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we hypothesized that proximal cues significantly altered 
GLR patterns. To address these questions, we recruited 
drug-resistant epilepsy patients with implanted depth elec-
trodes to perform a virtual navigation task in environments 
with varying cues (Fig. 1A, B).

Firstly, we compared the drop error to chance perfor-
mance (i.e., surrogate distributions; Fig. S1B, C; for details 
see “Supplementary Materials”). We found that the behav-
ioral performance was significantly higher than the chance 
level (one-sample t-test against 0.5, t8 = 23.34, P <0.001; 
Fig. 1C), indicating that patients performed the task well.

Next, we explored GLRs in the EC during the navigation 
task (Fig. 1D, E). Considering the dependence of contacts 
within the same patient, this analysis was conducted using 
linear mixed-effects models (LMEs) in 5 patients with 17 EC 
contacts. As in previous studies, we restricted our analyses 
to fast movement periods in which GLRs are most promi-
nent [6, 7]. We confirmed that movement directions were 
uniformly sampled across the 360° range (Rayleigh’s tests, 
all P values >0.99; Fig. S2A-I). We then extracted the power 

Dear Editor,

Electrophysiological studies have found that the entorhinal 
cortex (EC) contains grid cells that fire at the vertices of 
equilateral triangles tiling the entire environment [1–3]. 
Theoretical models [4] and empirical studies [5] suggest 
that they are a key neural substrate for spatial navigation. 
In humans, grid cells can be indirectly measured by grid-
like representations (GLRs) at the level of fMRI BOLD 
responses [6] and local field potentials [7]. Rodent studies 
have demonstrated that grid orientations are modulated by 
environment cues and tend to align to boundaries [8] and 
distal cues [1]. By contrast, proximal cues such as objects 
[9] and walls [10] within areas disrupt the firing patterns of 
grid cells. Similar effects of boundary cues have also been 
reported on human GLRs [11, 12]. However, it is unclear 
whether GLRs in human EC are influenced by salient proxi-
mal cues. Firstly, considering the relevance of grid cells and 
theta oscillations [13], we hypothesized that theta power in 
the EC showed a GLR, as in previous studies [7]. Secondly, 
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spectrum of EC contacts, which showed a significant peak 
in the theta band (peak at 5.27 Hz; t16 = 3.109, P = 0.007, 
FDR corrected; Fig. 1G).

For the subsequent analysis of GLRs, we focused on 
the theta band (4–8 Hz) and took five additional bands as 
controls (delta, 1–4 Hz; alpha, 8–13 Hz; beta, 13–30 Hz; 
low gamma, 30–80 Hz; and high gamma, 80–150 Hz). We 
divided the concatenated fast movement epochs of each 
patient into 6 sessions. For half of the data, we fitted the time 
course of theta power with a general linear model (GLM1) 
consisting of two regressors that were a pair of sine and 
cosine regressors depending on movement directions with 
a period of 60°. The β values of these regressors were then 
used to calculate the preferred direction � . For the other 
half of the data, theta power was fitted by another general 
linear model (GLM2) that consisted of a cosine regressor of 

the difference between the instantaneous movement direc-
tion and the preferred direction, again in 60° space. This 
analysis revealed a significant GLR in the theta band (t16 = 
3.074, P = 0.044, FDR corrected; Fig. 1H) but not in other 
bands (all t16 <1.09, all P >0.37, FDR corrected; Fig. 1H). 
In a more direct comparison, we found that theta power was 
significantly greater during the aligned versus the misaligned 
movements (t32 = 6.742, P <0.001; Fig. 1I). Since only two 
patients completed the task of environment d, to ensure the 
consistency of data of all patients, we removed the data of 
environment d of these patients and conducted the above 
analysis again, which yielded similar results.

We also conducted several control analyses. No sig-
nificant GLRs were found at medium speed (t16 = 0.974, 
P = 0.345) or slow (t16 = −0.817, P = 0.426; Fig. S3A) 
movements. We also tested whether EC theta power was 

Fig. 1   Task and GLRs in the EC. A Schematic of the triangle com-
pletion task (for details see Supplementary Materials). B Four virtual 
environments with different external cues. Environment a - only dis-
tal cues. Environment b - distal cues and boundary. Environment c 
- distal cues and proximal cues. Environment d - no environmental 
cues. C Behavioral performance of participants. Error bars indicate 
the standard error of the mean (SEM) across patients. D Schematic 
of GLR analysis. A grid cell tiles the environment with hexadirec-
tional firing fields (yellow dots). According to the grid orientation � , 
the movement directions can be divided into aligned (blue) and mis-
aligned (gray) movements. E Due to the hexadirectional symmetry 
of grid orientations, oscillatory power is higher when moving along 

the aligned direction compared to the misaligned direction. F Three 
regions of interest (EC, entorhinal cortex; HC, hippocampus; AMY, 
amygdala). EC contacts are shown as black dots. G Power spectrum 
during fast movements. Black lines indicate frequencies in which the 
power is significantly greater than zero (P <0.05, FDR corrected). 
The theta band (4-8 Hz) is highlighted in shaded gray areas. H The 
magnitude of GLRs across six frequency bands. I Theta power dur-
ing fast movements along the aligned and misaligned directions. G-I 
Y-axes show the values estimated from the corresponding LMEs. 
Error bars indicate the SEM estimated from LMEs. *P <0.05, ***P 
<0.001 (FDR corrected).



1957P. Lv et al.: Context-dependent Grid-like Representation

modulated by movement direction at 4-, 5-, 7-, or 8-fold 
rotational symmetry. None of these reached significance (all 
t16 <0.835, all P >0.152; Fig. S3B). Finally, we selected 
contacts located in the hippocampus (55 contacts across 8 
patients) and amygdala (34 contacts across 5 patients) that 
were adjacent to the EC and analyzed whether their theta 
power showed GLRs. No significant GLRs were found in 
these two regions (hippocampus: t54 = 0.512, P = 0.611; 
amygdala: t33 = −0.155, P = 0.877; Fig. S3C).

In summary, we showed theta-based GLRs in a navigation 
task, consistent with previous findings, demonstrating its 
robustness. Next, we investigated how environmental cues 
affected human GLRs. Previous studies have found that 
external cues can influence the performance of navigation 
tasks [14]. We thus examined the performance differences in 
environments a, b, and c. Given that the number of partici-
pants who completed environment d did not match the first 
three environments, we removed the data from environment 
d in the subsequent analysis. Since the center of the circular 
boundary coincides with the landmark in environment c, 
the distance between the target location and the center of 
the environment ( DTarget−to−center ) in each trial may affect 
behavioral performance. Therefore, when comparing par-
ticipants’ behavioral performance in the three environments, 
we applied an LME of trial-wise performance with (1) 
DTarget−to−center , (2) environment category, (3) the interaction 

between these terms as fixed factors, and (4) participant as 
a random factor.

We found a main effect of the environment category 
(F(2,570) = 22.03, P <0.001). Post-hoc pair-wise compari-
sons showed that performance in environments b and c 
was significantly better than in a (all P <0.001, FDR cor-
rected; Fig. 2A). More importantly, we found an interaction 
between environment and DTarget−to−center (F(2,570) = 4.464, 
P = 0.012; Fig. 2B). Post hoc comparisons revealed that 
the performance in environments a and b increased more 
strongly with increasing DTarget−to−center than the performance 
in environment c (slope of environment a vs c: P = 0.017, 
the slope of environment b vs c: P = 0.017, FDR corrected; 
Fig. 2B). These results did not change substantially even 
when the data were limited to the group of five patients with 
EC contacts (Fig. S4).

Furthermore, we determined whether the GLRs were 
affected by external cues. For example, for environments a 
and b (Fig. 2C), we used the data of environment a as the 
training set and the data of environment b as the test set to 
obtain �a→b . Then, we swapped the data of the training set 
and test set to obtain �b→a . We averaged �a→b and �b→a to 
measure the grid consistency of environments a and b (i.e., 
�a↔b ) (Fig. 2C). We applied the same procedure to environ-
ments a and c and environments b and c. The results showed 
that there were differences in the grid consistency among the 

Fig. 2   Consistency of grid 
orientations between envi-
ronments. A Differences in 
performance across the three 
environments. B The distance 
between the target location and 
the center of the environment 
( DTarget−to−center ) had differ-
ent influences on behavioral 
performance in the three 
environments. C Schematic for 
calculating the consistency of 
orientations of GLRs between 
environment a and environment 
b. D Consistency of GLR of the 
three environment pairs. Y-axes 
show the values estimated 
from the corresponding LMEs. 
Error bars indicate the SEM 
estimated from LMEs. #P <0.1, 
**P <0.01, ***P <0.001 (FDR 
corrected).
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three environment pairs (F(2,48) = 5.473, P = 0.007). Post 
hoc comparison found that �a↔b was significantly greater 
than �a↔c (P = 0.006, FDR corrected; Fig. 2D). Although 
not surviving multiple comparisons correction, �a↔b also 
tended to be larger than �b↔c (P = 0.063, FDR corrected; 
Fig. 2D). We examined the theta power of different envi-
ronments and found no differences between them (F(2,48) = 
0.554, P = 0.578; Fig. S5A), indicating that the difference in 
grid consistencies was not caused by theta power differences 
between environments.

Considering that we detected significant GLRs in data 
with three environments (Fig. 1H), and subsequent results 
showed that only the grid orientations of environment a and 
environment b were more consistent (Fig. 2D), we specu-
lated that the main contribution to the results of all data 
might come from environments a and b. So, we directly 
determined whether the grid orientation in each environ-
ment matched the grid orientation across all data. The results 
showed that only the grid orientations of environment a (V 
test, v =10.64, P <0.001; Fig. S5B) and environment b (V 
test, v = 8.94, P = 0.001; Fig. S5C) matched the grid orien-
tation of all data, while the grid orientation of environment 
c tended to be different from the grid orientation of all data 
(V test, v = 4.0, P = 0.08; Fig. S5D).

Compared with environment a, the boundary in environ-
ment b generally improved navigation performance, regard-
less of the distance from the target to the boundary. By 
contrast, the landmark in environment c only improved the 
behavioral performance in trials in which the target location 
was closer to the landmark. These results support the view 
that boundary cues and landmark cues influence navigation 
behavior in different ways. Previous studies have shown 
that boundary-related learning is incidental, and associated 
with hippocampal activity, whereas landmark-based learn-
ing obeys associative reinforcement, and is associated with 
activity in the striatum [15].

Although environment c had the same distal cues as envi-
ronments a and b, the grid orientation was less consistent, 
putatively due to the presence of a salient proximal cue. Our 
results showed that only grid orientations of environments a 
and b were close to the grid orientation across all data. Two 
reasons may account for those results. First, a GLR could 
still be formed in environment c, but the grid orientation may 
have been changed due to the influence of the local land-
mark, and no longer anchored to the same distal cues. Sec-
ond, the proximal cues may have promoted the participants 
to use alternative navigational strategies that did not rely on 
path integration, and thus GLRs may be less pronounced 
in this environment. To support this view, a human fMRI 
study has found that a navigation strategy based on local 
landmarks depends on the function of the striatum rather 
than the medial temporal lobe [15]. In another fMRI study, 
it was found that, compared to a path integration subtask 

without any external cues, the activity of the retrosplenial 
cortex was stronger when completing path integration with 
landmark cues [14] (see Supplementary Notes 2 and 3 for 
further discussion).

In this study, we confirmed that theta power in the EC 
was hexadirectionally modulated by movement direction. 
Moreover, grid orientations were consistent between two 
environments with or without a boundary but were dis-
rupted in the presence of a local landmark. In conclusion, 
this study provides direct electrophysiological evidence of 
context-dependent grid-like representations in the human 
entorhinal cortex.
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