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Supplementary Fig. 1: Longer reaction time and lower confidence level for HB compared 
to SB and NB, regardless of whether the clips’ temporal order was remembered or 
forgotten, Related to Fig. 2 
a-b, Behavior quantified by reaction time (a) and confidence level (b) during the time 
discrimination task for clips whose temporal order were remembered (color filled) vs. forgotten 
(empty). Results are shown for boundary type NB (green), SB (blue), and HB (red). The 
horizontal dashed line in (b) show the maximum possible confidence value (3 = high 
confidence). For both correct (color filled) and incorrect trials (empty), subjects showed longer 
reaction times (a; Correct trials: HB = 1.86 ± 0.61 seconds, NB = 1.49 ± 0.41 seconds, SB = 
1.40 ± 0.52 seconds, F (2, 57) = 4.29, p = 0.02; Incorrect trials: 2.38 ± 0.35 seconds, NB = 1.92 
± 0.31 seconds, SB = 1.96 ± 0.44 seconds, F (2, 57) = 9.06, p = 3.84x10-4 ; one-tailed ANOVA) 
and lower confidence ratings (b; Correct trials: HB = 2.06 ± 0.45, NB = 2.64 ± 0.32, SB = 2.67 
± 0.19, F (2, 57) = 21.02, p = 1.45x10-7; Incorrect trials: HB= 1.80 ± 0.73, NB = 2.09 ± 0.75, 
SB = 2.35 ± 0.58, F (2, 57) = 3.23, p = 0.04 ; one-tailed ANOVA) when discriminating between 
two frames earlier separated by a HB compared to SB and NB. Each dot represents one 
recording session. Black lines in (a-b) denote the mean results averaged across all recording sessions.  
*P < 0.05, ***P < 0.001, one-way ANOVA between NB/SB/HB, degrees of freedom = (2, 
57). In addition, reaction times were longer and confidence ratings were lower for incorrect 
compared to correct trials.  
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Supplementary Fig. 2: Boundary effect on time discrimination was not driven by the 
difficulty of scene recognition or pure reasoning, Related to Fig. 2  
a, Similarity between corresponding target and foil frames used in the scene recognition task, 
ranging from 0 (totally different) to 1 (identical) as rated by an independent group of Amazon 
Mechanical Turk workers (n = 30). b, Time discrimination accuracy by an independent group 
of Amazon Mechanical Turk workers (n = 30) who did not watch the clips. Each dot represents 
one recording session. Black lines in (a-b) denote the mean results averaged across all recording 
sessions. One-way ANOVA, degrees of freedom = (2, 87). 
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Supplementary Fig. 3: Scene recognition and time discrimination accuracy were not 
modulated by the distance between target and future boundaries, Related to Fig. 2 
a, Expanding on the results in Fig. 2d, scene recognition accuracy for target frames grouped 
by the time elapsed between the target and the future boundary (note that Fig. 2d showed time 
elapsed from the past boundary). b, Time discrimination accuracy grouped by the time elapsed 
between the target frame A and the future boundary. c, Time discrimination accuracy grouped 
by the time elapsed between the target frame B and the past boundary (NB: F (1, 38) = 0.65, p 
= 0.43; SB: F (3, 76) = 2.76, p = 0.048; HB: F (3, 76) = 4.17, p = 0.049). d, time discrimination 
accuracy grouped by the time elapsed between the target frame A and the past boundary but 
excluding clips with incorrect scene recognition. In b-d, there were no tested frames within 
(1,2] or (3,4] seconds from the NB and HB clips. Each dot represents one recording 
session.  Black lines in (b-d) denote the mean results averaged across all recording sessions. *P < 
0.05, one-way ANOVA, degrees of freedom = (3, 76) in (a); degree of freedom = (1, 38) in (b-
d) for NB and HB and degrees of freedom = (3, 76) for SB. 
  



 
 

5 
 

 
 

Supplementary Fig. 4: Scene recognition and time discrimination accuracy were 
independent of the time at which the tested frames were shown during encoding, Related 
to Fig. 2 
a, Scene recognition accuracy as a function of the time (order) when the target frames were 
shown during encoding (15 consecutive trials per group, foil frames not included). b, Time 
discrimination accuracy as a function of when the tested frames were shown during encoding 
(30 trials per group). Each dot represents a recording session. Black lines in (a-b) denote the mean 
results averaged across all recording sessions. 
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Supplementary Fig. 5: Spike sorting quality metrics for all identified putative single cells, 
Related to Fig. 3 and Fig. 4 
a, Proportion of inter-spike intervals (ISI) that were shorter than 3ms (0.80% ± 0.80%, mean ± 
s.d.). b, Average firing rate within the entire recording session for all identified putative single 
cells (3.74 ± 3.34 Hz, mean ± s.d.). c, Waveform peak signal-to-noise ratio (SNR), which is 
the ratio between the peak amplitude of the mean waveform and the s.d. of the noise of each 
identified putative single cell (8.00 ± 4,73, mean ± s.d.). d, Coefficient-of-variation (CV2) in 
the ISI for each identified putative single cell (0.74 ± 0.24, mean ± s.d.). e, Pairwise isolation 
distance between putative single cells identified from the same wire (projection test; 12.44 ± 
6.18 s.d. of the signal,). f, Isolation distance across all identified putative single cells that was 
calculated in a ten-dimensional feature space of the energy normalized waveforms1. These 
quality metrics are comparable to previous published work2-4.   
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Supplementary Fig. 6: Boundary cells and event cells responded to the onset of the probe 
screen that followed the offset of a random subset of clips, Related to Fig. 3. 
a-b, Responses during encoding from the same example boundary cells shown in Fig. 3a and 
Fig. 3b aligned to the clip offsets followed by probe (black) or without probe (gray). For clips 
followed by probe, the clip offsets are the probe onsets. c, Mean firing rates of all 42 boundary 
cells during encoding averaged within 1 second time window before (gray) and after (black) 
clip offsets that are followed by probes (left: F(1, 80) = 4.23, p = 0.043. one-tailed ANOVA) 
or without probes (right: F(1, 80) = 3.17, p = 0.14. one-tailed ANOVA). d-e, Responses during 
encoding from the same example event cells shown in Fig. 3e and Fig. 3f aligned to the clip 
offsets that are followed by probe (black) or without probe (gray). For clips followed by probe, 
the clip offsets are the probe onsets. f, Mean firing rates of all 36 event cells during encoding 
averaged within 1 second time window before (gray) and after (black) clip offsets that are 
followed by probes (left) or without probes (right).  For (a), (b), (d), (e), Top: raster plot color 
coded for trials with probe (black) and without probe (gray). Bottom: Post-stimulus time 
histogram (bin size = 200ms, step size = 2ms, shaded areas represented ± s.e.m. across trials). 
For (c) and (f), each dot represents one boundary cell or one event cell. Black lines in (c, f) 
denote the mean results averaged across all boundary cells (c) or all event cells (f).  *P < 0.05, 
**P < 0.01; One-tailed permutation t-test, degree of freedom = (1, 80) in (c) and (1, 70) in (f). 
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Supplementary Fig. 7: Saccades after clip onsets and after boundary transitions did not 
significantly differ from each other, Related to Fig. 3 
Gaze positions from Subject 9 monitored using an infrared-based eye tracker (EyeLink Duo, 
SR Research Ltd.), simultaneously with neural recordings. The stimulus was presented full-
screen (1920 x 1080 pixels, 26 x 15 degrees of visual angle (dva)) on a 15.6-inch laptop (HP 
ZBook Studio G5) with approximately 76cm viewing distance. Built-in calibration was 
performed to minimize measurement errors before recording. The average measurement error 
during calibrations was 0.8 dva. Saccades were defined based on the default settings from the 
Eyelink system. a-c, Number of saccades present within the [0 1] seconds window after the 
onsets of the fixations (left bar), clip presentations (middle bar) and boundary transitions (right 
bar) for clips with NBs (a), SBs (b) and HBs (c). d-f, The size of saccades (in dva) shown in 
(a-c) plotted separately for clips with NBs (d), SBs (e) and HBs (f). Same format as in a-c. 
Saccades (saccade number and saccade size) after clip onsets and after boundaries (SBs and 
HBs) do not significantly differ from each other (SB: t60 = 1.18, p = 0.092. one-tailed one-
tailed permutation t-test; HB: t60 = 1.36, p = 0.063. one-tailed permutation t-test). Saccades 
(saccade number and saccade size) after SBs and HBs do not significantly differ from each 
other either (saccade number: t60 = 1.11, p = 0.12. one-tailed permutation t-test; saccade size: 
t60 = 1.44, p = 0.054. one-tailed permutation t-test). Each dot represents one trial. Black lines 
in (a-f) denote the mean results averaged across all trials.  *P < 0.05, **P < 0.01, ***P < 0.001; 
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Supplementary Fig. 8: Responses of boundary cells and event cells during encoding 
grouped by memory outcomes of target frames before boundaries from scene recognition, 
Related to Fig. 4 
a-b, Population summary for all 42 boundary cells. a, Z-scored firing rate (0-1s after 
boundaries during encoding) across all boundary cells differed significantly between frames 
that were later correctly (color filled) vs. incorrectly (empty) recognized for both SB and HB, 
but not for NB (NB: p = 0.83; SB: p = 5.2x10-15; HB: p = 9.9x10-12; one-tailed permutation t-
test). b, Mean resultant length (MRL) of spike times (relative to theta phases, 0-1s after 
boundaries during encoding) across all boundary cells for each boundary type did not differ 
between frames that were later correctly (color filled) vs. incorrectly (empty) recognized (NB: 
p = 0.58; SB: p = 0.24; HB: p = 0.30; one-tailed permutation t-test). c-d, Population summary 
for all 36 event cells. c, Z-scored firing rate (0-1s after boundaries during encoding) across all 
event cells for each boundary type did not differ between frames that were later correctly (color 
filled) vs. incorrectly (empty) recognized (NB: p = 0.42; SB: p = 0.81; HB: p = 0.12; one-tailed 
permutation t-test). d, MRL of spike times (relative to theta phases, 0-1s after boundaries 
during encoding) across all event cells for each boundary type did not differ between frames 
that were later correctly (color filled) vs. incorrectly (empty) recognized (NB: p = 0.39; SB: p 
= 0.71; HB: p = 0.75; one-tailed permutation t-test). Each dot represents one boundary cell in 
(a and b) and one event cell in (c and d). Black lines denote the mean results averaged across 
all boundary cells (a, b) and or all event cells (c, d). ***P < 0.001. One tailed permutation t-
test, degree of freedom = (1, 82) in (a and b) and degree of freedom = (1, 70) in (c and d). 
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Supplementary Fig. 9: Power spectrum of the local field potential shows theta-frequency 
band power, Related to Fig. 4 
The spectrum (1-32Hz) of local field potential signals was computed within the time window 
[0, 1]s after boundaries. The spectrum was computed for all the microwire bundles located in 
the medial temporal lobe and is plotted separately for each subject. Black lines denote the 
power spectral density averaged across all the microwire bundles within the same subject. 
Shaded areas represent the s.e.m. Narrow bumps peaking around theta band (4-8Hz) are visible 
in all the subjects.  
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Supplementary Fig. 10: Reinstatement of neural context after boundaries during 
recognition for target frames plotted within each subject, Related to Fig. 6 
Correlation between the population response during scene recognition (0-1.5s relative to 
stimulus onset) and the encoding period (sliding window of 1.5s and 100ms step size). 
Correlations are aligned to the middle of the clip (NB) or boundaries (SB, HB) and are shown 
separately for correctly recognized familiar target (top), and incorrectly recognized target 
(bottom) in the scene recognition task. The correlation plots for subject 2 are presented in Fig. 
6a and Fig. 6b.  
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Supplementary Fig. 11: Reinstatement of neural context after boundaries during 
recognition for foil frames plotted within each subject, Related to Fig. 6 
Correlation between the population response during scene recognition (0-1.5s relative to 
stimulus onset) and the encoding period (sliding window of 1.5s and 100ms step size). 
Correlations are aligned to the middle of the clip (NB) or boundaries (SB, HB) and are shown 
separately for correctly recognized foils (top), and incorrectly recognized foils (false positive; 
bottom) in the scene recognition task. The correlation plots for subject 2 are presented in Fig. 
6c and Fig. 6d.  
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Supplementary Fig. 12. No reinstatement for boundary cells and event cells but the 
reinstatement remains after excluding boundary cells and event cells, Related to Fig. 6  
Correlation coefficient averaged across all subjects for NB (green), SB (blue), and HB (red) 
trials based on all recorded cells except boundary cells and event cells in a-d and based on only 
boundary cells and event cells in e-h. Correlation coefficient was separately computed for 
correctly recognized targets (a, e), incorrectly recognized targets (b, f), correctly recognized 
foils (c, g) and incorrectly recognized foils (d, h). Shaded areas represented ± s.e.m. across 
subjects. The grey dashed horizontal lines denote the significant threshold (p = 0.01, one-tailed 
permutation test, see Methods). 
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Supplementary Fig. 13: The reinstated neural context was located in between the 
boundary and the tested frame regardless of the analyses window size, Related to Fig. 6 
a-c, For trials with target frames extracted after boundaries, the time distance from when the 
correlation coefficient peaks (computed using window size of 0.3 seconds (a), 0.5 seconds (b) 
and 1 seconds (c)) to the time of SB and HB (filled circles) or target frames (empty circles). 
Negative/Positive values denote the point of time of boundaries (negative) or target frames 
(positive) relative to when the correlation coefficient reached its maximum value. Asterisks 
indicate the significance of the peak correlation leading the time of target frames (0.3s width: 
tSB(19) = 15.69, p = 2x10-12, tHB(19) = 10.38, p = 3x10-9; 0.5s width: tSB(19) = 16.08, p = 2x10-

12, tHB(19) = 10.30, p = 3x10-9; 1s width: tSB(19) = 10.56, p = 2x10-9, tHB(19) = 10.25, p = 3x10-

9; one sample t-test). Each dot represents one recording session. Black lines denote the mean 
results averaged across all recording sessions. ***p < 0.001.  
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Visual attributes 

Bpost - Bpre 
Boundary Type 

main effect 

Post-hoc test 

NB SB HB NB vs SB NB vs HB SB vs HB 

Luminance 
difference   

4.47 ± 0.23 4.95 ± 0.53 5.18 ± 0.78 P = 3x10-9 P = 4x10-11 P = 9x10-8 P = 0.27 

Contrast 
difference   

1.25 ± 0.19 1.93 ± 0.50 1.77 ± 0.27 P = 4x10-11 P = 2x10-8 P = 8x10-11 P = 0.18 

Complexity   
difference 

498.38 ± 
1.04 

1971.38 ± 
130.03 

2031.09 ± 
236.23 

P = 1x10-7 P = 3x10-7 P = 3x10-8 P = 0.30 

Entropy difference   0.19 ± 0.01 0.43 ± 0.06 0.46 ± 0.08 P = 2x10-8 P = 8x10-9 P = 4x10-8 P = 0.12 

LABL difference   0.33 ± 0.03 0.69 ± 0.05 0.68 ± 0.16 P = 3x10-9 P = 2x10-9 P = 6x10-10 P = 0.42 

LABA difference   0.08 ± 0.01 0.14 ± 0.08 0.14 ± 0.06 P = 4x10-6 P = 7x10-6 P = 5x10-7 P = 0.53 

LABB difference   0.16 ± 0.08 0.34 ± 0.22 0.36 ± 0.24 P = 2x10-6 P = 7x10-7 P = 4x10-7 P = 0.19 

Alexnet fc7 
Euclidean distance 

22.18 ± 1.98 217.24 ± 27.80 
199.77 ± 

53.85 
P = 3x10-6 P = 5x10-7 P = 3x10-8 P = 0.14 

Similarity 1.00 ± 0.00 0.67 ± 0.13 0.63 ± 0.15 P = 7x10-4 P = 3x10-6 P = 6x10-5 P = 0.37 

 
Supplementary Table 1: No difference in the changes of visual stimulus attribute across 
soft and hard boundaries, Related to Fig. 1 
The visual difference between pre boundary frames and post boundary frames (i.e., Bpost - Bpre) 
was quantified for each property: 1) Luminance: average pixel value of the grayscale image; 
2) Contrast: standard deviation across all pixels of the grayscale image5; 3) Complexity: JPEG 
size of an image with a compression quality setting of 80 (on a scale from 1 to 1000)6. Simple 
images are highly compressible, resulting in smaller file size; 4) Entropy: as an additional index 
of image complexity. It is computed from the histogram distribution of the 8-bit gray-level 
intensity values. Entropy varies with the “randomness” of the image, with low entropy 
associated with less complex images; 5) Color distribution: each picture was converted to the 
CIE L*A*B color space, which approximates characteristics of the human visual system7. L 
dimension corresponds to luminance, A and B dimension corresponds to two chromatic 
channels ranging from red to green, and from blue to yellow, respectively. 6) Higher-level 
features: the higher-level features of images were quantified as the activations from the layer 
‘fc7’ from an AlexNet network8 trained on the ImageNet data set. The difference of higher-
level features was computed as the Euclidean distance between the activation matrices obtained 
from the post boundary frame and the pre boundary frame. 7) Similarity: the similarity between 
the post boundary frame and the pre boundary frame was rated by an independent group of 
Amazon Mechanical Turk workers (n = 30). The rating scale was 0 to 1 (0 = totally different, 
1 = identical). The statistical significance was evaluated using one-tailed one-way ANOVA 
(Analysis of Variance) test with post-hoc Tukey HSD (Honestly Significant Difference) test.
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Supplementary Table 2: Subject information, Related to Fig. 2 
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Supplementary Table 3: MNI coordinates of microwire bundles on which at least one 
boundary or event cells were detected, Related to Fig. 1. 
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Supplementary Table 4: Distribution of boundary and event cells across brain areas, 
Related to Fig. 3 
Proportion of all recorded cells that qualified as boundary cells and event cells (AMY: 
amygdala; HPC: hippocampus; PHG: parahippocampal gyrus; OFC: orbitofrontal; ACC: 
anterior cingulate cortex; MCC: middle cingulate cortex; SMA: supplementary motor area; 
INS: insula) and the significance of this proportion against the null distribution (non-parametric 
permutation test, see Methods section “Chance level for cell response analyses”). Significant 
entries are marked in gray. 
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Supplementary Table 5: Distribution of boundary cells, event cells and other MTL cells 
that reflect memory success with phase-locking of their spiking activity in the theta band 
after boundaries, Related to Fig. 3.  
Proportion of boundary cells, event cells and other cells in the MTL that are phase-tuned, as 
defined by: (1) significant mean resultant length difference between the 1 second time window 
before vs after boundary (p < 0.05, permutation t-test); (2) significant mean resultant length 
difference between the correct vs incorrect trials grouped by the performance in the scene 
recognition (left) and time discrimination (right) task. In total 32/580 cells were passed both 
criteria. Twenty of these 32 cells were also event cells that discriminated between correct and 
incorrect time order memory for SB or HB boundaries (20/36, 56%), whereas the remainder 
were distributed across all the other categories with no other category having major overlap 
(<3%).  
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