. 4-fold (1 Hz) 21 0.07 0.937

6-fold (1.5 Hz) vs. 8-fold (2 Hz) 21 6.43 <0.001 ***

precentral 6-fold (1.5 Hz) vs. 4-fold (1 Hz) 21 �1.93 0.066

6-fold (1.5 Hz) vs. 8-fold (2 Hz) 21 1.83 0.08

right MTL 6-fold (1.5 Hz) vs. 4-fold (1 Hz) 21 2.45 0.022 *

6-fold (1.5 Hz) vs. 8-fold (2 Hz) 21 6.80 <0.001 ***

lat. occipital 6-fold (1.5 Hz) vs. 4-fold (1 Hz) 21 0.06 0.949

6-fold (1.5 Hz) vs. 8-fold (2 Hz) 21 6.09 <0.001 ***

precentral 6-fold (1.5 Hz) vs. 4-fold (1 Hz) 21 �4.15 <0.001 ***

6-fold (1.5 Hz) vs. 8-fold (2 Hz) 21 1.82 0.081

30� left MTL 6-fold (3 Hz) vs. 4-fold (2 Hz) 21 2.92 0.008 **

lat. occipital 6-fold (3 Hz) vs. 4-fold (2 Hz) 21 �1.01 0.322

precentral 6-fold (3 Hz) vs. 4-fold (2 Hz) 21 1.07 0.294

right MTL 6-fold (3 Hz) vs. 4-fold (2 Hz) 21 3.43 0.002 **

lat. occipital 6-fold (3 Hz) vs. 4-fold (2 Hz) 21 �0.39 0.698

precentral 6-fold (3 Hz) vs. 4-fold (2 Hz) 21 �0.14 0.884

Post hoc t tests at source level in each ROI identified a significantly higher ITC6 as compared to control folds in the 15� resolution in both the left and

right MTL. The same pattern was not present in the control regions. Similarly, in the 30� resolution ITC6 was higher than ITC4, specifically in the MTL.

Asterisks indicate significance: *p < 0.05; **p < 0.01; ***p < 0.001.
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then correlated the slopes of the MEG and eye-tracker effects to

investigate whether the participants that exhibited the strongest

grid-like effect were also exhibiting a high modulation of the

fixation pattern by the trajectories’ presentation. We did not

find any correlation (Figure 4E) in neither 15� (left hemisphere:

r(20) = �0.11, p = 0.618; right hemisphere: r(20) = �0.06, p =

0.789) or 30� resolution (left hemisphere: r(20) = �0.22, p =

0.335; right hemisphere: r(20) = �0.30, p = 0.172).

As an additional control, we replicated the previous results us-

ing the time-resolved gaze angle instead of the gaze location

Figure 4. Gaze location does not influence

the grid-like response

(A) Correlation across time between Euclidean

distance of the eye to the center and the dot to the

center, replicating the analysis conducted by

Wilming and colleagues.16 We did not observe any

correlation at the group level, neither in 15�

(t(21) = �1.169, p = 0.255) nor in 30� resolution

(t(21) = �0.814, p = 0.424), and no difference was

observed between the two angular resolutions

(t(21) = �0.409, p = 0.686).

(B) Heatmaps (restricted to the fixation window)

from one example participant for each trajectory in

the 30� resolution.
(C) Average pairwise correlation (within-subject)

between trajectory-specific heatmaps. Correla-

tions were overall high in both the dots (green) and

lines (blue) session.

(D) Group-average correlation as a function of

angular difference for both the dots (green) and

lines (blue) sessions, in both 15� (left) and 30� (right)
resolution. We observed a significant negative

correlation in all cases (dots session: 15�: r =

0.71 ± 0.09, t(21) = �20.232, p < 0.001; 30�: r =
0.82 ± 0.064, t(21) = �26.486, p < 0.001; lines

session: 15�: r = 0.69 ± 0.08, t(21) = �25.224,

p < 0.001; 30�: r = 0.81 ± 0.05, t(21) = �32.202,

p < 0.001), indicating that trajectories with higher

correlation were close in angular space.

(E) Grid-like effect as a function of the angular

gaze modulation. The slope of the grid-like effect

in each hemisphere was correlated with the

slope of the correlation between the pairs of

heatmaps and their angular difference. We found

no correlation in either hemisphere and in neither

the 15� (left) nor 30� resolution (right) (all p >

0.172).

See Figure S7 for the same analyses using gaze

angle.

represented in the heatmaps (Figure S7),

strengthening the observation of a lack

of correlation between gaze behavior

and the grid-like effect.

Taken together, these results indi-

cate that the presented spatial trajec-

tories induced a small but consistent

bias in participants’ gaze location.

Although it is unclear to what extent

this fixation bias reflects shifts of atten-

tion along the presented trajectories

(see the control analysis inspired by Wilming et al.16 and

the lack of correlation with the magnitude of the 6-fold ef-

fect), we cannot completely rule out this possibility. Indeed,

there is an ongoing debate regarding whether miniature eye

movements are inherently linked to shifts in spatial attention

and can be taken as an index of covert attention.28–30

Nevertheless, grid-like coding seems to emerge in the

absence of directly observable, overt oculomotor exploration

of the visual environment, as previously reported in non-hu-

man primates.16
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Temporal structure of the FT design cannot explain the
grid-like response
Temporal regularities in stimuli presentation constitute the most

important feature of FT designs.31 When multiple regularities are

present (as in our case), their interaction can result in additional

neural responses at frequencies corresponding to any sum of

theoriginally tagged frequenciesand theirmultiples (i.e., intermod-

ulation17,32). Intermodulation of salient rhythms inherent to the pre-

viously presented FT design (e.g., presentation rate and ‘‘turn’’ of

the clock-like presentation33) could potentially provide an alterna-

tive interpretation of the effects that were observed (Figure S8).

We thus conducted a control experiment to rule out the

possibility that the grid-like response reported in the previous

experiment was the by-product of other temporal regularities.

Specifically, we designed another FT task having the same tem-

poral regularities (i.e., the repeating sequences) but using non-

spatially structured stimuli (i.e., letters). In the spatial experiment

sequences were of different duration in the two angular resolu-

tions, due to a difference in the number of trajectories. We

replicated this feature using a different number of letters in the

sequences (15�: 12 letters, from A to N; 30�: 6 letters, from A

to F; see STAR Methods and Figure S9).

Data from 22 healthy participants who took part in this non-

spatial experiment were analyzed following the same approach

used in the spatial experiment (see STARMethods). If the tempo-

ral structure of stimulus presentation and the interaction be-

tween multiple frequencies were the cause of the results in the

spatial experiment, we should see a preference for the frequency

that was previously tagged with 6-fold periodicity (i.e., 1.5 Hz in

15� resolution and 3 Hz in 30� resolution) in this non-spatial

experiment as well. To test this hypothesis, we extracted the

ITC of the frequencies that in the spatial experiment were tagged

with spatial regularities (Figure 1B) and compared them at

both sensor level and source level, both within and between

experiments.

At sensor level, a two-sided cluster-permutation test (Fig-

ure 5A) in the condition that corresponded to the 15� angular res-
olution identified an occipito-temporal cluster in which ITC at the

frequency corresponding to 6-fold spatial periodicity (ITCCont6)

was greater than ITC at the frequency corresponding to 4-fold

(ITCCont4) (p < 0.001 cluster corrected) and two clusters in which

ITC at the frequency corresponding to 8-fold (ITCCont8) was

higher than ITCCont6, one located in left temporal sensors (p =

0.010) and one in right frontal sensors (p = 0.005). In the condition

Figure 5. Temporal structure of the fre-

quency-tagging design does not elicit a

grid-like response

(A) Sensor-level clusters observed in the non-

spatial experiment comparing the frequencies

tagged with spatial periodicities in the spatial

experiment. In the condition corresponding to

15�, ITCCont6 was greater than ITCCont4 (p < 0.001

cluster corrected, left) whereas ITCCont6 was lower

than ITCCont8 (left-temporal cluster, p = 0.010;

right-frontal cluster p = 0.005, center). In the con-

dition corresponding to 30�, instead ITCCont6 was

greater than ITCCont4 (p = 0.013, right)

(B) In the condition corresponding to 15� resolu-

tion, a significant three-way interaction (experi-

ment 3 ROI 3 periodicity) indicates different

response profiles between the spatial (Figure 3B)

and non-spatial experiment. In the non-spatial

experiment, no significant differences between

frequencies were identified in the left MTL ROI (top

left), while in the right (bottom) MTL ITCCont6 was

significantly lower than ITCCont8.

(C) In the condition corresponding to 30� resolu-

tion, a significant three-way interaction (experi-

ment 3 ROI 3 periodicity) indicates different

response profiles between the spatial (Figure 3C)

and non-spatial experiment only in the left (top) and

not in the right (bottom) hemisphere. This signifi-

cant interaction was caused by ITCCont6 being

greater than ITCCont4 in the left lateral occipital, in

that no differences between experiments were

found in the MTL. Gray dots indicate individual

subjects. Error bars indicate standard error of the

mean. Lines above data points indicate signifi-

cance (n.s., not significant; *p < 0.05; **p < 0.01;

***p < 0.001).

See Table S1 for statistics of the pairwise com-

parisons.
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corresponding to 30�, we identified an occipito-temporal cluster

in which ITCCont6 was greater than ITCCont4 (p = 0.013 cluster

corrected). The condition corresponding to the 15� resolution

showed clearly different results compared to the spatial experi-

ment, with sensors in which ITCCont8 was greater than ITCCont6.

In the condition corresponding to the 30� resolution, with only

one control periodicity, it was more difficult to characterize a

grid-like response as compared to a more general response eli-

cited by the temporal structure. Nevertheless, the topographies

of the two experiments were different (Figure S10A), indicating a

different neural origin of the effect. Moreover, we found a high

correlation of the grid-like response (i.e., the difference between

ITC6 and ITC4) between angular resolutions in the spatial exper-

iment and not when correlating the corresponding frequencies of

the non-spatial experiment (Figure S10B).

We then reconstructed the sources of the signal to further

explore the effects elicited by the temporal structure and ensure

that a 6-fold preference was not present in the MTL. Finally, we

compared the ITC values in the ROIs between experiments using

ANOVAs and Bayesian model comparison.

In the 15� condition (Figure 5B), a mixed ANOVA with experi-

ment as between-subjects factor and ROI and periodicity as

within-subjects factor identified a significant three-way interac-

tion in both the left hemisphere (F(2.73,114.58) = 39.43,

p < 0.001) and right hemisphere (F(2.77, 116.27) = 22.93,

p < 0.001), indicating different patterns of ROI3 periodicity inter-

action across the two experiments (spatial vs. non-spatial).

Indeed, in the MTL the ITCCont6 was never greater than both

the control periodicities. Moreover, contrary to the spatial

version of the experiment, the frequency preference showed

similar trends in both the MTL and the control regions (see Fig-

ure 5B and Table S1 for post hoc pairwise comparison within

each ROI). To directly compare ITC6 with both control ITCs at

the same time, we fitted (within each experiment) linear (L) and

quadratic (Q) models to the group-level data and compared their

goodness of fit with Bayes factor (BF34). In the MTL ROI (Fig-

ure 6A), we found very strong evidence35 for the quadratic model

centered on the 6-fold periodicity over the linear model in both

the left hemisphere (BFQL = 150.05) and right hemisphere

(BFQL = 2,203.92) in the spatial experiment. Conversely, in the

non-spatial experiment, we found positive evidence for the linear

model over the quadratic model in the left hemisphere (BFLQ =

8.07) and weak evidence in the right hemisphere (BFLQ = 2.04).

This is confirmed at the cortical level, where the right MTL shows

very strong evidence in favor of the quadratic model over the

linear model in the spatial experiment (Figure 6B).

In the 30� resolution (Figure 5C), we found a significant three-

way interaction (experiment 3 ROI 3 periodicity) in the left

hemisphere (F(1.3, 54.7) = 11.14, p < 0.001) but not in the right

hemisphere (F(1.23, 51.84) = 2.56, p = 0.109). Post hoc compar-

isons (Figure 5C and Table S1) revealed that a preference for the

frequency that was previously tagged with 6-fold spatial period-

icity was found in the bilateral MTL but, contrary to the spatial

experiment, also in a control region, the left lateral occipital.

Taken together, these results demonstrated that the FT tem-

poral structure generated different neural responses based on

the task. The presentation of spatial sequences and their covert

attentional tracking resulted in a grid-like response specific to

Figure 6. Bayesian model comparison identifies a quadratic trend in the spatial experiment and a linear trend in the non-spatial experiment

(A) In the spatial experiment (top), there was very strong evidence in favor of a quadratic model centered on ITC6 as compared to a linear model in both the left

(BFQL = 150.05) and right (BFQL = 2203.92) hemispheres. Conversely, in the non-spatial experiment, therewas positive evidence for a linearmodel as compared to

a quadratic model in the left hemisphere (BFLQ = 8.07), while there was weak evidence for the linear model in the right hemisphere (BFLQ = 2.04).

(B) Voxel-wise model comparison in the spatial experiment identified very strong evidence for the quadratic model as compared to the linear model in the MTL.
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theMTL. The same temporal structure but no spatial allocation of

attention instead produced different response profiles across

the whole brain. In the 15� condition, we observed a linear in-

crease of ITC with the frequency. In the 30� condition, it was

more difficult to characterize the grid-like response as indepen-

dent from other temporal regularities given the presence of a sin-

gle control periodicity. Nevertheless, differences in both topog-

raphies and control regions make the MTL grid-like effect

specific to the spatial experiment, suggesting differences in the

mechanisms that gave rise to the observed response in the

non-spatial experiment. In this respect, the left lateralization

may be suggestive that lexical regularities (which have been

shown to be detectable with FT36,37) were playing a role.

DISCUSSION

We demonstrated that a grid-like response, i.e., a preference for

spatial trajectories aligned with a 6-fold periodicity as compared

to control periodicities, was elicited in the human MTL by move-

ments of attention. This effect arises in the absence of directly

observable eye movements during the exploration of the envi-

ronment, providing evidence that also in humans covert attention

induces grid-like responses.

To this end, we used an eye tracker in combination with MEG

FT. The proposed method relies on the periodic visual presenta-

tion of spatial trajectories. Crucially, unbeknownst to partici-

pants, these trajectories exhibited spatial regularities corre-

sponding to the periodic firing of grid cells. This resulted in a

grid-like response that was specific to the MTL, thus demon-

strating the biological plausibility of the cellular-level signal that

was picked up non-invasively with MEG. Moreover, in a control

experiment, we provided evidence that the grid-like signal de-

pended on covert movements of attention and not on the tempo-

ral structure of our task.

Covert attention elicited a grid-like signal in the human
MTL
Previous literature had already demonstrated that overt visual

exploration can result in a grid-like response in the MTL,9–13

strengthening the relationship, in primates, between the neural

mechanisms supporting spatial exploration through bodily and

ocular movements.7,8 Gaze location is often considered a proxy

for spatial attention. However, attention can also be covertly

moved in space independently of eye movements,15 resulting

in a similar grid-like response in non-human primates.16 Here

we demonstrated that a grid-like response was present also in

humans while attention was covertly deployed to spatial

locations.

By confirming findings from non-human primates, we pro-

vided comparable evidence across species for an attentional

mechanism being able to give rise to grid-like responses. The

current results allow for an interesting hypothesis regarding the

general role of hippocampal cognitive maps in representing

knowledge. Indeed, grid-like coding in the entorhinal cortex

emerges also when people mentally explore relational links be-

tween non-spatial stimuli, such as visual objects,38 odors,39 so-

cial attributes,40 or word meanings.41 The attention-modulated

activation of grid-like coding provides a suitable mechanism

supporting the activation of the same hippocampal machinery

during the navigation of conceptual spaces: where there is

nothing to see and nowhere to move, but internal attention can

be moved across the mental space.

In primates, attention and eye movements are tightly

linked,42–45 and it is possible that even spontaneous endoge-

nous shifts of attention cannot be completely dissociated

from gaze behavior, such as microsaccades.46 Indeed, we

found that similar trajectories induced similar biases in eye po-

sition, albeit very small. Across participants, however, the

strength of this bias did not predict the grid-like effect, suggest-

ing that it may not reflect attentional movements along the rele-

vant spatial trajectories. However, if attentional movements

cannot be completely dissociated from gaze behavior and if

the navigation of conceptual spaces is mediated by attention,

it could be possible that spontaneous eye movements would

reflect the structure and navigation of abstract relational

spaces. Future studies should investigate whether this is

the case.

FT as a non-invasive tool to assess the grid-like
response
A second purpose of the present study was to develop an alter-

native non-invasive method that allows detection of the grid-like

response. The seminal paper by Doeller and colleagues6 opened

the possibility to study the proxy of a cellular response non-inva-

sively, giving rise to numerous discoveries on the functioning of

grid-like response in humans. While this method has been used

successfully in both healthy participants and special popula-

tions,47,48 it relied on participants’ compliance to perform a

task and undergo long training procedures. This greatly limited

the possibility to investigate grid-like signals with populations

that instead may have problems in performing cognitive tasks,

such as patients, or may not be able to undergo long experi-

ments, such as children.

We developed a method to detect a grid-like response based

on FT that overcomes these limitations and can be used to

further advance our understanding of grid-like responses in the

human brain. FT in fact has been employed successfully in spe-

cial populations.49–51 Moreover, FT can be used to study high-

level cognitive processes, such as attention52,53 or understand-

ing spatial relations.54

Taken together, our results indicate that the proposed method

is a valid alternative to the now standard non-invasive analytical

approaches to detect a grid-like signal, with the advantage of

requiring less effort from the participants and thus being poten-

tially useful in special populations.

Limitations of the study
In the present study we investigated the so-called grid-like

response, a macro-scale proxy for the grid-cell response.6 The

relationship between grid-cell properties at the micro-scale

and grid-like signal at the meso-scale and macro-scale, howev-

er, still have to be clarified.55 Our FT paradigm, as well as other

paradigms used in non-invasive neuroimaging (fMRI, MEG),

may be able to capture such signal capitalizing on the coordi-

nated activity of populations of conjunctive grid cells exhibiting

similar orientations.6,56 Nevertheless, it is also possible that
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6-fold symmetry occurs independently at different levels of

brain organization, with different and specific biological and

behavioral relevance.55 Future studies combining investigations

at the micro-scale andmeso-scale may shed light on the precise

mechanism relating different levels of spatial representations.

Furthermore, studies recording field potentials will allow us

to pinpoint the exact spatial origin of the signal we measured

non-invasively with MEG. Mounting evidence demonstrates

the ability of MEG to detect signals from deep brain structures

such as the hippocampus.57,58 Indeed, we observed a grid-like

response specifically in the MTL and not in control regions, in

line with other MEG studies focused on grid-like coding.11,59

Nevertheless, distinguishing between subfields of the MTL

may still be difficult, although simulation studies suggest it is

possible.60
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Twenty-four participants (12 male, age M = 25,88 years; SD = 4,84) were recruited to participate in the spatial experiment that con-

sisted in two magnetoencephalography (MEG) sessions, conducted in different days (maximum eight days apart). One participant

did not show up for the second session and was excluded from the analysis. Another sample of twenty-four participants (9 male,

age M = 23,91 years; SD = 3,51) were recruited to participate in the non-spatial experiment.

All had normal or corrected to normal vision and no history of neurological disorders. Prior to each session they gave written

informed consent to participate in the experiment. All procedures were approved by the ethical committee of the University of Trento.

METHOD DETAILS

Spatial experiment design
The experiment consisted in the visual presentation of spatial stimuli (trajectories). These were defined dividing a circle in 24 and 12

equidistant points, resulting in two angular resolutions (15� and 30�) that were presented in different trials. These points were rotated

10� clockwise to avoid trajectories to appear along the cardinal axes. Each trajectory connected two opposite points (i.e., 180� apart)
in the circle.

In separate recording sessions these trajectories were presented to the same participants either as a sequence of dots, moving

from one end to the other of the circle, or as static lines, covering the whole trajectory at once. The order of the sessions was

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Python 3.9 Python Software Foundation RRID:SCR_008394

MNE-python Gramfort et al.61 RRID:SCR_005972

Numpy Harris et al.62 RRID:SCR_008633

Matplotlib Hunter et al.63 RRID:SCR_008624

Scipy Virtanen et al.64 RRID:

Nilearn https://nilearn.github.io/stable/index.html RRID:SCR_001362

Pandas McKinney et al.65 RRID:SCR_018214

Seaborn Waskom 62 RRID:SCR_018132

Statsmodel Seabold et al.66 RRID:SCR_016074

MATLAB 2012b Mathworks RRID:SCR_001622

Psychtoolbox Brainard 67 RRID:SCR_002881

R R Core Team, 2022 RRID:SCR_001905

Custom code This paper DOI: 10.17605/OSF.IO/TV2CU
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counterbalanced across participants. Note that static lines lack directionality, effectively reducing the number of trajectories to half.

That is, a trajectory starting at 20� and ending at 200� occupied the same portion of space as a trajectory starting at 200� and ending

at 20�. In the dots session half of the trajectories were presented as starting from the opposite side of the circle, effectively making

opposite trajectories indistinguishable between each other. The total number of trajectories is thus 12 in the 15� resolution and 6 in the

30� resolution.
Stimuli were generated using MATLAB (version 2012b, The Mathworks, Natick, MA, USA) and presentation was controlled using

PsychToolbox.67

A new trajectory was presented every 0.166 s (6 Hz) using a typical frequency-tagging (FT) approach (Figure 1). In the ‘‘lines’’ ses-

sion, a new line appeared at the presentation rate of 6 Hz crossing the circle from one end to the other with a break around the fixation

window. In the ‘‘dots’’ session individual trajectories were presented at 6 Hz but they were formed by 20 dots, appearing in succes-

sive positions along the trajectory at the rate of 0.0083 s (corresponding to the 120 Hz refresh rate of the screen) and covering the

whole trajectory before the appearance of the next one. Of these 20 dots, the 4 central dots were excluded to avoid presenting them

within the fixation window. In each trial were presented 264 trajectories, for a total duration of 44 s. These appeared sequentially, in a

clock-like fashion (e.g., 20�, 50�, 80�, 110� etc . in the 30� resolution, Figure 1A), with clockwise/counter-clockwise direction

balanced across participants. Crucially, the periodic presentation of regularly spaced trajectories allowed to embed multiple spatial

periodicities in the trajectories’ sequence, each appearing at fixed and distinct temporal intervals such that each spatial periodicity

‘‘tags’’ a unique frequency (Figure 1B). Specifically, at 15� resolution, trajectories separated by 60� (6-fold) appear every 0.666 s

(1.5 Hz), trajectories separated by 90� (4-fold) every 1 s (1 Hz) and trajectories separated by 45� (8-fold) every 0.5 s (2 Hz). At 30�

instead, trajectories separated by 60� appear every 0.333 s (3 Hz) while trajectories separated by 90� appear every 0.5 s (2 Hz).

Note that 6- and 4-fold occur in both spatial resolutions, but tagging different frequencies in each. This enables an estimation of their

neural tracking that is not tied to a specific chosen frequency as well as direct comparison between responses in the two spatial

resolutions.

Multiple sequences with the same trajectories’ order were presented in a trial to allow the emergence of a frequency-tagged

response to the different spatial periodicities. Specifically, individual sequences lasted 2 s (15�) and 1 s (30�), with each sequence

containing one instance of each trajectory. With the clock-like presentation one sequence corresponds to half-turn of the clock.

The starting trajectory of the sequence was randomized across trials such that each trajectory was used as a start twice (15�) or
four times (30�) over the experiment.

Participants were instructed to fixate in the center of the screen while paying attention to the trajectories that were shown in the

periphery. To avoid following saccades, we defined a fixation window of 4.5� of visual angle16 in which no visual stimulus was pre-

sented, except for a fixation dot that remained on the screen center for the whole trial duration. This fixation window size was used

also to restrict participants gaze behavior: at the end of each trial, a warningmessage appeared on the screen if the participant’s gaze

was outside the fixation window for more than 20% of the trial time (8.4 s).

To ensure participants were covertly tracking the trajectories, we asked them to perform a locationmemory task (Fig., 1D). Two red

target dots appeared at random position along a trajectory for 0.025 s. The timing of their appearance was randomized but con-

strained between 19 and 33 s for the first dot and between 37 and 39 s for the second dot. This timing was chosen to ensure par-

ticipants were focused until the end of the FT presentation. Participants were instructed to remember the exact position of these

two red target dots for future recall. At the end of each trial two red test dots appeared in three possible configurations, each with

equal probability: i) test dots occupy the same spatial positions as target dots; ii) only one test dot does not occupy the same position

of the target dots; iii) there was no overlap between test and target dots. Participants had to respond via button-press with the right

index finger to indicate same position and with the right middle finger to indicate different position, irrespective of the number of dots

being in a different position. The probability of these occurrences was 50%.

The experiment was divided in six blocks of eight trials each, for a total of 48 trials, 24 in each angular resolution. In each block there

were four consecutive trials of the same angular resolution, and the resolution presented as first was randomized and balanced

across blocks.

The timing of the presentations was controlled by the computer. A 15 s break was included after every trial, while 30 s were allowed

after 4 consecutive trials. After each break, a 3 s countdown informed participants that a new trial was about to start. The trial then

only started after participants had fixated for at least 500mswithin a 2� visual angle fixation window centered on the fixation dot. After

each block participants were allowed a longer, self-timed, break of about 2 min.

Non-spatial experiment design
With this control experiment we wanted to test the hypothesis that temporal regularities inherent to the FT design can generate a

periodic neural response that is comparable to the grid-like signal measured in the spatial experiment. Temporal regularities are

defined here by the number of stimuli presented in the sequence and the individual sequences’ duration, which varied between

the angular resolutions of the spatial experiment. We thus reproduced these features using stimuli without spatial structure. Specif-

ically, we reproduced the temporal structure of the 15� resolution by creating a sequence of 12 letters (A to N). Similarly, the 30� res-
olution was reproduced by creating a sequence of 6 letters (A to F).

Individual letters were visually presented every 0.166 s (6 Hz) with contrast modulation.36,37 Other potentially salient temporal reg-

ularities that may be tagged by this FT design include the sequence duration. Sequences corresponding to the 15� resolution lasted
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2 s (0.5 Hz) while sequences corresponding to 30� resolution lasted 1 s (1 Hz). Frequencies of interest in the spatial experiment are not

tagged with spatial regularities anymore. Any effect observed at these frequencies cannot be ascribed to spatial regularities but

should be interpreted as arising from the intermodulation of the presentation rate and other potentially salient rhythms such as

the sequence rate.

Participants were instructed to fixate in the center of the screen while paying attention to the letters’ sequences. Moreover, to keep

them engaged, twice during a trial and with the same time constraints as in the spatial experiment the fixation dot turned red for 0.025

s, a change that the participants were instructed to promptly detect (max 3 s) via right index finger button press.

MEG and eye-tracker acquisition
MEGdata were acquired at the Center for Mind/Brain Sciences of the University of Trento with an Elekta Neuromag 306MEG system

(Elekta, Helsinki, Finland), composed of 102 magnetometers and 204 planar gradiometers, placed in a magnetically shielded room

(AK3B, Vakuumschmelze, Hanau, Germany). The head-shape of the participants was digitized (Fastrak Polhemus, Inc., Colchester,

VA, USA) prior to acquisition in each session, along with fiducial points (nasion, left and right periauricular) and five head position

indicator (HPI) coils, three placed on the forehead and one behind each ear. Both fiducials and HPIs were digitized twice to ensure

precision (<2 mm difference).

Before entering the MEG, participants performed a short practice block (4 trials, 2 of each angular resolution) to familiarize with the

FT design and the task. They received written instructions before the practice and feedback on their performance after each trial.

Participants sat upright in the MEG chair with their head as close as possible to the dewar. The eye-tracker (Eyelink 1000 Plus, SR

Research Ltd., Ottawa, Canada) was positioned to ensure optimal recording of both eyes. A nine-point calibration procedure was

carried out before each block.

ContinuousMEG data were recorded at 1000 Hz with hardware bandpass filters in the range 0.1–330 Hz. Along with MEG, we also

recorded the time series of a photodiode that tracked the colour-change of a small square on the top-left corner of the screen (not

visible to the participants). This color-change was coded as indicating the start of a trial and was used in the analysis to correct for

potential delays in the stimuli presentation. Eye-tracker was recorded separately for each trial at a sampling rate of 1000 Hz. Stimuli

were projected on a translucent whiteboard, positioned 1m in front of the participant, using a ProPixx projector (Vpixx Technologies,

Canada) at a 120 Hz refresh rate. Responses were collected using a MEG compatible button response box (Vpixx Technologies,

Canada).

After each session a 5 min empty-room measurement was recorded to be used for noise modeling in the source reconstruction

procedure.

Four blocks from different participants had technical issues and were not included in the final analysis.

MEG and eye-tracker preprocessing
Raw task data and empty-room MEG time series were visually inspected to identify sensors with jumps and noise throughout the

recording session. Artifactual sensors (M = 7.59, SD = 6.75) were excluded and interpolated through MaxFilter (temporal signal sup-

pression68). Raw task data was subsequently realigned to the recording block that minimized the Euclidean distance across blocks,

separately for each session.

Further processing and visualization were conducted in python using MNE-python61 as well as common scientific python pack-

ages.62–66,69

After application of MaxFilter, continuous raw data were filtered (High pass: 0.1 Hz, Low-pass: 40 Hz) and segmented into 44 s–

long trials, starting from the onset of the first trajectory. Trial onset was corrected for potential delays using a photodiode: we replaced

theMEG-recorded trigger with the actual time indicated by the change in the photodiode time series, thus setting the trial onset to the

actual presentation of the first trajectory on the screen as viewed by the participant.

Hence, for each trial we quantified fixation behavior by computing the percentage of time the right eye position was within the 4.5�

fixation window. Trials in which this metric was below 80%of the trial time (35.6 s) were excluded from further analysis (percentage of

rejected trials: spatial experiment: dots session: 5.7%; lines session: 5.1%; non-spatial experiment: 7.69%). In the non-spatial exper-

iment one participant was excluded at this stage due to the low number of trials left after exclusion (33%).

In a control analysis (dots and lines session only, Fig.S4), we removed trials with fixation time below 95% (41.8 s). This led to the

exclusion of one participant for which the total number of trials left was below 33%, leaving 21 participants for this control analysis.

To ensure consistent timing across trials in the appearance of the spatial periodicities, trials were realigned to the first presentation

of the 350� trajectory, reducing their length to 40 s and 42 s in the 15� and 30� resolution, respectively.
To increase the signal-to-noise ratio,70 trials’ time series were further divided in shorter, non-overlapping segments of 8 s and 6 s,

resulting in 5 and 7 segments per trial in the 15� and 30� resolution, respectively. Segment duration was chosen formultiple reasons: i)

It allows an integer number of repetitions of each individual sequence (4 and 6); ii) each segment contains an integer number, as well

as a high number, of cycles of the frequencies of interest and enables as a high frequency resolution (0.125Hz and 0.167Hz), resulting

in output frequencies that match the tagged frequencies. Segmented data underwent a semi-automatic artifact rejection procedure

in which both variance and kurtosis were computed over time for each channel, akin to the visual artifact rejection procedure imple-

mented in the Fieldtrip package,71 and subsequently averaged across channels to obtain ametric per segment. Segments above two

standard deviations in each individual metric were visually inspected for the presence of artifacts (e.g., remaining channel jumps,
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muscle artifacts, blinks). If visual inspection confirmed the presence of an artifact, the segment was marked as bad and excluded

from further analyses. This procedure led to the exclusion of an additional 0.68%of segments in the dots session of the spatial exper-

iment and 1.04% of segments in the lines session, while 0.83% of segments were excluded in the non-spatial experiment.

Frequency analysis
Artifact-free segments were subjected to a fast-Fourier transform (FFT) separately for each channel (at sensor-level) or voxel (at

source level). From the complex representation of each segments’ time series in the frequency domain we computed the inter-trial

coherence (ITC) as follows:

ITC =
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!2
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1

N

XN
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sin qn

!2

where q is the phase of the individual segment (n) as obtained from the FFT.20–22

This metric quantifies the synchronization of the neural response across segments and ranges from 0 to 1, where 1 indicates per-

fect synchronization. We then isolated the ITC at the single individual frequencies ‘‘tagged’’ with the spatial periodicities (see ‘‘Spatial

experiment design’’ and Figure 1B), given the narrowband response afforded by the FT method. For comparison, the same fre-

quencies were selected in the non-spatial experiment. However, these frequencies bore no spatial meaning, as in this control exper-

iment they were not tagged with spatial regularities.

Source reconstruction
Structural T1-weighted images were acquired at the Center for Mind/Brain Sciences of the University of Trento in a 3T Siemens

Prisma scanner (Siemens, Erlangen, Germany) with a Multi-Echo MPRAGE (MEMPRAGE) sequence with the following parameters:

FoV = 256mm; Voxel Size = 13 13 1mm3; TR = 2530ms; TE1 = 1.69ms; TE2 = 3.55ms; TE3 = 5.41ms; TE4 = 7.27ms and a flip angle

of 7�. Two participants of the spatial experiment did not perform the MRI session.

Anatomical images were segmented using Freesurfer 772 to obtain subject-specific anatomical parcellations.

Coregistration of the digitized head position and the reconstructed structural surfaces was performed separately for each session.

First the three fiducial points were matched, followed by an iterative closest-point match algorithm that minimizes the distance be-

tween the digitized head shape and the skin surface. For the two participants without MRI this procedure consisted in warping the

Freesurfer template to match their digitized head shape and derive a subject-specific template. As recently demonstrated, using a

template produces highly similar results than using the subject-specific T1 image.73

A single shell boundary-element method model was created to define a volume source space by filling the inner skull surface with

equidistant (5 mm) voxels.

Inverse solution was based on linearly-constrained minimum variant (LCMV) beamformer.25 A beamformer approach was chosen

given its better resolution in estimating subcortical activity.57,58 A time domain solution was preferred to be able to reconstruct mul-

tiple frequencies at source level using a single spatial filter, such that the observed differences cannot be ascribed to differences in

the inversion algorithm. Artifact-free segments, including data of both magnetometers and gradiometers, were used for source

reconstruction. From thesewe estimated the empirical data covariance (separately for the 15� and 30� resolutions) while subject spe-

cific empty-room recordings were used to model noise and account for the different contributions of the two sensor types. Both data

and noise covariance matrices were regularized with 5% of the sensors’ power and their rank was reduced to the residual degrees of

freedom after application of MaxFilter.74 Inversion kernel dimensionality was reduced by one dimension, as suggested for MEG data

with single-shell headmodel. Dimensionality of the inversion kernel was further reduced by retaining (through SVD) the dipole orien-

tation that maximized power, resulting in a scalar beamformer. No depth weighting was applied. Beamformer weights were normal-

ized using the ‘unit-noise-gain-invariant’ option. The FFT and then ITC were computed at each voxel from the reconstructed time

series as detailed in the frequency analysis section.

In a control analysis we replicated the source reconstruction procedure detailed above but using only magnetometers data

(Figure S5).

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral analysis
Accuracy (percentage of correct responses) was computed separately for each session and each angular resolution. We used a

dependent samples t test to compare these metrics across angular resolutions, separately for each session. One participant of

the spatial experiment was excluded from further analysis due to performance being two standard deviation below the group

mean in both session. Similarly, one participant in the non-spatial experiment was excluded based on the same criterion.

Sensor-level cluster-permutation test
A two-sided cluster-based permutation test23 was used to compare the ITC at the frequency corresponding to the 6-fold spatial

periodicity (ITC6: 1.5 Hz in the 15� resolution, 3 Hz in the 30� resolution) to the ITC of the control spatial periodicities (15� resolution:
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ITC8 2 Hz, ITC4 1 Hz; 30� resolution: ITC4 2 Hz), separately for each angular resolution and each control periodicity. For this anal-

ysis we considered only magnetometers, given their higher sensitivity to deep brain structures as compared to planar

gradiometers.24

In brief, a one-sample t test is performed at each channel on the difference between conditions (i.e., spatial periodicities). The chan-

nels that survived an uncorrected threshold of p < 0.05 are retained to form spatial clusters based on a predefined adjacency matrix

with �6 neighbors per channel. This procedure was repeated 10000 times, each time shuffling the condition labels and retaining the

highest cluster statistic (t-score). A p value corrected for multiple comparisons is obtained by comparing the cluster statistic

observed from the actual contrast with the distribution of permuted cluster statistics.

The same analysis was applied to the non-spatial experiment data, comparing the frequencies that in the spatial experiment were

tagged with spatial regularities.

Source-level ROI analysis
Source level analysis focused on subject-specific anatomical regions of interest (ROIs) obtained from the Freesurfer parcellation.

Specifically, we created an MTL ROI encompassing the entorhinal and parahippocampal cortex, from the Desikan-Killiany atlas,75

and the hippocampus, obtained from Freesurfer’s own subcortical parcellation.76 We included control ROIs from the Desikan-

Killany atlas to confirm the specificity of the effect in the medial temporal lobe. As control ROIs we used the lateral occipital, to

test for an effect in visual cortex given the visual nature of the task. The precentral ROI was chosen as a region that was supposed

to be distant from the effects of interest.

Subject-specific, average ITC values within each ROI were entered into series of analysis of variance (ANOVA) in R.77 First, a two-

way repeated measures ANOVA with factors session (dots, lines) x periodicity (15� resolution: 4-, 6-, 8-fold; 30� resolution: 4-, 6-fold)
was aimed at investigating differences in the neural tracking in the MTL ROI between the dots and lines sessions. This analysis was

repeated for each hemisphere and each angular resolution. Results showed no statistically significant session3 periodicity interac-

tion, suggesting that a similar response profile could be observed across sessions. All subsequent analyses will therefore consider

the average across session as input.

A two-way repeated measures ANOVA with factors ROI (MTL, lateral occipital, precentral) x periodicity (15� resolution: 4-, 6-,

8-fold; 30� resolution: 4-, 6-fold) investigated differences across ROIs in the neural tracking of the spatial periodicities. Planned paired

t-tests were conducted to evaluate whether ITC6 was greater than ITC of the control periodicities in each ROI.

Last, we compared the spatial experiment to the non-spatial experiment. We conducted a three-way mixed ANOVA with exper-

iment (spatial, non-spatial) as between-subjects factor and ROI (MTL, lateral occipital, precentral) and periodicity (15� resolution: 4-,
6-, 8-fold; 30� resolution: 4-, 6-fold) as within-subject factors.

Greenhouse-Geisser correction was applied to the degrees of freedom in case sphericity assumption was violated.

Conjunction analysis
ROI analysis is biased by a-priori selection of a limited number of regions, effectively neglecting contributions from other parts

of the brain. To assess whether this constraint hinders the interpretation of our findings we additionally computed a whole-brain

conjunction analysis.25 This consists in computing the individual contrasts between ITC6 and ITC of the control periodicities,

separately for each cortical voxel and for each angular resolution. The resulting t-maps are then combined by retaining, for

each voxel, the minimum t-value across all contrasts and angular resolutions. Resulting t-maps are plotted at an uncorrected

threshold of p < 0.005.

This analysis highlights the commonalities between contrasts, thus providing the best visualization of the spatial specificity of the

grid-like effect, that is independent of the specific tagged frequencies and angular resolutions.

Source-level cluster-permutation test
We also performed a cluster-permutation test23 at the cortical level. In the 15� resolution we contrasted ITC6 to the averaged ITC4 and

ITC8. In the 30� resolution we contrasted ITC6 to ITC4. The procedure was the same as the one described in the paragraph ‘‘Sensor-

level cluster-permutation test’’, except that in these analyses clusters were formed by voxels in volume source space instead of

sensors.

Gaze- and dot-position correlation
We investigated whether the eyes were following the dots by replicating the control analyses conducted by Wilming and col-

leagues.16 First, the eye tracker data were downsampled to 120 Hz to match the screen refresh rate, at which dots were presented.

Then, for each trial, we computed the Euclidean distance between the eye position and the center of the screen at each time point.

Similarly, the Euclidean distance was computed between the dot position and the center of the screen at each time point. The time

points when a blink was detected were excluded from both vectors before computing the Euclidean distance. We then correlated the

resulting distance vectors. A positive correlation would indicate that the eyes were following the dot. The resulting r values were fisher

transformed and entered in a one-sample t test against zero, separately for 15� and 30� resolution, and in a dependent samples t test

to compare between the angular resolutions. This analysis was conducted only for the dots session, for which we could precisely

estimate one spatial location of the stimuli per time point.
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Gaze distance to target dot
We investigated whether the presentation of target dots induced a shift in gaze location toward the target dot location. Separately for

each target dot presentation, we computed the Euclidean distance between the eye position and the target dot position. We then

selected two time windows of interest:�0.05 to 0 s and 0.05 to 0.1 s relative to target dot onset (see Ref 29 for a similar time window

definition), i.e., ‘‘before’’ and ‘‘after’’ the target dot onset. If the eye had followed the dot, its distance in the ‘‘after’’ time windowwould

have been smaller as compared to the ‘‘before’’ time window. We thus compared the average gaze distance between time windows

using a paired samples t test, separately for each session and angular resolution.

Spatial gaze modulation
We implemented further control analyses on the eye-tracker data to investigate gaze behavior in both the dots and the lines session.

We segmented the trial time series according to the presentation of the trajectories and concatenated the time windows corre-

sponding to the same trajectory (separately for each session and angular resolution), excluding all time points in which gaze was

outside the fixation window.

The aggregated time series were transformed into heatmaps using Gaussian kernel density estimate,27 as implemented in scipy

with default parameters.

This process was repeated for each individual trajectory resulting in 12 and 6 heatmaps for 15� and 30� angular resolution, respec-
tively (Figure 4B for an example of 30� resolution heatmaps). Each pair of heatmap (separately for each angular resolution) was then

correlated using Pearson correlation, resulting in 66 correlation values in 15� resolution and 15 values in 30� resolution. The average

(within-subject) pairwise correlation is reported in Figure 4C and in the main text. We then computed the angular difference between

the pairs of trajectories. This difference was normalized between 0� and 90� to account for the circularity of the angular measure. The

vector of pairwise correlations between the heatmaps was then correlated with the vector of corresponding angular differences. The

resulting correlation values were fisher transformed and entered in a one sample t test against zero.

Similarly, the aggregated time series of gaze location were used to compute the gaze angle with respect to the screen center for

each trajectory. Gaze-angles distributions (12 in 15�, 6 in 30�; Figure S7A) of each trajectories pair (66 in 15�, 15 in 30�) were

compared using Kuiper’s test,78 whose test statistic ‘‘V’’ indexes the difference between pairs of circular distributions, with larger

values indicating larger differences. The average (within-subject) test statistic is reported in Figure S7B. The normalized angular dif-

ference was correlated with the corresponding V score. The resulting r scores were fisher transformed and tested at the group-level

against the null hypothesis of no correlation.

Correlation between gaze and grid-like effects
We further investigated whether gaze behavior was playing a role in the generation of the grid-like response. To do this we computed

correlation between the grid-like measure and the measure of trajectory-based gaze similarity as obtained in the previous analyses.

As grid-like measure we used the slope of a quadratic model fitted on the ITC response in MTL of each subject in the 15� resolution
(see ‘‘Bayesian model comparison’’ for a similar analysis on the group-level data). Similarly, in the 30� resolution we used the slope of

a linear model. As trajectory-based gaze similarity measure we used the slope of the correlation between trajectories’ angular differ-

ence and the corresponding similarity measure (r for heatmaps, v for gaze-angles distributions). We computed Pearson’s correlation

between thesemeasures to investigate whether participants that showed a higher grid-like effect were also the oneswhose gazewas

more influenced by the presentation of the trajectories.

Bayesian model comparison
To directly compare the ITC6 with both control ITCs at the same time, we fitted linear and quadratic models to the group-level ROI

data at 15� resolution. For both linear and quadratic models we computed the Bayesian information criterion (BIC), a metric that

quantifies goodness of fit while accounting for the number of parameters included in the model. Results were compared using a

Bayes Factor (BF).34 In brief, BF is computed as follows:

BFQL = expðDBICLQ = 2Þ
where DBICLQ is the difference in the BIC obtained for each model. QL indicates the evidence in favor of the quadratic (Q) over the

linear (L) model and vice versa. This formulation is consistent with the ‘‘unit information prior’’. The BF quantifies the strength of the

evidence for one model as compared to the other and can be interpreted according to standard guidelines.35

Topographies’ correlation
Having observed a similar, significant frequency preference in both experiments in the 30� resolution, we sought to quantify the extent

to which this similar response is expressed in the pattern of sensor level activity. To this end, we correlated the group-average topog-

raphy of the ITC difference between frequencies tagged with 6- and 4-fold periodicity between the spatial (i.e., Figure 2C, right) and

non-spatial experiment (i.e., Figure 5A, right) in the 30� resolution.
Moreover, we reasoned that a grid-like response should be relatively independent of the granularity of the space that is used in its

investigation, thus providing a similar response pattern in both spatial resolutions that were tested in the current experiment.
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To investigate this, we computed the (within-participant) similarity of the topographies of the grid-like effect (i.e., ITC6 - ITC4) be-

tween the 15� and 30� angular resolutions. We focused on 6- and 4-fold periodicities given that they were common between angular

resolutions. Similarly, in the non-spatial experiment we computed the correlation of the topographies (ITCCont6 - ITCCont4) between

the conditions corresponding to the 15� and 30� resolutions. Correlation values were fisher transformed before further analysis. A

one-sample t test was used to investigate whether the correlations at the group level were significantly different from zero. An inde-

pendent samples t test was instead used to compare the correlation scores across experiments.
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