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1. INTRODUCTION

Social species vitally rely on information from their con-
specifics to navigate the natural and social world. During 
social interactions, humans rapidly decode cues from the 
faces and bodies of others, which hold information rele-
vant to identity, emotions, and actions. While the role of 
faces in regulating social interactions has been well- 
established ( Freiwald  et  al.,  2016;  Powell  et  al.,  2018; 
 Schwiedrzik  et al.,  2015), evidence for a role of whole- 
body processing is still accumulating. Body- selective 
areas were first reported in the lateral occipitotemporal 
cortex, termed the extrastriate body area (EBA) and fusi-
form body area ( Downing  et al.,  2001;  Peelen  &  Downing, 
 2005). Further research has reported body- selective 

responses widespread throughout the brain in the poste-
rior superior temporal sulcus (STS) ( Candidi  et al.,  2015; 
 Kret  et al.,  2011), temporoparietal junction, frontal cortex, 
and parietal motor areas ( Pichon  et al.,  2009), as well as 
subcortical areas ( de  Gelder  &  Poyo  Solanas,  2021;  Poyo 
 Solanas  et al.,  2020;  Swann  et al.,  2012).

Furthermore, recent research combining advanced 
data- driven methods with 7- Tesla functional magnetic 
resonance imaging (fMRI) has revealed a large- scale net-
work that is specifically selective for human body stimuli 
( Li  et al.,  2023). In that study, human participants viewed 
naturalistic videos of monkey and human faces, bodies, 
and objects, along with mosaic- scrambled versions to 
control for visual low- level features. Network analysis 
revealed two large- scale networks specifically selective 

Theta activity discriminates high- level, species- specific body processes
Jane Chesleya, Lars Rieckea, Juanzhi Lua, Rufin Vogelsb,c, Beatrice de Geldera,d

aDepartment of Cognitive Neuroscience, Faculty of Psychology and Neuroscience, Maastricht University, Maastricht, The Netherlands
bLaboratory for Neuro, and Psychophysiology, Department of Neurosciences, KU Leuven Medical School, Leuven, Belgium
cLeuven Brain Institute, KU Leuven, Leuven, Belgium
dDepartment of Computer Science, University College London, London, United Kingdom

Corresponding Author: Beatrice de Gelder (b.degelder@maastrichtuniversity.nl)

ABSTRACT

Among social stimuli that trigger rapid reactions, body images occupy a prominent place. Given that bodies carry 
information about other agents’ intentions, actions and emotional expressions, a foundational question concerns the 
neural basis of body processing. Previous functional magnetic resonance imaging (fMRI) studies have investigated 
this but were not yet able to clarify the time course and its functional significance. The present EEG study investigated 
the role of slow oscillatory cortical activity in body processing and species- specificity. Human participants viewed 
naturalistic images of human and monkey bodies, faces, and objects, along with mosaic- scrambled versions to con-
trol for low- level visual features. Analysis of event- related theta power (4– 7 Hz) combined with data- driven methods 
revealed a strong, body- evoked neural response that is specific to human bodies and spans a widespread scalp 
region during a time window of 200– 550 ms after the onset of the body image. Our results corroborate recent research 
proposing a species- specific cortical network of human body processing. We submit that this network may play an 
essential role in linking body processes to movement intentions.

Keywords: body processing, EEG, theta activity, oscillations

Received: 10 November 2023 Revision: 27 February 2024 Accepted: 3 April 2024 Available Online: 12 April 2024

https://doi.org/10.1162/imag_a_00150
https://crossmark.crossref.org/dialog/?doi=10.1162/imag_a_00150&domain=pdf&date_stamp=2024-04-26
mailto:b.degelder@maastrichtuniversity.nl


2

J. Chesley, L. Riecke, J. Lu et al. Imaging Neuroscience, Volume 2, 2024

for the processing of bodies in the lateral occipital cortex 
and right STS. Most notably, the right STS network was 
human- body- specific, as it showed high species selec-
tivity for human versus monkey bodies. The aim of the 
present study is to further investigate the temporal prop-
erties of these species- specific body processes.

Previous lines of research using EEG have investigated 
the millisecond- precise timing of neural responses to bod-
ies. With this method, event- related potential (ERP) stud-
ies have reported that, like faces, bodies are processed 
configurally, as shown by enhanced and delayed body- 
sensitive N170 ERPs to inverted versus normally oriented 
bodies ( Stekelenburg  &  de  Gelder,  2004). In addition, like 
faces, emotional information from body stimuli is rapidly 
encoded in early stages of visual processing, as differ-
ences between fearful and neutral body responses can 
emerge as early as 112  ms after stimulus onset ( van 
 Heijnsbergen  et al.,  2007). A body- specific ERP modula-
tion has consistently been observed at 190  ms post- 
stimulus (N190) over occipito- temporal scalp regions in 
response to silhouettes of normal bodies compared to 
scrambled silhouettes ( Thierry  et al.,  2006) as well as to 
headless naturalistic bodies compared to plants ( Moreau 
 et al.,  2018;  Taylor  et al.,  2010), providing further evidence 
for body- specific processes. Furthermore, intracranial 
local field potentials (iLFPs) have shown body- selective 
responses emerging from EBA at 190 ms post- stimulus, 
with a peak at 260 ms ( Pourtois  et al.,  2007).

While EEG research has consistently shown body- 
related effects on stimulus- evoked broadband cortical 
responses, effects on oscillatory cortical responses have 
been investigated much less. Frequency- specific (narrow- 
band) oscillatory activity is thought to represent different 
areal and interareal processing mechanisms ( Fries,  2009, 
 2015;  Wang,  2010), and modulations of oscillatory activity 
have been implicated in various cognitive functions like 
cognitive control, learning, memory, and action regulation 
( Cavanagh  &  Frank,  2014;  Herweg  et al.,  2020;  Trujillo  & 
 Allen,  2007). In particular, neural activity in the theta band 
(4– 7 Hz) has been linked to body processes: differential 
theta activation has been observed over occipito- temporal 
and pre- frontal scalp regions for body versus face pro-
cessing within 250– 500  ms post- stimulus ( Bossi  et  al., 
 2020). Moreover, these scalp regions have been shown to 
synchronize their theta activity in the aforementioned time 
window during the processing of visual body information 
during social interactions ( Moreau  et  al.,  2020). Further-
more, widespread theta activity has been observed 
throughout the brain within the first 400  ms of stimulus 
onset for self-  and non- self body responses ( Çelik et al., 
2021). Overall, these findings suggest that oscillatory theta 
activity within 500 ms after body- image onset might play a 
relevant role in body processing.

An important methodological challenge in the study 
of neural representations of bodies is the control of low- 
level sensory information. Naturally, visual stimuli con-
vey low-  and high- level information. Low- level features 
include elementary visual information of luminance, 
contrast, and surface area, among others ( Koch  & 
 Ullman,  1987;  Veale  et  al.,  2017). On the other hand, 
high- level features refer to semantic and categorical 
information, such as the identification of a stimulus as a 
“body,” “face,” or “object” ( Groen  et al.,  2017;  “High- level 
 visual  processing:  Cognitive  influences”,  2014). An 
effective approach to isolating the high- level processes 
in the brain is to include scrambled stimuli in the exper-
imental design, as scrambled stimuli can preserve sev-
eral low- level stimulus features while destroying 
higher- level information. Some ERP studies have used 
scrambled stimuli ( van  Heijnsbergen  et  al.,  2007), but 
currently in the field, no oscillatory body research (see 
above) has adequately controlled for the contributions 
of low- level visual features with the use of scrambled 
body stimuli, leaving unclear whether their findings 
reflect visual or more abstract body representations. 
The present study aims to bridge this gap by including 
mosaic- scrambled stimuli that control for low- level fea-
tures of luminance, contrast, and non- background area 
to better understand the role of oscillatory theta activity 
in high- level body processes.

In line with previous research on the role of slow oscil-
latory cortical activity in body processing, we hypothe-
sized that theta activity plays a relevant role in the 
processing of static body stimuli. By using EEG and a 
data- driven approach, we first identified a strong theta 
response in a widespread, bi- lateral scalp region within 
200– 550 ms after the onset of visual categorical stimuli. 
Using an experimental design comprising category con-
ditions (body, face, and object), visual controls (scram-
bled versions of the categorical stimuli), and species 
(human and monkey), we then tested whether these 
responses are human body- specific, while controlling for 
low- level visual features. Furthermore, based on the pre-
vious fMRI research suggesting a large- scale, species- 
specific network for human body processing ( Li  et  al., 
 2023), we hypothesized that the high- level (scramble- 
controlled) representations of bodies would be species- 
specific, with a clear enhancement of human (versus 
monkey) body processing.

2. METHODS

2.1. Ethics statement

Procedures were approved by the Ethical Committee of 
Maastricht University and were in accordance with the 
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Declaration of Helsinki. Written, informed consent was 
obtained from participants prior to the experiment, and 
the study was conducted in accordance with local legis-
lation and institutional requirements.

2.2. Participants

Thirty healthy, right- handed participants with normal or 
corrected- to- normal vision were recruited for this study. 
All participants reported no history of psychiatric or neu-
rological disorders. Participants were compensated in 
either monetary vouchers (€7.5 per hour) or credit points 
(1 credit per hour). One participant’s data were excluded 
from the analysis because she/he presumably misunder-
stood the attention task (as shown by 0% accuracy); the 
remaining 29 participants had an average accuracy of 
96 ± 4% (mean ± SD) (range = 85 – 100%). Hence, 29 
participants’ data were included in the analysis (17 
females; age range = 18- 37 years; mean age = 23).

2.3. Stimuli

Grayscale, naturalistic images of bodies, faces, and 
objects were used as stimuli in the experiment (Fig. 1a). 
Body and face stimuli were from a human or a monkey. 
Body stimuli had face information removed with Gauss-
ian blurring. Object stimuli consisted of two sets of artifi-
cial objects (e.g., mechanical devices, vehicles, tools) 

and their aspect ratio matched either human bodies (set 
1) or monkey bodies (set 2). Stimuli were embedded in a 
white noise background and presented centrally on the 
computer screen. The size of the stimuli was 9 * 9 degrees 
of visual angle for human faces, 9 * 20 degrees for human 
bodies and objects, and 16 * 16 degrees for monkey 
faces, bodies, and objects.

To control for the contribution of low- level visual fea-
tures, mosaic- scrambled images were included. Mosaic- 
scrambled images destroyed the whole shape of each 
body/face/object stimulus but preserved the low- level 
features of luminance, contrast, and non- background 
area ( Bognár  et al.,  2023). This resulted in a total of 12 
experimental conditions (human/monkey * body/face/
object * normal/scrambled). There were 10 different stim-
uli per condition, which resulted in 120 unique images.

All images were adapted from video stimuli used in 
previous studies on body and face processing ( Bognár 
 et al.,  2023;  Kret  et al.,  2011;  Li  et al.,  2023;  Zhu  et al., 
 2013). The original videos were 1  second in duration, 
and the images for the present study were extracted 
from the midpoint (frame 30) of each original video 
(60  fps). The original body videos depicted either a 
human or a monkey performing naturalistic full- body 
movements, and the original face videos depicted either 
a human or a monkey performing naturalistic facial 
movements. The original human body and human face 
videos depicted both female and male actors dressed in 

Fig. 1. (a) Example stimuli for all conditions. The first row shows normal stimuli corresponding to the following conditions 
(left to right): human bodies, monkey bodies, human faces, monkey faces, artificial objects with the aspect ratio matched 
to human bodies, and artificial objects with the aspect ratio matched to monkey bodies. The second row shows the 
mosaic- scrambled versions of each respective normal stimulus. (b) Trial timeline.
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black, performing expressions against a greenscreen 
background ( Kret  et al.,  2011). The expressions included 
full- body or facial expressions of anger, fear, happiness, 
as well as neutral actions such as nose- pulling or cough-
ing. The original monkey videos were recorded from 
rhesus monkeys from the Katholieke Universiteit Leuven 
monkey colony. The monkey body videos depicted full- 
body movements such as grasping, picking, turning, 
walking, threatening, throwing, wiping, and initiating 
jumping ( Bognár  et al.,  2023). The monkey face videos 
depicted facial expressions such as chewing, lip- 
smacking, fear grin, and threat ( Zhu  et al.,  2013). For all 
human and monkey videos, a variety of both emotional 
and neutral poses were included. The original object 
videos depicted non- rigid movements of computer- 
rendered artificial objects (created by https://gareth-
washere . tumblr . com) ( Bognár  et al.,  2023).

Image extraction and stimulus presentation were pro-
grammed in MATLAB 2021a (The Mathworks, Natick, 
MA, USA) with the Psychophysics Toolbox extensions 
( Brainard,  1997;  Kleiner  et al.,  2007;  Pelli,  1997) as well as 
custom code.

2.4. Experimental design, task, and procedure

The experiment consisted of two experimental sessions, 
one of which presented images (see Stimuli) and the 
second of which presented videos of the same stimuli. 
The order of the two experimental sessions was ran-
domized across participants. The present paper reports 
the methods, analysis, and results of the former, image- 
related experimental session; the latter was used for 
another project.

The main experiment employed a randomized design. 
There were four runs, all lasting around 6 minutes. During 
each run, 120 unique images (12 conditions × 10 stimuli; 
see Stimuli) were presented once in random order. This 
resulted in a total of four repetitions per stimulus and 40 
repetitions per condition. Each trial began with a white 
fixation cross centered on a gray screen (Fig.  1b). To 
reduce the temporal expectancy of stimulus presenta-
tion, the intertrial interval was jittered at 1500  ms 
(1500 ±  200  ms). Participants viewed the images on a 
computer screen (1920 × 1080) at 65 cm from their eyes. 
A white fixation cross was centered and overlaid on each 
image. Participants were asked to focus their gaze on the 
fixation cross and focus their attention on each stimulus. 
To maintain attention, a question appeared on a random 
10% of trials. The question asked about the content of 
the preceding stimulus (e.g., “What did the previous 
image show?”), and participants were asked to respond 
with a button press from a selection of “Body,” “Face,” 
“Object,” or “None of the above.”

2.5. EEG acquisition

EEG signals were acquired from 33 passive silver/silver 
chloride electrodes embedded in a fabric cap (EASYCAP 
GmbH) and arranged in accordance with the international 
10– 20 system. Scalp electrodes included: AFz, Fz, FCz, 
Cz, CPz, Pz, Oz, Fp1, Fp2, F3, F4, F7, F8, FC3, FC4, FT7, 
FT8, C3, C4, T7, T8, CP3, CP4, TP7, TP8, TP9, TP10, P3, 
P4, P7, P8, O1, and O2 (n = 33). EEG signals were ampli-
fied with a BrainVision amplifier (Brain Product GmbH, 
Germany) and recorded with BrainVision Recorder (Brain 
Product GmbH, Germany) at a sampling rate of 1000 Hz. 
Horizontal electrooculogram (HEOG) and vertical elec-
trooculogram (VEOG) were recorded bipolarly from elec-
trodes placed 1  cm from the eye. An online reference 
electrode was placed on the left mastoid, and an offline 
reference electrode was placed on the right mastoid. The 
ground electrode was placed on the forehead. Imped-
ance was kept below 5 kΩ for all electrodes. EEG record-
ings took place in an electromagnetically shielded room.

2.6. EEG data preprocessing

EEG data were preprocessed and analyzed offline in 
MATLAB 2021a (The Mathworks, Natick, MA, USA) 
using the Fieldtrip Toolbox extensions ( Oostenveld 
 et al.,  2011) as well as custom code. The signal was first 
segmented into trials from 500  ms pre- stimulus onset 
(image presentation) to 1500  ms post- stimulus. EEG 
data were re- referenced to the average of the signal at 
the left and right mastoids and downsampled to 250 Hz. 
Ocular movements were removed with Independent 
Component Analysis (ICA, logistic infomax ICA algo-
rithm;  Bell  &  Sejnowski,  1995); on average, 1.4  ±  0.5 
(mean ± SD) eye movement- related components were 
visually identified and removed per participant. Single 
trials in which the peak amplitude exceeded 3 SD above/
below the mean amplitude were rejected; on average, 
91.2 ± 3.4% (mean ± SD) of trials were preserved per 
participant.

2.7. Time- frequency analyses

The preprocessed signal was filtered with a 1– 30 Hz band-
pass filter. Time- frequency power was computed for each 
trial by decomposing the signal with a complex Morlet 
wavelet transformation (frequency- bin size: 1  Hz, three 
cycles per time window; time- bin size: 50 ms). Baseline 
normalization was performed by log- transforming the 
power in the epoch of interest (0 −1000 ms post- stimulus) 
relative to the average power in the pre- stimulus interval 
( −500 to −100 ms), separately for each frequency bin. The 
present analysis focuses on power in the theta (4– 7 Hz) 

https://garethwashere.tumblr.com
https://garethwashere.tumblr.com
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band, based on literature suggesting theta activity plays a 
role in body processing (see Introduction).

The time window of interest was selected based on 
previous literature suggesting body selectivity occurs in 
the theta band within 250– 500 ms post- stimulus ( Bossi 
 et al.,  2020), as well as inspection of the present data, 
which revealed two peaks between 200– 550  ms post- 
stimulus for normal compared to scramble conditions 
(Fig. 2b; right panel). Based on this observation, the mean 
theta power during the time window (200– 550 ms) was 
extracted at each electrode for all conditions.

2.8. Cluster- based permutation analyses

To extract scalp regions involved in visual object pro-
cessing, non- parametric cluster- based permutation anal-
ysis was used to select groups of neighboring channels 
with a significant difference between normal and scram-
ble conditions. With this data- driven method, the mean 
theta power during the time window of interest (200– 
550  ms) was pooled for all normal (human/monkey * 
body/face/object) and all scramble (human/monkey * 
body/face/object) conditions. For each electrode, normal 
and scramble conditions were compared by means of a 
t- test (one- sided; normal > scramble). Neighboring elec-
trodes (minimum group size = 2) with t- values exceeding 

a threshold of p < 0.05 were defined as clusters. Cluster- 
level test statistics were calculated by summing the  
t- values within each cluster. To test the statistical signifi-
cance of the clusters, Monte Carlo permutation tests 
were run (N = 2000 permutations) to obtain a null distri-
bution of cluster- level test statistics. Cluster- level test 
statistics computed from observed data were statistically 
compared to the reference distribution. Clusters with a 
probability below a critical alpha level of 0.05 were 
deemed significant.

Cluster- based permutation analysis of theta power 
during the time window of interest (200– 550 ms) revealed 
a significant difference between normal and scramble 
conditions in a widespread, bi- lateral cluster, which 
included 23 electrodes: AFz, FCz, Cz, CPz, Pz, Fp1, Fp2, 
F3, F4, F7, F8, FC3, FC4, FT7, FT8, C3, C4, CP3, CP4, 
TP10, P3, P4, and P8 (p = 0.001) (Fig. 3). From this point 
forward, this group of electrodes is referred to as the 
scalp region of interest (ROI) and is utilized for further 
analyses.

2.9. Theta power difference

To control for the neural processing of low- level visual fea-
tures, the difference between normal and scramble condi-
tions was computed for each category. Specifically, the 

Fig. 2. Time window selection. (a) Group- level power spectra computed across all electrodes for all normal (left) and  
all scramble (middle) conditions. Differential power (normal– scramble) is represented on the right panel. Theta activity  
(4– 7 Hz) is indicated with a black box. Power relative to the pre- stimulus baseline is shown in decibels (dB) across time 
(ms) and frequency (Hz). (b) Time- series of theta power (dB) across conditions. The average theta power computed across 
all electrodes is shown for all normal (left) and all scramble (middle) conditions. Differential theta power (normal– scramble) 
is shown on the right panel, and the time window of interest (200– 550 ms) is indicated with a grey box.
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subject- level mean theta activity (200– 550  ms; ROI) for 
each scramble condition was subtracted from the res-
pective activity for each normal condition: human body 
(normal– scramble); monkey body (normal– scramble); 
human face (normal– scramble); monkey face (normal– 
scramble); human object (normal– scramble); and monkey 
object (normal– scramble). The resulting differential activ-
ity was deemed to represent theta activity related to high- 
level neural processes and was further analyzed.

2.10. Statistical analyses

Statistical analyses were performed using IBM SPSS 
Statistics 28 (IBM Corp., Armonk, NY, USA). A repeated- 
measures 2 × 3 ANOVA (Species: human/monkey * Cate-
gory: body/face/object) was applied to the mean theta 
power difference (normal– scramble). Statistical differ-
ences below p  <  0.05 were considered significant. To 
control for type I errors, a False Discovery Rate (FDR) 
correction was applied to correct for multiple compari-
sons; only corrected p- values are reported.

3. RESULTS

The interaction effect of species*category on differential 
theta power (normal– scramble) was significant (F(2,28) = 
4.72, p = 0.038, ηp

2 = 0.14). The main effect of species 
(F(1,28) = 1.29, p = 0.4, ηp

2 = 0.04) and the main effect of 
category (F(2,28) = 0.03, p = 0.971, ηp

2 < 0.001) were not 
significant. To investigate this interaction effect, three 
paired- samples t- tests were performed to compare the 
effect of species on differential theta power (normal– 
scramble) corresponding to body stimuli, face stimuli and 
object stimuli, respectively. There was a statistically sig-
nificant difference in differential theta power between 
human bodies (M = 0.56, SD = 0.89) and monkey bodies 
(M = - 0.06, SD = 0.86; t(28) = 2.78, p = 0.014) (Figs. 4- 5). 
Importantly, this species effect was limited to body pro-

cessing, as no corresponding difference in differential 
theta power could be found between human faces 
(M  =  0.1, SD  =  0.92) and monkey faces (M  =  - 0.39, 
SD = 1.01; t(28) = - 1.32, p = 0.148), nor between human 
objects (M  =  0.28, SD  =  1.01) and monkey objects 
(M = - 0.13, SD = 0.82; t(28) = - 0.66, p = 0.259).

3.1. Post- hoc, exploratory analyses and results

Post- hoc, exploratory analyses were run to further char-
acterize the observed effect of species on body process-
ing. First, to explore the spatial distribution of the effect, 
the effect size (Cohen’s d) of differential theta power 
between human body and monkey body stimuli during 
the time- window of interest was computed for each indi-
vidual channel (N = 33). Three channels were observed at 
the 10th percentile: C3, CP3, and P3, indicating the max-
imum difference between human and monkey body con-
ditions was observed within a left- sided sub- cluster of 
the original ROI (Fig. 6).

Second, to further characterize the temporal profile of 
the effect, subject- level mean differential theta power in 
the ROI was computed for human body and monkey 
body conditions, separately for each time point during 
the interval 0 to 1000 ms post- stimulus in 50 ms incre-
ments (N = 21 time points). Visual inspection of the differ-
ential theta- power waveforms revealed that the species 
effect started building up rapidly after the onset of the 
visual stimulation and reached its maximum during the 
time window of interest at around ~350 ms after stimula-
tion onset. After this window, the effect briefly emerged 
again around ~750 ms, but less strongly than during the 
earlier main window. To further explore the temporal pro-
file of the effect, the effect size (Cohen’s d) of differential 
theta power between human body and monkey body 
stimuli within the ROI was computed for each individual 
time point (N = 21). Two time points were observed at the 
10th percentile: 350 and 400 ms, indicating the maximum 

Fig. 3. Channel selection. Theta power (4– 7 Hz) during the time window of interest (200– 550 ms post- stimulus) for all 
normal (a) and all scramble (b) conditions. The difference in power (normal– scramble) is represented in (c). Power is shown 
in decibels (dB). Cluster- based permutation analysis revealed significant differences (p = 0.001) between all normal (a) and 
all scramble (b) conditions within a cluster of 23 electrodes: AFz, FCz, Cz, CPz, Pz, Fp1, Fp2, F3, F4, F7, F8, FC3, FC4, 
FT7, FT8, C3, C4, CP3, CP4, TP10, P3, P4, and P8, indicated with asterisks in (c).
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difference between human and monkey body conditions 
was observed within this window (Fig. 7).

ERP analyses were performed to further investigate 
whether the identified oscillatory effect might reflect 
evoked or induced activity. The same analysis pipeline 
was applied as for the time- frequency analysis (see Sup-
plementary Analyses). We found no significant difference 
in ERP amplitude between human bodies and monkey 
bodies (see Supplementary Materials; Fig.  S1), mis-
matching the results based on differential theta power. 
This indicates that the species effect on body processing 

was reflected in theta oscillations rather than phase- 
locked activity.

Finally, to investigate whether the effect was specific 
to the theta- band, we applied the analysis pipeline to 
alpha-  (8– 12 Hz) and beta- band (13– 30 Hz) power (see 
Supplementary Analyses). There was no significant differ-
ence between normal and scramble conditions at any 
clusters of electrodes during the time window of interest 
in the alpha-  or beta- bands (see Supplementary Materi-
als; Fig.  S2); no region of interest representing visual 
object- level processing could be identified.

Fig. 4. Means of differential theta power (normal– scramble) during the time window of interest (200– 550 ms post- 
stimulus), calculated over the ROI for each condition. *p < 0.05. n.s., non- significant.

Fig. 5. Time- series of differential theta power (normal– scramble) calculated over the ROI, shown separately for body 
stimuli (a), face stimuli (b), and object stimuli (c). Solid lines represent human stimuli, and dashed lines represent monkey 
stimuli. The time window of interest (200– 550 ms) is indicated with a grey box. Differential theta power is shown in 
decibels (dB), and time is shown in milliseconds (ms). Repeated- measures ANOVA revealed a significant difference 
between human body (N- S) and monkey body (N- S) conditions in the time window of interest (p < 0.05) (a), as indicated 
with an asterisk. This species effect was not significant (ns) among face (b) or object (c) stimuli.
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4. DISCUSSION

Our goal was to investigate the temporal and spectral 
patterns of species- specific body processes. Given 
recent fMRI findings proposing a large- scale, human- 
body- specific network ( Li  et al.,  2023), we hypothesized 
that human body processing is accompanied by a tem-
porary enhancement of theta activity compared to mon-
key body processing. In line with this hypothesis, we 
found a clear effect of species on visual object- level pro-
cessing that was specific to bodies. More specifically, we 
found a significant enhancement of the neural represen-
tations of human (versus monkey) bodies, and most 

notably, this species effect was not present among face 
or object stimuli (Figs. 4- 5). This body- specific process 
affected low- frequency (theta; 4– 7  Hz) activity possibly 
originating from widespread brain regions (Fig. 3c) during 
a time window of 200– 550  ms post- stimulus (Fig.  5a). 
Finally, we found this process may reflect induced activity 
in the theta band, and it did not extend to alpha (8– 12 Hz) 
or beta (13– 30  Hz) frequencies (see Supplementary 
Materials; Figs. S1– S2). Our findings corroborate previ-
ous findings linking oscillatory theta activity to body pro-
cessing ( Bossi  et  al.,  2020;  Çelik et  al., 2021;  Moreau 
 et al.,  2020). More importantly, our findings show a spec-
ificity of body processing for species, which is consistent 
with recent fMRI research suggesting body processing is 
species- specific and topographically widespread beyond 
EBA (Çelik et al., 2021;  Li  et al.,  2023).

Numerous EEG studies on body processing have 
focused on the analysis of ERPs, and there is substantial 
evidence for a body- evoked cortical response at 190 ms 
(N190) post- stimulus ( Moreau  et  al.,  2018;  Peelen  & 
 Downing,  2007;  Taylor  et al.,  2010;  Thierry  et al.,  2006). On 
the other hand, oscillatory cortical responses in the con-
text of body processing have been investigated much less, 
yet the method is powerful in aiding our understanding of 
cognitive processes reflecting endogenous, non- phase- 
locked activity, which is attenuated in ERP analyses 
( Cohen,  2014;  Luck,  2014). Furthermore, modulations of 
frequency- specific activity have been consistently impli-
cated in cognitive functions ( Cavanagh  &  Frank,  2014; 
 Herweg  et al.,  2020;  Trujillo  &  Allen,  2007), but only recently 
have oscillations been investigated in the context of body 
processing. Recent research has compared theta activa-
tion for body versus face processing ( Bossi  et al.,  2020) 
and self-  versus non- self- bodies ( Çelik et al., 2021), as well 
as for body processing amid social interactions ( Moreau 
 et  al.,  2020). Yet, none of these oscillatory studies have 
investigated species- specific effects, which marks the 
novelty and aim of the present study.

Fig. 6. Group- level topography of differential theta power (normal –  scramble) during the time window of interest for 
human body stimuli (a) and monkey body stimuli (b), as well as their difference (c). The strongest difference was observed 
at positions C3, CP3, and P3, indicated with black points in (c).

Fig. 7. Time- series of differential theta power (normal– 
scramble) calculated over the ROI, shown separately for 
human body stimuli (solid gray line), monkey body stimuli 
(dashed gray line), and their difference (red line). The 
waveforms corresponding to human body and monkey 
body stimuli are the same as in Figure 5a. The original time 
window of interest is outlined (200– 550 ms). The gray box 
shows the time- window showing the strongest difference 
between scramble- controlled human and monkey body 
conditions (350– 400 ms).
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Our channel- wise exploration of species- specific body 
processing revealed maximal differences in a left- sided 
cluster (channels C3, CP3, and P3; Fig. 6). This finding is 
in line with previous research showing a left- sided effect 
in the theta band for upright versus inverted bodies ( Bossi 
 et al.,  2020); this potential left- sided bias is unclear and 
requires future investigation. Furthermore, an important 
methodological limitation of the present study is the low 
spatial specificity of EEG ( Luck,  2014). To infer which 
specific brain regions are the source of the electrical 
activity recorded with scalp EEG, additional methods for 
source localization must be applied ( Michel  &  He,  2019). 
Future research should implement such techniques to 
understand the precise cortical sources of the oscillatory 
effects observed in the present study.

In addition, our time point- wise exploration of the pre-
cise timing of the species- specific theta effect suggested 
that the effect built up rapidly after the onset of visual 
stimulation and reached its maximum around 350– 
400 ms (Fig. 7). As our measure of theta activity blended 
ongoing and phase- locked oscillatory activity, we 
attempted to separate these two; to this end we analyzed 
ERPs, a measure of purely phase- locked activity. How-
ever, unlike the theta activity- based results, the species- 
specific effect for bodies in the defined scalp region and 
time window was not significant in the ERP (see Supple-
mentary Materials; Fig. S1), which may suggest the effect 
operates on higher- order, top- down processes that are 
not strictly phase- locked to the visual stimulus ( David 
 et al.,  2006;  Herrmann  et al.,  2014). However, it is import-
ant to note that there is an ongoing debate about whether 
oscillatory activity primarily reflects top- down processes 
( David  et al.,  2006;  Herrmann  et al.,  2014) or bottom- up 
processes ( Busch  et al.,  2006;  Jia  et al.,  2022). In line with 
the former view, our results may suggest the species- 
specific effect reflects higher- order processes; however, 
future research on these theoretical frameworks is war-
ranted to confidently disentangle the two processes.

Finally, we investigated whether species- specific 
body processing was reflected in other oscillatory fre-
quency bands, and we did not find any corresponding 
effect in these oscillatory bands (see Supplementary 
Materials; Fig.  S2). This further corroborates previous 
research suggesting oscillatory theta activity plays a rel-
evant role in body processing ( Bossi  et al.,  2020;  Çelik 
et al., 2021;  Moreau  et al.,  2020). Nevertheless, it is pos-
sible that oscillatory activity in other frequency bands 
may also play a role in body processing, and an interest-
ing future direction can investigate those effects in other 
time- windows.

So far, species- specificity is not fully understood in the 
nonhuman primate brain. There is consistent evidence for 
body- selective patches in the macaque temporal cortex 

(for a review, see  Vogels,  2022). In addition, single- unit 
recordings directly from body- selective patches in the 
macaque STS revealed differences between bodies and 
non- bodies, as well as between humans and monkeys, 
indicating effects at multiple processing levels ( Kumar  & 
 Vogels,  2019). A follow- up to the present study can 
address the generalizability of our findings to nonhuman 
primate observers of primate bodies. On the same note, 
in the present study, human participants were likely more 
familiar with human images than monkey images, imply-
ing that the observed species effect might be confounded 
by familiarity. This possible alternative interpretation could 
be tested in a follow- up study, including nonhuman pri-
mate observers of nonhuman primate bodies. However, 
an explanation of our result on body images solely based 
on familiarity is implausible, given that we found no corre-
sponding effect for face images. Thus, we would expect 
to find that in the nonhuman primate cortex, theta activity 
is enhanced in response to images of monkey versus 
human bodies. Another future direction can integrate the 
findings of human and monkey studies to create a com-
prehensive model of body processing in the brain. 
Recently, neural network models ( Kumar  et al.,  2023) and 
theoretical frameworks ( de  Gelder  &  Poyo  Solanas,  2021) 
for body processing have been proposed, but we do not 
have a complete understanding of the neural representa-
tions of bodies ( Vogels,  2022).

The aim of the present study focused on the neural 
basis of body processing. While the underpinnings of 
face processing have been studied for several decades 
( Freiwald  et  al.,  2016;  Powell  et  al.,  2018;  Schwiedrzik 
 et al.,  2015), research on whole- body processing is still 
accumulating ( de  Gelder  &  Poyo  Solanas,  2021;  Taubert 
 et al.,  2022). However, there is no uncertainty that faces 
and bodies are similarly important in daily life and often 
convey crucial information for social communication ( de 
 Gelder,  2009). A large body of research has shown tem-
poral and spatial differences in the neural representations 
of faces and bodies ( Downing  et  al.,  2001;  Peelen  & 
 Downing,  2007;  Poyo  Solanas  et al.,  2018;  Stekelenburg 
 &  de  Gelder,  2004;  Thierry  et al.,  2006). The present study 
included face stimuli to establish body specificity of the 
species effect, thus ruling out a generic, category- 
unrelated effect. The results demonstrate clear body- 
specific processes reflected in oscillatory activity and, 
furthermore, corroborate the findings of species- 
specificity in body processing ( Li  et  al.,  2023). In our 
investigation of body processing, we also found a spe-
cies effect that affected specifically face processing 
reflected in ERPs (see Supplementary Materials; Fig. S1). 
Without doubt, future research is needed to better under-
stand the dynamics of the integration of face and body 
information.
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A central question concerns the functional significance 
of theta oscillations associated with species- specific body 
processing. Recent reports of theta oscillations offer some 
interesting and suggestive indications. Studies involving 
simple conflict paradigms have long suggested theta activ-
ity is a mechanism for cognitive control (for a review, see 
 Cavanagh  &  Frank,  2014). More recently, theta activity was 
measured in response to approach- avoidance conflicts for 
the first time, and findings showed a direct relationship 
between midfrontal theta activation and approach- 
avoidance conflicts ( Lange  et  al.,  2022). A different but 
potentially highly relevant role of theta oscillations concerns 
perception- movement initiation at early stages. For exam-
ple, oscillations in the theta- band may play an important 
role in combining in a common temporal reference frame 
visual perception and motor intention ( Tomassini  et  al., 
 2017). Furthermore, studies on body perception have sys-
tematically shown that observing whole body actions is 
associated with activity in premotor and motor areas ( de 
 Gelder  et  al.,  2010;  Goldberg  et  al.,  2014;  Grèzes  et  al., 
 2007;  Pichon  et al.,  2009). The theta effects observed in the 
present study may be linked to visual body perception in 
combination with processes related to movement inten-
tion. This pattern may have been driven by the inclusion of 
threatening stimuli, reflecting well- established processes 
seen in the theta band and related to cognitive control (for 
a review, see  Cavanagh  &  Frank,  2014). The images used in 
the present design were selected to have a wide range of 
body expressions, including neutral expressions as well as 
emotional expressions depicting defensive actions (fear) 
and aggressive actions (anger), among others. This does 
not reduce the importance of the species- specific effect, as 
the monkey stimulus set equally included neutral and emo-
tionally expressive actions but did not show a similar theta 
response. Taken together, the observed theta band activity 
provides clear suggestions for the underlying functional 
significance of species- specificity.

Another key feature of bodies is dynamics. In daily 
life, people who interact are not stationary but rather 
they are, to some degree, always moving. Emerging 
research using dynamic body stimuli has shown body-  
and motion- selective processes may be integrated 
( Kumar  et al.,  2023;  Raman  et al.,  2023). While the pres-
ent study used static images, future research should 
implement dynamic videos to understand the full extent 
of oscillatory representations of social interactions 
beyond static object recognition.
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