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SI Materials and Methods
Image Classification via Amazon Mechanical Turk. We collected data

sessions were included in the intersection set. During each step,
we recorded the number of landscape stimuli in the intersection
set and the cumulative number of PHC units across sessions
these stimuli were presented to. After plotting the number of
stimuli against the cumulative number of units, we selected an
operating point on this curve by maximizing the product of units
times stimuli, resulting in a set of k = 226 parahippocampal units
(36 single units and 190 multiunits) that were all presented with
the same n = 7 landscape stimuli. The intersection set of stimuli
for these sessions also included 20 additional pictures showing
persons and animals. In addition to the 226 parahippocampal
units, these 27 stimuli had also been presented to 231 hippocampal single and multiunits and 286 entorhinal single and
multiunits. No additional selection criterion was applied; in
particular, units were not required to be responsive to the presented stimuli. We used this set of 27 stimuli presented to a total
of 743 MTL units to generate all population plots (Fig. 2 and
Figs. S1 and S8).

for other classifications using Amazon Mechanical Turk. For
these classifications, we excluded presented images containing an
image of the patient or their family, leaving 572 unique images
(consisting of persons, animals, and landscapes). We required
that subjects had performed at least 1,000 previous Amazon
Mechanical Turk human intelligence tasks, that at least 95% of
previous human intelligence tasks were accepted by their requesters, and that participants were located in Australia, Canada,
Ireland, New Zealand, the United Kingdom, or the United States.
To determine whether images had a background, we asked 27
subjects to sort all images into one of four categories: “no
background, or background is solid color or pattern,” “background present but unrecognizable,” “background is clearly visible,” and “no centrally presented object, building, or landmark
(only background).” Because the latter category was underrepresented, with only four pictures shown to only one patient,
we excluded it from further analysis. The order in which the
images were presented was randomized across subjects. We excluded data from two subjects with implausibly low reaction
times and from one subject who classified >100 objects as having
no centrally presented object, building, or landmark (far more
than any other subject), leaving 24 subjects for further analysis.
According to the modal rankings across subjects, 237 images had
no background, 141 images had an unrecognizable background,
and 190 images had a clearly visible background.
To construct a ranking of depth in each of the presented images, we restricted our task to only the 186 images that more
subjects had said contained a recognizable background than no
background or an unclear background. Our task used a merge
sort procedure to construct a ranking of all 186 images based
on pairwise comparisons, as described in a previous study (15).
For ∼1,100 pairs, 25 subjects saw two simultaneously presented
images and were instructed to click the image with the greater
distance from the closest to the farthest point in the image. We
excluded data from three subjects with implausibly low reaction
times and a fourth subject for whom the rankings were uncorrelated with the rankings of all other subjects, leaving 21
subjects for further analysis.

Calculation of Response Onset Latencies. The latencies of PHC units
responding to pictures from different categories were calculated
using Poisson spike train analysis. For this procedure, the ISIs of a
given unit are processed continuously during the entire recording
session, and the onset of a spike train is detected on the basis of its
deviation from a baseline exponential distribution of ISIs. For
each response-eliciting stimulus, we determined the time between
stimulus onset and the onset of the first spike train in all six image
presentations. Only spike train onsets within the first 1,000 ms
after stimulus onset were considered. The median length of these
six time intervals was taken as response latency. For sparsely firing
units with mean baseline firing activity of <2 Hz, Poisson spike
train analysis generally failed to pick up a reliable onset; thus, we
used the median latency of the first spike during stimulus presentation instead. For neurons responding to more than one
stimulus from a given category, the median of the different
stimulus latencies was taken for each category. Whenever the
four median onset times of a response did not fall within 200 ms,
as in previous studies (25, 46), this response was excluded from
further analysis.

Selection Algorithm for Population Response Plots. Because stimulus
sets were tailored to individual subjects, to compute the population plots shown in Fig. 2 and Figs. S1 and S8, we needed to
select a set of stimuli and cells to show in the plot. Our goal here
was to find a large set of stimuli, particularly landscapes, that had
all been presented to a large number of units recorded in our
subjects, particularly PHC units. The problem of selecting k cells
such that the number of common stimuli n is maximized is
termed the maximum k-intersection problem (52). Because an
exact solution is computationally intractable, we used a greedy
algorithm to determine the maximal set of parahippocampal
units and landscape stimuli presented to them (46). We first
selected the complete landscape picture set from the session with
the highest yield of parahippocampal units. We then added the
session whose landscape picture set produced the largest intersection of landscape stimuli, replaced our previous stimulus
set with this intersection, and repeated this procedure until all 67

Spatial Clustering of Scene-Selective Units. For each scene-selective
parahippocampal unit (i.e., for each unit responding to at least
one stimulus with spatial layout), we determined the proportion
of other units on the same bundle of microwires that showed
significant scene-selective responses. We then averaged these
proportions across all scene-selective parahippocampal units and
compared this value against a distribution of 1,000,000 realizations in which we randomly permuted the bundle labels for every
unit. This procedure yielded a probability of 52% of finding
additional scene-selective responses on a parahippocampal wire
bundle vs. an average of 28% for the permuted realizations,
which was significant at P < 10−6 (permutation test). To rule
out any bias potentially caused by subjects with exceptionally
high responsiveness to scenes, we repeated the permutation
test, but allowed permutation of bundle labels only within, not
across, patients. This test confirmed significant spatial clustering at P = 0.006.
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Fig. S1. Responses of 226 single- and multiunits in parahippocampal cortex to persons (Left), animals (Middle), and landscapes (Right), normalized by baseline
activity, exactly as in Fig. 2A, but including stimuli shown. Vertical bars separate stimulus categories. Units are sorted by their response to landscapes, normalized by their response to all stimuli. Within each category, stimuli are sorted by average response. Stimuli containing spatial cues elicited stronger responses
in a large proportion of units. Note that because of insurmountable copyright problems, all original celebrity pictures were replaced by very similar ones (same
person, similar background, etc.) from the public domain. Images courtesy of (top row, left to right) Wikimedia Commons/Falkenauge, flickr/Gage Skidmore,
flickr/dvsross, Wikimedia Commons/David Shankbone, flickr/aphrodite-in-nyc, Wikimedia Commons/Gage Skidmore, flickr/EvaRinaldi, and US Navy/Stephen
P. Weaver; (bottom row, left to right) flickr/drcliffordchoi, Wikimedia Commons/Angela George, Wikimedia Commons/Georges Biard, flickr/Gerald Geronimo,
flickr/EvaRinaldi, Eric Draper, Wikimedia Commons/David Shankbone, and flickr/Nicolas genin.
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Fig. S2. Responsiveness of MTL neurons (single and multiunits) to different stimulus categories. (A) Response magnitude of units in different MTL regions to
three stimulus categories indicate that only parahippocampal neurons respond more strongly to pictures of landscapes than to pictures of persons or animals
(repeated-measures ANOVAs), same as Fig. 3A. (B) Same as A, but comparing responses to indoor vs. outdoor pictures. (C) Same as A and B, comparing responses to stimuli with spatial layout vs. stimuli without spatial layout. ***P < 0.001; *P < 0.05; n.s., not significant.
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Fig. S3. Influence of background and low-level features. (A) Mean z-scored response of parahippocampal neurons (single and multiunits) to images with no
background, an unrecognizable background, and a recognizable background. (B) Same as A, but for images of persons and animals only. (C) Mean z-scored
response of parahippocampal units to images grouped by manual scene/nonscene labels and the labels generated using a support vector machine trained on
HMAX features. All error bars are ±SEM.
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Fig. S4. PHC responses are conditionally independent of the low-level features given the stimulus category. For a given unit, we trained the SVM to predict
responses based on all but one stimulus from the HMAX C0 features, using cross-validation to select the soft margin parameter C. We then used the classifier to
predict whether the unit responded to the left-out stimulus. We repeated this procedure for all possible training/test splits. To perform the cross-validation
procedure, it must be possible to split the training set into at least two folds (we used up to five when enough responses were present), so the cell must
respond to at least two stimuli in the training set. Because one stimulus was left out of the training set, this implies that the cell must respond to at least three
stimuli in total. This restriction left us with 112 units for further analysis. We then computed the balanced accuracy, that is, the mean of the classifier accuracy
for stimuli that did and did not elicit responses. Over the entire stimulus set, the SVMs predicted performance slightly but significantly better than chance
(balanced accuracy = 0.54; P = 0.0004, one-sample t test). However, SVMs performed at chance level when predicting responses to stimuli with or without
spatial layout, as expected if PHC responses are conditionally independent of HMAX features, given the stimulus category (both P > 0.11). Error bars are ±SEM.
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Fig. S5. PHC neurons decode stimulus identity of landscapes more accurately than neurons in hippocampus and entorhinal cortex. We trained SVMs to
perform pairwise classification of stimulus identity, using the stimuli and units included in Fig. 2. We trained on five trials and tested on the sixth, for each of
the six possible training/test splits. In parahippocampal cortex, the classifier correctly discriminated nearly all landscapes and animals from each other and from
other landscapes, but displayed substantially lower performance at distinguishing persons from other persons. Given that parahippocampal neurons respond
more strongly to landscapes, it is unsurprising that they convey more information about stimulus identity. Similar results have been reported in other domainspecific regions, including macaque face and scene patches (14, 15). The high performance for animals is likely related to the prevalence of spatial layout cues
in these images (Fig. S1). Outside of parahippocampal cortex, classifiers showed substantially lower overall performance for animal and landscape stimuli, and
no clear preference for person stimuli.

Fig. S6. LFP responses of individual electrodes contributing to Fig. 3D. (A) Difference between mean LFPs for stimuli with and without spatial layout, sorted by
maximum absolute value of Cohen’s d. (B–D) Examples of individual electrodes showing a differential response to stimuli with and without spatial layout.
Corresponding rows in A are marked with arrows. Error bars are ±SEM.

Mormann et al. www.pnas.org/cgi/content/short/1608159113

6 of 10

Fig. S7. Category preferences at the level of individual units. (A) Proportions of units responding significantly differently to landscapes vs. nonlandscapes,
scenes vs. nonscenes, and outdoor vs. indoor stimuli. (B) Proportions of units responding significantly differently to nonlandscape scenes vs. nonscenes and
nonlandscape outdoor vs. indoor stimuli. (C) Proportions of units that did (blue) or did not (red) respond significantly differently to landscapes vs. nonlandscapes that responded significantly differently to nonlandscape scenes vs. nonscenes. In all panels, proportions are the proportions of units showing a
significant difference between categories according to a Mann–Whitney U across mean responses to each stimulus at α = 0.01. Dotted lines indicate the
proportion expected by chance (0.01). Stars indicate proportions that were significantly greater than chance, according to a binomial test (*P < 0.05; **P < 0.01;
***P < 0.001). Error bars are Clopper-Pearson 95% binomial CIs. P values for comparisons between bars are Fisher exact test P values.
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Fig. S8. Responses of 98 single and multiunits in parahippocampal cortex on microelectrodes with a scene-selective local field potential to the same stimuli as
in Fig. 2.
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Fig. S9. Localization of microwire bundles in PHC showing high and low scene selectivity. The tips of the microwire bundles were localized using a postimplantational CT scan coregistered with a preimplantation MRI scan, and normalized to Montreal Neurological Institute space. (A) Recording sites (i.e., location of bundle tips) projected onto a coronal (Upper left), sagittal (Upper right), and axial (Bottom left) section of the MNI ICBM brain for all 24 subjects. All
37 recording sites were individually verified to be located in PHC. Scene selectivity was quantified as the proportion of neurons showing significant scene/
nonscene category distinction (compare Table S1). A median split was performed to distinguish bundles with high and low scene selectivity. (B) Same as A, but
showing bundles with high vs. low scene selectivity based on LFPs instead of neurons. R, right. Note the lack of a clear spatial cluster of scene-selective localizations across patients reflecting the well-known interindividual variability across subjects.
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Same as Fig. 4 A–D, but for the proportion of nonscenes eliciting responses in units responding to at least one nonscene stimulus.

Table S1. Numbers of units (combined single- and multiunits) fulfilling various criteria
Type of units
Units (total)
Units algorithmically selected for population plots
Units responding to one or more scenes
Units responding to at least 25% of scenes
Units showing scene/nonscene category distinction
Units on microelectrodes with scene-selective LFP
Scene-selective units on microelectrodes with scene-selective LFP

PHC
630
226
176
49
119
168
73

(126)
(36)
(28)
(9)
(29)

EC

Hippocampus

539
286
62
3
35

829
231
119
1
37

Numbers in parentheses show single units only.
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