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Dreaming is generally thought to be generated by spontaneous brain activity during sleep
with patterns common to waking experience. This view is supported by a recent study
demonstrating that dreamed objects can be predicted from brain activity during sleep
using statistical decoders trained with stimulus-induced brain activity. However, it remains
unclear whether and how visual image features associated with dreamed objects are
represented in the brain. In this study, we used a deep neural network (DNN) model
for object recognition as a proxy for hierarchical visual feature representation, and DNN
features for dreamed objects were analyzed with brain decoding of fMRI data collected
during dreaming. The decoders were first trained with stimulus-induced brain activity
labeled with the feature values of the stimulus image from multiple DNN layers. The
decoders were then used to decode DNN features from the dream fMRI data, and the
decoded features were compared with the averaged features of each object category
calculated from a large-scale image database. We found that the feature values decoded
from the dream fMRI data positively correlated with those associated with dreamed object
categories at mid- to high-level DNN layers. Using the decoded features, the dreamed
object category could be identified at above-chance levels by matching them to the
averaged features for candidate categories. The results suggest that dreaming recruits
hierarchical visual feature representations associated with objects, which may support
phenomenal aspects of dream experience.

Keywords: dream, brain decoding, deep neural networks, hierarchical neural representations, functional magnetic
resonance imaging

INTRODUCTION

Dreaming during sleep is a universal human experience and one that is often accompanied by
highly realistic visual scenes spontaneously generated by the brain. The most striking characteristic
of visual dreaming is its similarity to the visual experience during waking hours, and dreaming
generally incorporates features that are typical of the waking experience, such as shapes, objects, and
scenes. These phenomenological similarities are considered to be underlain by neural substrates
common to both the awake and sleep states, and a number of studies have sought to address
the neural commonalities and differences of these contrasting states by analyses of regional brain
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activations (Maquet et al., 1996; Braun et al., 1997, 1998; Maquet,
2000; Hong et al., 2009; Dresler et al., 2011), and brain activity
patterns for specific visual contents (Horikawa et al., 2013).

A previous work investigated the commonality of
neural representations of visual objects and scenes between
perception and dreaming, and demonstrated that the dreamed
objects/scenes could be predicted from brain activity patterns
during sleep using statistical decoders trained to predict viewed
object/scene categories (Horikawa et al., 2013). In this study, the
authors used decoders trained to predict categorical labels of
viewed objects and scenes, the labels of which were constructed
from subjects’ dream reports. They thereby demonstrated
decoding of dream contents from brain activity patterns during
sleep using stimulus-trained decoders. The decoders trained on
brain activity patterns in higher visual cortex showed higher
accuracy than those trained on brain activity patterns in lower
visual cortex. Their results suggest that visual dream contents are
represented by discriminative brain activity patterns similar to
perception at least in higher visual areas.

While this study demonstrated accurate decoding of
categorical information on dreamed objects from higher visual
areas, it still remains unclear whether or how multiple levels
of hierarchical visual features associated with dreamed objects
are represented in the brain. Because brain decoding through
multi-voxel pattern classification algorithms often obscures
what made the labeled brain activity patterns discriminable, it is
not clear what levels of visual information, including multiple
levels of hierarchical visual features and semantics, enabled the
successful decoding.

Several recent studies have addressed this issue by using
explicit models of visual features, and investigated neural
representations of visual contents (Kay et al., 2008; Khaligh-
Razavi and Kriegeskorte, 2014; Horikawa and Kamitani, 2015;
Naselaris et al., 2015; Jozwik et al., 2016). These studies used
multiple levels of visual features, including Gabor filters and
features extracted from hierarchical models, to represent visual
images by patterns of visual features. They thereby established
links between brain activity patterns and visual features or
modeled the representational space of brain activity patterns
using visual features to address how each visual feature is used
to represent seen or imagined visual images.

Among a large number of visual features, hierarchical
visual features, such as those from deep neural networks
(DNN) (Khaligh-Razavi and Kriegeskorte, 2014; Horikawa
and Kamitani, 2015), would be especially suited to represent
objects: They are hierarchical in the sense that higher-level
features are composed of the outputs from the previous lower-
level features. The reason for their suitability is that those
visual features achieve varying levels of invariance to image
differences through hierarchical processing, including differences
in rotation, position, scale, and other attributes, which are often
observed in images even within the same object categories, and
acquire robust object-category-specific representations.

Our previous study (Horikawa and Kamitani, 2015)
investigated neural representations of hierarchical visual features
associated with seen and imagined objects by representing
objects using patterns of visual features. In this study, we asked

subjects to imagine visual images of presented object names and
analyzed imagery-induced brain activity in combination with
hierarchical visual features to observe how hierarchical visual
feature representations are used during mental imagery. We
first used the visual features derived from various computational
models to represent an object by a vector of visual features,
and then trained statistical regression models to decode feature
vectors of viewed objects from brain activity patterns measured
as subjects viewed images of objects (stimulus-trained decoder).
The trained decoders were then used to decode visual features of
seen and imagined objects, and the decoded feature vectors were
used to identify the object categories. Our analyses showed that
the stimulus-trained decoders better predicted the low/high-level
visual features of seen objects from lower/higher visual areas
respectively, showing a homology between the brain and DNN.
This provided empirical support for the idea that the DNN can
be a good proxy for the hierarchical visual system for object
recognition. We further demonstrated high decoding accuracy
for mid- to high-level features of imagined objects from relatively
higher visual areas, suggesting the recruitment of feature-level
representations during mental imagery, in particular for the
mid- to high-level feature representation. Therefore, the same
strategy would also be applicable to investigate hierarchical
feature representations of dreamed objects, and may reveal
the recruitment of feature-level representations associated
with dreamed objects at least for mid- to high-level feature
representations as the previous study demonstrated for volitional
mental imagery (Horikawa and Kamitani, 2015).

Here, we investigated whether multiple levels of hierarchical
visual features associated with dreamed objects are represented in
the brain in a manner similar to perception. For this purpose, we
applied the same strategy in Horikawa and Kamitani (2015) to the
decoding of hierarchical visual features associated with dreamed
objects from brain activity patterns during sleep. We used a
deep convolutional neural network (DNN) for object recognition
as a proxy for hierarchical visual feature representation. We
represented images of objects using patterns of visual features
derived from DNN models (Figures 1A,B). We then performed
decoding analyses of DNN features associated with dreamed
objects from brain activity patterns obtained from sleeping
subjects. We used the decoders trained to decode visual features
of seen objects, thereby testing whether visual dream contents are
represented by the hierarchical feature representations elicited in
visual perception. We also tested whether the decoded feature
vector could be used to identify the reported dreamed object by
matching it to the averaged feature vectors of images in multiple
candidate categories. The results were then compared with those
for seen and imagined objects (Horikawa and Kamitani, 2015) to
see the differences in hierarchical representation and the ability
to decode arbitrary objects beyond training categories (“generic
object decoding”).

MATERIALS AND METHODS

The data used for this study came from two previous studies
performed at our laboratory (Horikawa et al., 2013; Horikawa
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FIGURE 1 | Deep neural network features. (A) Representing an input image by visual feature patterns derived by DNN. The DNN was used to extract feature
values of individual units in each layer. (B) Preferred images for each DNN layer. The images that highly activate each DNN unit were generated using activation
maximization methods (see Materials and Methods: “Synthesis of Preferred Images Using Activation Maximization” for details).
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and Kamitani, 2015). In these studies, two subjects (Subjects 1
and 2 in this study) participated in both of the two studies as
Participants 1 and 3 in Horikawa et al. (2013) and as Subjects 1
and 2 in Horikawa and Kamitani (2015). Here, we provide a brief
description of the subjects, datasets, and preprocessing of the
MRI data for the main experiments. For full details, see Horikawa
et al. (2013) and Horikawa and Kamitani (2015).

Subjects

Two healthy subjects (males, aged 27 and 42) with normal
or corrected-to-normal vision participated in the experiments.
Both subjects had considerable experience of participating in
fMRI experiments, and were highly trained. Both subjects
provided written informed consent for their participation in the
experiments, in accordance with the Declaration of Helsinki,
and the study protocol was approved by the Ethics Committee
of ATR. The experimental of each subject were collected over
multiple scanning sessions spanning over 2 years.

Dataset from Horikawa et al. (2013;

“Dream” Dataset)
We used an fMRI dataset from the sleep experiments conducted
in a previous dream decoding study (Horikawa et al., 2013). This
“dream” dataset was used for testing decoding models trained on
part of the dataset from Horikawa and Kamitani (2015). A brief
description of the dataset is given in the following paragraph (see
Horikawa et al., 2013 for all experimental details).

fMRI signals were measured with simultaneous recording
of electroencephalography (EEG) while subjects slept in an
MRI scanner. They were awakened when a characteristic EEG
signature was detected during sleep-onset periods (non-rapid eye
movement [NREM] periods) and were then asked to provide a
verbal report, freely describing their visual experience (NREM
dream) before awakening. This procedure was repeated until
at least 200 awakenings associated with a visual report were
collected for each subject. From the collected reports, words
describing visual objects or scenes were manually extracted and
mapped to WordNet, a lexical database in which semantically
similar words are grouped together as synsets (categories), in

a hierarchical structure (Fellbaum, 1998). Using the semantic
hierarchy, extracted visual words were grouped into base synsets
that appeared in at least 10 reports from each subject (26 and
16 synsets for Subjects 1 and 2, respectively). The fMRI data
obtained before each awakening were labeled with a visual
content vector, each element of which indicated the presence or
absence of a base synset in the subsequent report.

Note that these fMRI data were collected during sleep-onset
periods (sleep stage 1 or 2) rather than rapid-eye movement
(REM) periods. Although REM sleep and its underlying
neurophysiological mechanisms were originally believed to
be indispensable for dreaming, there has been accumulating
evidence that dreaming is dissociable from REM sleep and can be
experienced during NREM sleep periods (Nir and Tononi, 2009).

In addition to the fMRI data, we used visual images presented
in the perception experiment described in Horikawa et al.
(2013) to construct category features (see Materials and Methods:
“Category feature vector”) for dreamed objects (216 and 240
images for each category for Subjects 1 and 2, respectively).

Datasets from Horikawa and Kamitani
(2015; “Training,” “Perception,” and

“Imagery” Datasets)
We used fMRI data from the perception experiment and the
imagery experiment conducted in Horikawa and Kamitani
(2015). The perception experiment had two sessions: a training
image session and a testing image session. Data from the training
image session of the perception experiment were used to train
decoding models in this study (“training” dataset), which were
then tested on the dream dataset from Horikawa et al. (2013).
For comparison with the results from the dream dataset, the
data from the perception experiment (the testing image session)
and the imagery experiment in Horikawa et al. (2013) were also
used as test datasets in this study (“perception” and “imagery”
datasets). A description of the datasets is given in the following
paragraph (see Horikawa and Kamitani, 2015 for all experimental
details).

In the perception experiment of Horikawa et al. (2013),
stimulus-induced fMRI signals were collected from two distinct
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sessions: a training image session and a testing image session,
consisting of 24 and 35 separate runs respectively. Each run
contained 55 stimulus blocks consisting of 50 blocks with
different images and five randomly interspersed repetition blocks
where the same image as in the previous block was presented. In
each stimulus block an image (image size, 12 x 12°C) was flashed
at 2 Hz for 9 s. Images were presented on the center of the display
with a central fixation spot. To indicate the onset of the block, the
color of the fixation spot changed for 0.5 s before each stimulus
block began. Subjects maintained steady fixation throughout each
run, and performed a one-back repetition detection task on the
images to maintain their attention on the presented images,
responding with a button press for each repetition. In the training
image session, a total of 1200 images from 150 different object
categories (eight images per each category) were each presented
only once. In the testing image session, a total of 50 images
from 50 object categories (one image from each category) were
presented 35 times (blocks) each. Note that the categories in the
testing image session were not used in the training image session.
The presentation order of the categories was randomized across
runs.

In the imagery experiment of Horikawa et al. (2013), the
subjects were required to visually imagine images from one of
the 50 object categories used in the testing image session of
the perception experiment. The imagery experiment consisted of
20 separate runs, with each run containing 25 imagery blocks.
Each imagery block consisted of a 3-s cue period, a 15-s imagery
period, a 3-s evaluation period, and a 3-s rest period. During the
rest periods, a fixation spot was presented in the center of the
display. From 0.8 s before each cue period began, the color of
the fixation spot changed for 0.5s to indicate the onset of the
blocks. During the cue period, words describing the names of
the 50 categories presented in the testing image session of the
perception experiment were visually presented around the center
of the display (one target and 49 distractors). The word of the
category to be imagined was presented with a red color (target),
while the other words were presented in black (distractors). The
onset and end of the imagery periods were signaled by beep
sounds. Subjects were required to start imagining as many object
images pertaining to the category described by the red word as
possible. Their eyes were closed from the first beep sound to the
second beep sound. After the second beep sound, the word of the
target category was presented at the center of the display to allow
the subjects to evaluate the vividness of their mental imagery on
a five-point scale (very vivid, fairly vivid, rather vivid, not vivid,
cannot recognize, or forget the target) by a button press. The 25
categories in each run were pseudo-randomly selected from 50
categories such that the two consecutive runs contained all the 50
categories.

fMRI Data Preprocessing

The first 9s of scans from each run were discarded to remove
instability effects of the MRI scanner. The acquired fMRI data
were subjected to three-dimensional motion correction using
SPM5 (http://www .filion.ucl.ac.uk/spm). The data were then
coregistered to the within-session high-resolution anatomical
image of the same slices used for EPI, and then subsequently to

a whole-head high-resolution anatomical image common across
the two studies. The coregistered data were then reinterpolated to
3 x 3 x 3mm voxels.

For the dream data from Horikawa et al. (2013), we created
data samples by first regressing out nuisance parameters,
including a linear trend, and temporal components proportional
to six motion parameters from the SPM5 motion correction
procedure, from each voxel amplitude for each run, and the data
were then despiked to reduce extreme values (beyond =+ 3SD for
each run). After that, voxel amplitudes around awakening were
normalized relative to the mean amplitude during the period 60-
90 s prior to each awakening. This period was used as the baseline,
as it tended to show relatively stable blood oxygenation level
dependent (BOLD) signals over time. The voxel values averaged
across the three volumes (9s) immediately before awakening
served as a single data sample (the time window was shifted for
time course analysis).

For the perception and imagery data from Horikawa and
Kamitani (2015), we created data samples by first regressing
out nuisance parameters, including a constant baseline, a linear
trend, and temporal components proportional to six motion
parameters from the SPM5 motion correction procedure, from
each voxel amplitude for each run, and the data were then
despiked to reduce extreme values (beyond £ 3SD for each
run). The voxel amplitudes were then averaged within each
9-s stimulus block (three volumes) or 15-s imagery block
(five volumes), after shifting the data by 3s (one volume) to
compensate for hemodynamic delays.

For testing decoding models with the dream dataset, the trials
in which the last 15-s epoch before awakening was classified as
wake were not used for the following analyses, and those classified
as sleep stage 1 or 2 were used. We analyzed the dream fMRI
data in two ways: single category-based analysis with averaged
trials, and multiple category-based analysis with individual trials.
In the single category-based analysis, fMRI samples were further
averaged for the dream trials containing the same category while
disregarding the other reported categories. Thus, one data sample
is labeled only by a single category. This preprocessing yielded 26
and 16 averaged fMRI samples for Subjects 1 and 2, respectively
(corresponding to the numbers of the base synsets). In the
multiple category-based analysis, individual fMRI samples were
labeled by multiple reported categories at each awakening.

For testing with the perception and imagery datasets,
the blocks of the same category were averaged (35 and 10
blocks averaged for perception and imagery, respectively). This
procedure yielded 50 averaged fMRI samples (corresponding to
the 50 test categories) for each of the perception and imagery
datasets in each subject.

Region of Interest (ROI) Selection

V1, V2, V3, and V4 were delineated by a standard retinotopy
experiment (Engel et al, 1994; Sereno et al, 1995). The
lateral occipital complex (LOC), the fusiform face area (FFA),
and the parahippocampal place area (PPA) were identified
using conventional functional localizers (Kanwisher et al., 1997;
Epstein and Kanwisher, 1998; Kourtzi and Kanwisher, 2000). For
the analysis of individual visual areas, the following numbers
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of voxels were identified for V1, V2, V3, V4, LOC, FFA, and
PPA, respectively: 1054, 1079, 786, 763, 570, 614, and 369 voxels
for Subject 1; 772, 958, 824, 545, 847, 438, and 317 voxels for
Subject 2. A continuous region covering LOC, FFA, and PPA was
manually delineated on the flattened cortical surfaces, and the
region was defined as the higher visual cortex (HVC). Voxels from
V1-V4 and HVC were combined to define the visual cortex (VC;
4794 and 4499 voxels for Subject 1 and 2, respectively). For full
details on the experiments for localizing the regions of interest,
see Horikawa et al. (2013) and Horikawa and Kamitani (2015).

Visual Features Derived from Deep

Convolutional Neural Network

Using the deep convolutional neural network (DNN) proposed
in a previous study (Krizhevsky et al, 2012), we computed
visual features from the images used in the fMRI experiments,
and also from images from an online image database! where
images are grouped according to the hierarchy in WordNet
(Fellbaum, 1998). We used the MatConvNet implementation of
DNN?, which was trained with images in ImageNet to classify
1000 object categories. The DNN consisted of five convolutional
layers (DNN1-5) and three fully connected layers (DNN6-8),
with some of these layers containing a huge number of feature
units (e.g., 290,400 units in DNNI1). We randomly selected
1000 units in each of the layers from one to seven to reduce
the computational load while making sure that the selection
was unbiased, and used all 1000 units in the eighth layer. We
represented each image by a vector of those units’ outputs.

Category Feature Vector

We constructed category feature vectors to represent object
categories using visual features in each DNN layers. We first
computed visual feature vectors for all images of categories in
the ImageNet database (50 test categories for Horikawa and
Kamitani (2015), and 15,314 candidate categories; Deng et al.,
2009) and for images used in the perception test experiment in
Horikawa et al. (2013) (26 and 16 dreamed categories for Subjects
1 and 2, respectively). Using the computed feature vectors,
category feature vectors were constructed for all categories by
averaging the feature vectors of images belonging to the same
category. These procedures were conducted for each DNN
layer to construct feature representations of individual object
categories (single-category feature vectors). In addition to that,
we also constructed multi-category feature vectors to represent
multiple object categories reported at each awakening in the
dream dataset using features in each DNN layer. The multi-
category feature vectors were constructed by averaging multiple
single-category feature vectors annotated by reported categories
at each awakening.

Synthesis of Preferred Images Using
Activation Maximization
We used the activation maximization method to generate

preferred images for individual units in each layer of the
DNN model (Simonyan et al, 2014; Yosinski et al., 2015;

!(ImageNet; (Deng et al., 2009); http://www.image-net.org/; 2011 fall release)
2(http://www.vlfeat.org/matconvnet/)

Mahendran and Vedaldi, 2016; Nguyen et al., 2016). Synthesis
of preferred images starts from a random image and optimizes
the input image to maximally activate a target DNN unit by
iteratively calculating how the image should be changed via
backpropagation. This analysis was implemented using custom
software written in MATLAB based on the original Python code
provided in blog posts®.

Visual Feature Decoding Analysis

We constructed multivoxel decoders to predict a visual feature
vector of a seen object from fMRI activities in multiple
ROIs in the training dataset (Horikawa and Kamitani, 2015)
using a set of linear regression models. In this study, we
used the sparse linear regression algorithm (SLR; Bishop,
2006), which can automatically select important voxels for
decoding, by introducing sparsity into weight estimation through
Bayesian parameters estimation with the automatic relevance
determination (ARD) prior (see Horikawa and Kamitani, 2015
for detailed descriptions). The decoders were trained to predict
the values of individual elements in the feature vector (consisting
of 1000 randomly selected units for DNN1-7 and all 1000 units
for DNNB8) using the training dataset (1200 samples from the
perception experiment).

Decoding accuracy was evaluated by the correlation
coefficient between the category feature and decoded feature
values of each feature unit. The correlation coefficients were
pooled across the units and the subjects for each DNN layer and
ROL

These analyses were performed for each combination of DNN
layers (DNN1-8) and brain regions of interest (V1, V2, V3, V4,
LOC, FFA, and PPA), and the entire visual cortex covering all
of the visual subareas listed above (VC). We performed voxel
selection prior to the training of the regression model for each
feature unit: voxels showing the highest correlation coefficients
with the target variable (feature value) in the training data were
used (at most 500 voxels for V1, V2, V3, V4, LOC, FFA, and
PPA; 1000 voxels for VC). For details of the general procedure
of feature decoding, see Horikawa and Kamitani (2015).

Pairwise Identification Analysis

In the pairwise identification analysis, the category of a
seen/imagined/dreamed object was identified between true and
false categories, using the feature vector decoded from the
averaged fMRI activity pattern for each object category. The
decoded feature vector was compared with two candidate
category feature vectors, one for the true category and the
other for a false category selected from the 15,314 candidates.
The category with a higher correlation coefficient was selected
as the identified category. The analysis was repeated for all
combinations of the test categories (50 categories for the
perception and imagery datasets; 26 and 16 categories for
the dream dataset of Subjects 1 and 2, respectively) and the
15,314 candidate categories. The accuracy for each test category

3(Mordvintsev, A., Olah, C. Tyka, M., DeepDream—a code example
for visualizing Neural Networks, https://github.com/google/deepdream,
2015; Qygard, A.M.,Visualizing GoogLeNet Classes,
https://github.com/auduno/deepdraw, 2015)
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was evaluated by the ratio of correct identification. This was
further averaged across categories and subjects to characterize the
accuracies with the dream, perception, and imagery datasets.

Data and Code Availability

The experimental data and codes used in the present study are
available from the corresponding author upon request.

RESULTS

We applied the decoders trained with stimulus-induced fMRI
signals (stimulus-trained decoders) to dream dataset to test
whether multiple levels of visual features associated with
dreamed object categories could be decoded from brain activity
of sleeping subjects. For this analysis, the dream fMRI samples
[three-volume (9 s) averaged fMRI signals immediately before
awakening] annotated by each individual object category were
averaged across awakenings, and these averaged fMRI samples
were used as input to the stimulus-trained decoders (Figure 2A).
To evaluate the prediction accuracy in each unit, Pearson’s
correlation coefficient was calculated between the decoded and
the single-category feature values for the series of test samples
for each subject. The correlation coefficients were then averaged
across all feature units obtained from two subjects for each
DNN layer. Here, we used the correlation coefficient between
the series of the category feature values and the decoded feature
values in each unit, instead of the correlation coefficient between
the category feature vector and the decoded feature vector for
each sample. This was because we constructed decoders for each
unit independently, and the baseline amplitude pattern across
units alone could lead to spuriously high correlation coefficients
between feature vectors.

The correlation coefficients between the features decoded
from the dream fMRI dataset and the category features in
multiple ROIs are shown in Figure 2B. While the absolute values
of the correlation coefficients from dream fMRI dataset were
lower than those from perception and imagery fMRI datasets
(Horikawa and Kamitani, 2015), positive correlation coefficients
were observed from decoders trained with relatively higher visual
areas at mid- to high-level DNN layers (46 out of 56 pairs of
DNN layers and ROIs, one-sided t-test after Fisher’s Z transform,
uncorrected p < 0.01). For most of the DNN layers, the previous
study (Horikawa and Kamitani, 2015) showed that the decoding
accuracy of seen category features was moderately high from
most of visual areas with peak accuracy in V4, whereas the
decoding accuracy of imagined category features was high for
mid- to higher visual areas. The category feature decoding of
dreamed objects showed highest correlation coefficients around
the higher visual areas, suggesting the qualitatively similar
tendency to the results for imagined rather than seen object
categories (Horikawa and Kamitani, 2015).

While we first focused on individual dream categories at a time
by averaging fMRI samples at multiple awakenings annotated
by the common dreamed object categories (Figure 2), we also
performed decoding analysis on brain activity patterns from
each awakening annotated by multiple dreamed object categories
(Figure 3A). For this analysis, the same decoders were applied

to fMRI samples at each single awakening (three-volume [9 s]
averaged fMRI signals immediately before awakening) to obtain
decoded features for all awakenings (samples classified as sleep
stage 1 or 2). Then, the multi-category features were constructed
by averaging the single-category features for multiple object
categories reported at subsequent awakenings. The accuracy was
evaluated by Pearson’s correlation coefficients between decoded
feature values and feature values of the multi-category features
for the series of test samples. This analysis showed that feature
values decoded from brain activity patterns in higher visual areas
just before awakening positively correlated with feature values
of the multi-category features constructed for object categories
reported at subsequent awakening at mid- to high-level DNN
layers (Figure 3B; 45 out of 56 pairs of DNN layers and ROIs,
one-sided ¢-test after Fisher’s Z transform, uncorrected p < 0.01).
The results suggest that single trial-based fMRI signals contain
sufficient information to decode feature-level representations
about dreamed object categories while the accuracy was relatively
low.

Furthermore, when the time window for the feature decoding
analysis was shifted around the time of awakening, the
correlation coeflicient peaked around 0-10s before awakening
for most of the DNN layers in both of the averaged- and
single-trial analyses (Figure 4; no correction for hemodynamic
delay). This is consistent with the results of the category
decoding reported in the previous study (Horikawa et al.,
2013). While the high correlations after awakening may be
explained by hemodynamic delay and the large time window,
the general tendency for the high correlations to be relatively
prolonged, especially for higher DNN layers, may reflect feature
representations associated with retrieved dream contents during
reporting.

Finally, we tested whether the decoded feature vectors can
be used to identify dreamed object categories and compared the
results with the identification accuracies of seen and imagined
object categories reported in a previous study (Horikawa and
Kamitani, 2015). We did this by matching the decoded feature
vectors and category feature vectors calculated from multiple
images of candidate categories in the image database (Figure 5A).
The pairwise identification accuracy for all combinations of
the DNN layers and ROIs are shown in Figure 5B. For most
combinations of the DNN layers and ROIs, the dreamed object
categories can be identified from brain activity patterns with a
statistically significant level (43 out of 56 pairs of layers and
ROIs, one-sided t-test, uncorrected p < 0.05). Additionally,
the analysis showed significantly high identification accuracy of
dreamed objects from the LOC and FFA for all of the DNN
layers (one-sided ¢-test, uncorrected p < 0.05). The pairwise
identification accuracies for dreamed, seen, and imagined objects
obtained by decoders trained on brain activity pattern in an
entire visual cortex are shown in Figure 5C. The identification of
dreamed objects showed a higher than chance accuracy for most
of the DNN layers (one-sided t-test, uncorrected p < 0.05, except
for DNN7). The identification accuracy for seen and imagined
object categories was higher than the chance level for all of the
DNN layers (one-sided ¢-test, uncorrected p < 0.05; re-analyzed
using the datasets from Horikawa and Kamitani, 2015), with
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FIGURE 2 | Single category feature decoding with averaged trials. (A) A schematic view of analysis procedure. The decoders trained to decode the DNN
feature values calculated from the presented images in the training dataset were applied to an averaged fMRI activity associated with a specific dream category to test
decodability of the values of the category features constructed from multiple images annotated by the dream categories. (B) Correlation coefficients between the
category feature values and the decoded feature values [error bars indicate 95% Cl across feature units; two subjects pooled; three-volume (9 s) averaged fMRI

Area

the highest accuracy shown around the mid-level layers. Similar
to the results of the perception and imagery, the identification
of the dreamed object categories also showed relatively higher
accuracy at mid-level DNN layers around DNN5. However,
the accuracy tendency across layers under the dream condition
was slightly different from those under the perception and
imagery conditions, in the sense that the highest layer, DNNG,
also showed higher accuracy, whereas the DNN7 showed poor
performance, which may suggest the unique characteristic of
dream representations.

DISCUSSION

In this study, we examined whether hierarchical visual feature
representations common to perception are recruited to represent
dreamed objects in the brain. We used the decoders trained to
decode visual features of seen object images and showed that
the feature values decoded from brain activity during dreaming
positively correlated with feature values associated with dreamed
object categories at mid- to high-level DNN layers. This made

it possible to discriminate object categories in dreaming at
above-chance levels. These results reveal the recruitment of
hierarchical visual feature representations shared with perception
during dreaming.

In our analyses, we have shown that the multiple-levels
of DNN features associated with dreamed objects can be
predicted using the stimulus-trained decoders especially from
the relatively higher visual areas (Figures 2B, 3B), as in our
previous finding with imagined objects (Horikawa and Kamitani,
2015). The present results demonstrated not only semantic or
categorical representations but also feature-level representations
were recruited during dreaming to represent dreamed objects
in a manner similar to perception. While a previous study
demonstrated decoding of category information on dreamed
objects (Horikawa et al., 2013), it did not clarify whether multiple
levels of hierarchical visual feature representations are used to
represent dream contents. In contrast to that, the present study
demonstrated decoding of hierarchical visual features associated
with dreamed object categories (Figures 2B, 3B), especially for
features in mid- to high-level DNN layers (see Figure 1B for
the characteristics of feature units in these layers), providing

Frontiers in Computational Neuroscience | www.frontiersin.org

January 2017 | Volume 11 | Article 4


http://www.frontiersin.org/Computational_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Computational_Neuroscience/archive

Horikawa and Kamitani Hierarchical Neural Representation of Dreamed Objects

0.10

DNN8
0.05 .. [T
0

0.10
A 0.05

Reported male 0j

categories ~ POOk 0.10
food ( :
. 0.05

Web image

DNN7

its

DNN6

Awakening

database : ‘
Wake —\_ A
L

010, DNN5

ofmim e i I I i
DNN4
DNN3

1 1 |

DNN2

Stage 1

Report
period

Stage 2 !

MR TR lli.hlll

—t Multi-category
features

T~ ._AAM

Decoded

Mean correlation coefficient across feature un
=3
o
(3]

Single trial DNN

fMRI activity Stin&zlggc-‘t:;ned features N —— N

DNN1

N YO A O o
AAAA\/OQQQQ
Area

FIGURE 3 | Multi-category feature decoding with individual trials. (A) A schematic view of analysis procedure. The stimulus-trained decoders were applied to
fMRI samples at each single awakening (or trial) in the dream fMRI dataset [orange areas, three-volume (9 s) averaged fMRI signals immediately before awakening].
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point (arrowed point for main analyses; cf. ). (A) Time course of feature prediction with single category-based, averaged-trial data. (B) Time course of feature
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empirical evidence for recruitments of hierarchical visual feature Our decoding of feature-level representations of dreamed
representations during dreaming. These results further our  objects allowed us to discriminate dreamed object categories,
understanding of how dreamed objects are represented in our  although the accuracy is limited, without pre-specifying target
brain. categories, and achieved predictions beyond the categories used
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FIGURE 5 | Pairwise identification analysis. (A) A schematic view of the pairwise identification analysis. Given a decoded feature vector, the correlation coefficient
was calculated between the decoded feature vector and the category feature vectors of two candidate categories (one true, the other false), and the category with a
higher correlation coefficient was selected as the predicted category (star). (B) Pairwise identification accuracy of dreamed object categories for each combination of
DNN layers and ROls. The pairwise identification analysis was carried out for all combinations of DNN layers and ROls. (C) Pairwise identification accuracy for the
dream (left), perception (middle), and imagery (right) datasets. The visual feature vectors decoded from VC activity were used for identification analyses [error bars,
95% Cl across samples; two subjects pooled; three-volume (9 s) averaged fMRI signals immediately before awakening].

for decoder training: this characteristic was conceptualized as
“generic object decoding” in our previous brain decoding study
(Horikawa and Kamitani, 2015). This framework is also known
as the “zero-data learning” or “zero-shot learning” (Larochelle
et al., 2008) in the machine-learning field, in which a model must
generalize to classes with no training data. In the previous dream
decoding study (Horikawa et al., 2013), the target categories
to be decoded from brain activity patterns were determined
from and restricted to the reported dream contents consisted of
around 20 object categories for each subject. By contrast, we did
decoding of dreamed object categories via predictions of DNN
features. Thereby, we were able to decode arbitrary categories
once the decoders were trained, even though the fMRI data
for decoder training were collected irrespective of the reported
dream contents. Our results extended the previous results on
generic decoding of seen and imagined objects (Horikawa
and Kamitani, 2015) to dreamed objects, demonstrating the
generalizability of the generic decoding approach across different
visual experiences.

The present study extended the previous results reporting
recruitments of hierarchical visual feature representations during
volitional mental imagery (Horikawa and Kamitani, 2015) to
spontaneous mental imagery, in the sense that the feature-
level representations were recruited without volitional attempt

to visualize images. Taken together with the generalizability
of the generic decoding from task-induced brain activity to
spontaneous brain activity, we may be able to expect that
the generic decoding approach via visual feature prediction is
also applicable to decoding of visual information from other
types of spontaneously generated subjective experiences, such
as mind wandering (Smallwood and Schooler, 2015) or visual
hallucination induced by psychedelic drugs (Carhart-Harris et al.,
2016), which may help to understand the general principles of
neural representations of our visual experience.

Our demonstration of the generic decoding of dreamed object
categories indicates the commonality of hierarchical neural
representations between perception and dreaming, but there
still may be a representational difference between, perception,
imagery and dreaming as suggested from different tendency in
identification accuracy across DNN layers (Figure 5C). In our
analyses, the identification accuracy of seen and imagined objects
showed a single peak at around mid-level DNN layers (DNN4-7).
On the other hand, the identification accuracy of dreamed objects
showed poor accuracy at DNN7, whereas DNN8, which showed
relatively poor accuracy for the seen and imagined conditions,
showed higher accuracy (Figure 5C). Additionally, the high-
level ROIs (LOC and FFA) rather than the mid-level ROI (V4)
tended to show higher dreamed object identification accuracy for
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most of DNN layers (Figure 5B), while the identification of seen
and imagined objects showed highest accuracy from V4 activity
(Horikawa and Kamitani, 2015). Because there were differences
in test categories between the perception/imagery datasets and
dream dataset (50 test categories for perception and imagery; ~20
reported dream categories for dreaming) such difference may
partially affect the results. However, the discontinuous profile
of identification accuracy across DNN layers, relatively high
accuracy in mid- and top-level DNN layers (DNN5 and 8) and
low accuracy in DNN6 and 7, might suggest the involvement
of higher cognitive functions, such as memory and abstract
knowledge, to generate object representations during dreaming.
Our time course analyses of the feature prediction accuracy
showed the prolonged high accuracy for the high-level DNN
features during reporting periods (Figure 4), which may also
be explained by higher level cognitive functions related with
memory retrieval and verbal reporting. The associations between
dreaming and higher cognitive functions (Nir and Tononi, 2009)
may lead to robust representations that resemble the high-level
DNN layer.

While our analyses showed higher decodability for features
at mid- to high-level DNN layers from relatively higher ROIs
(Figures 2B, 3B), we were not able to provide evidence on
how low-level features of dreamed objects are represented
in lower ROIs. This was partly because our analyses were
restricted to feature representations associated with object
categories. Specifically, while the decoders were trained to decode
visual features of individual images, the decoding accuracy
was evaluated by correlation coefficients between the decoded
features and the category features. Furthermore, the decoding

REFERENCES

Bishop, C. M. (2006). Pattern Recognition and Machine Learning. New York, NY:
Springer.

Braun, A. R, Balkin, T. J., Wesensten, N. J., Gwadry, F., Carson, R. E., Varga,
M., et al. (1998). Dissociated pattern of activity in visual cortices and their
projections during human rapid eye movement sleep. Science 279, 91-95.
doi: 10.1126/science.279.5347.91

Braun, A. R, Balkin, T. J., Wesenten, N. J., Carson, R. E., Varga, M., Baldwin, P.,
etal. (1997). Regional cerebral blood flow throughout the sleep-wake cycle. An
H2(15)O PET study. Brain 120, 1173-1197. doi: 10.1093/brain/120.7.1173

Carhart-Harris, R. L., Muthukumaraswamy, S., Roseman, L., Kaelen, M., Droog,
W., Murphy, K., et al. (2016). Neural correlates of the LSD experience revealed
by multimodal neuroimaging. Proc. Natl. Acad. Sci. U.S.A. 113, 4853-4858.
doi: 10.1073/pnas.1518377113

Deng, J., Dong, W., Cocher, R,, Li, L. J., Li, K., and Fei-Fei, L. (2009). Imagenet: A
large-Scale Hierarchical Image Database. Miami Beach, FL: IEEE CVPR.

Dresler, M., Koch, S. P., Wehrle, R., Spoormaker, V. I, Holsboer, F., Steiger, A.,
et al. (2011). Dreamed movement elicits activation in the sensorimotor cortex.
Curr. Biol. 21, 1833-1837. doi: 10.1016/j.cub.2011.09.029

Engel, S. A, Rumelhart, D. E., Wandell, B. A, Lee, A. T., Glover, G. H,,
Chichilnisky, E. J., et al. (1994). fMRI of human visual cortex. Nature 369, 525.
doi: 10.1038/369525a0

Epstein, R., and Kanwisher, N. (1998). A cortical representation of the local visual
environment. Nature 392, 598-601. doi: 10.1038/33402

Fellbaum, C. (1998). WordNet: An Electronic Lexical Database. Cambridge, MA:
MIT Press.

Hong, C. C., Harris, J. C,, Pearlson, G. D., Kim, J. S., Calhoun, V. D., Fallon,
J. H., et al. (2009). fMRI evidence for multisensory recruitment associated
with rapid eye movements during sleep. Hum. Brain. Mapp. 30, 1705-1722.
doi: 10.1002/hbm.20635

from dream fMRI data was based on category-averaged brain
activity and not based on brain activity induced by a specific
image. Because of these limitations, our analyses should have
reduced the sensitivity to the information on low-level image
features. Thus, the poor accuracy for low-level DNN features
and ROIs does not necessarily mean that we should reject the
possibility of the recruitment of low-level image features in
the representation of dream contents. Whether low-level image
features, such as color and contrast, are represented in the
dreaming brain is a topic that is worth addressing in future
study.

AUTHOR CONTRIBUTIONS

TH and YK designed the study. TH performed experiments and
analyses. TH and YK wrote the paper.

FUNDING

This research was supported by grants from JSPS KAKENHI
Grant number JP26119536, JP26870935, JP15H05920,
JP15H05710, ImPACT Program of Council for Science,
Technology and Innovation (Cabinet Office, Government
of Japan), and the New Energy and Industrial Technology
Development Organization (NEDO).

ACKNOWLEDGMENTS

The authors thank Kei Majima and Mitsuaki Tsukamoto for
helpful comments on the manuscript

Horikawa, T. and Kamitani, Y. (2015). Generic decoding of seen
and imagined objects using hierarchical visual features. arXiv:1510.
06479.

Horikawa, T., Tamaki, M., Miyawaki, Y., and Kamitani, Y. (2013).

Neural decoding of visual imagery during sleep. Science 340, 639-642.
doi: 10.1126/science.1234330

Jozwik, K. M., Kriegeskorte, N., and Mur, M. (2016). Visual features as
stepping stones toward semantics: explaining object similarity in IT and
perception with non-negative least squares. Neuropsychologia 83, 201-226.
doi: 10.1016/j.neuropsychologia.2015.10.023

Kanwisher, N., McDermott, J., and Chun, M. M. (1997). The fusiform face area: a
module in human extrastriate cortex specialized for face perception. J. Neurosci.
17, 4302-4311.

Kay, K. N., Naselaris, T., Prenger, R. J., and Gallant, J. L. (2008). Identifying
natural images from human brain activity. Nature 452, 352-355.
doi: 10.1038/nature06713

Khaligh-Razavi, S. M., and Kriegeskorte, N. (2014). Deep supervised, but not
unsupervised, models may explain IT cortical representation. PLoS Comput.
Biol. 10:¢1003915. doi: 10.1371/journal.pcbi.1003915

Kourtzi, Z., and Kanwisher, N. (2000). Cortical regions involved in perceiving
object shape. J. Neurosci. 20, 3310-3318.

Krizhevsky, A., Sutskever, L., and Hinton, G. (2012). ImmageNet Classification with
Deep Convolutional Neural Networks. Lake Tahoe, CA: NIPS.

Larochelle, H., Erhan, D., and Bengio, Y. (2008). “Zero-data learning of new tasks,”
in AAAI Conference on Artificial Intelligence (Chicago, IL).

Mahendran, A., and Vedaldi, A. (2016). Visualizing deep convolutional neural
networks using natural pre-images. Int. J. Comput. Vis. 120, 233-255.
doi: 10.1007/s11263-016-0911-8

Maquet, P.  (2000). neuroimaging  of
sleep by positron emission tomography. J. Sleep Res.
doi: 10.1046/j.1365-2869.2000.00214.x

normal  human
9, 207-231.

Functional

Frontiers in Computational Neuroscience | www.frontiersin.org

10

January 2017 | Volume 11 | Article 4


https://doi.org/10.1126/science.279.5347.91
https://doi.org/10.1093/brain/120.7.1173
https://doi.org/10.1073/pnas.1518377113
https://doi.org/10.1016/j.cub.2011.09.029
https://doi.org/10.1038/369525a0
https://doi.org/10.1038/33402
https://doi.org/10.1002/hbm.20635
https://doi.org/10.1126/science.1234330
https://doi.org/10.1016/j.neuropsychologia.2015.10.023
https://doi.org/10.1038/nature06713
https://doi.org/10.1371/journal.pcbi.1003915
https://doi.org/10.1007/s11263-016-0911-8
https://doi.org/10.1046/j.1365-2869.2000.00214.x
http://www.frontiersin.org/Computational_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Computational_Neuroscience/archive

Horikawa and Kamitani

Hierarchical Neural Representation of Dreamed Objects

Magquet, P., Péters, ., Aerts, ., Delfiore, G., Degueldre, C., Luxen, A, et al. (1996).
Functional neuroanatomy of human rapid-eye-movement sleep and dreaming.
Nature 383, 163-166. doi: 10.1038/383163a0

Naselaris, T., Olman, C. A., Stansbury, D. E., Ugurbil, K., and Gallant, J.
L. (2015). A voxel-wise encoding model for early visual areas decodes
mental images of remembered 105, 215-228.
doi: 10.1016/j.neuroimage.2014.10.018

Nguyen, A., Yosinski, J., and Clune, J. (2016). Multifaceted feature visualization:
Uncovering the different types of features learned by each neuron in deep
neural networks. arXiv:1602.03616.

Nir, Y., and Tononi, G. (2009). Dreaming and the brain: from phenomenology to
neurophysiology. Trends. Cogn. Sci. 14, 88-100. doi: 10.1016/j.tics.2009.12.001

Sereno, M. I, Dale, A. M., Reppas, J. B., Kwong, K. K., Belliveau, J. W,
Brady, T. J., et al. (1995). Borders of multiple visual areas in humans
revealed by functional magnetic resonance imaging. Science 268, 889-893.
doi: 10.1126/science.7754376

Simonyan, K., Vedaldi, A., and Zisserman, A. (2014). Deep inside convolutional
networks: Visualising image classification models and saliency maps.
arXiv:1312.6034.

scenes. Neuroimage

Smallwood, J., and Schooler, J. W. (2015). The science of mind
wandering: empirically navigating the stream of consciousness. Annu.
Rev.  Psychol. 66, 487-518. doi: 10.1146/annurev-psych-010814-01
5331

Yosinski, J., Clune, J., Nguyen, A. Fuchs, T. and Lipson, H. (2015).
“Understanding neural networks through deep visualization,” in Deep Learning
Workshop (Lille: ICML Conference).

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Horikawa and Kamitani. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Computational Neuroscience | www.frontiersin.org

11

January 2017 | Volume 11 | Article 4


https://doi.org/10.1038/383163a0
https://doi.org/10.1016/j.neuroimage.2014.10.018
https://doi.org/10.1016/j.tics.2009.12.001
https://doi.org/10.1126/science.7754376
https://doi.org/10.1146/annurev-psych-010814-015331
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Computational_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Computational_Neuroscience/archive

	Hierarchical Neural Representation of Dreamed Objects Revealed by Brain Decoding with Deep Neural Network Features
	Introduction
	Materials and Methods
	Subjects
	Dataset from Horikawa et al. (2013; ``Dream'' Dataset)
	Datasets from Horikawa and Kamitani (2015; ``Training,'' ``Perception,'' and ``Imagery'' Datasets)
	fMRI Data Preprocessing
	Region of Interest (ROI) Selection
	Visual Features Derived from Deep Convolutional Neural Network
	Category Feature Vector
	Synthesis of Preferred Images Using Activation Maximization
	Visual Feature Decoding Analysis
	Pairwise Identification Analysis
	Data and Code Availability

	Results
	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


