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Abstract 

Background Social decision-making is influenced by multiple factors such as age, sex, emotional state, and the indi-
vidual’s social environment. While various behavioural readouts have been commonly used to study social behaviour 
in rodents, the role of fine head movements during social interactions remains underexplored despite the presence 
of accelerometers in many electrophysiological recording systems.

Results Here, we used head acceleration data to analyse head movement kinematics in adult male and female mice 
across several social discrimination tests in various time scales. Our findings demonstrate the complementary nature 
of two variables derived from the raw acceleration, namely overall static (OSHA) and dynamic (ODHA) head accel-
eration, as well as specific head angles (Pitch and Roll). Together, these variables provide a comprehensive, detailed 
analysis of head movement, which cannot be easily achieved by video analysis systems such as DeepLabCut. Overall, 
our results suggest that head movement patterns are significantly influenced by sex, stimulus preference, and social 
context. Specifically, ODHA exhibited strong sex dependence and appeared to be more sensitive to internal states 
such as arousal and alertness. The static components were primarily influenced by social context, particularly stimulus 
preference, and seemed to reflect the subject’s motivation to engage with the stimulus. The Roll angle also appeared 
strongly modulated by the broader social context.

Conclusions Our study provides a novel method and analysis pipeline for studying the social behaviour of small 
rodents in high-time resolution using a head-based accelerometer. Our findings suggest that such measurements 
may inform the affective and motivational states of the subject during social interactions.
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Background
Social behaviour is a fundamental and highly complex 
type of behaviour which is necessary for survival [1]. 
Rodents respond to their social environment with flex-
ible and context-appropriate behaviours. The decision to 
approach or avoid a conspecific requires the integration 

of perceived social cues with environmental and internal 
factors such as social rank, age, familiarity and sex [2–4]. 
Social decision-making is also influenced by the emo-
tional states of others [5, 6]. Accordingly, social behav-
iour involves several cognitive processes, such as social 
cues perception, social context assessment, social recog-
nition and internal-state evaluation, which lead to adap-
tive social decision-making. To study these processes, 
scientists commonly look at various types of behavioural 
readouts, such as the time spent interacting with a con-
specific, the vocalisations emitted by the individual, or its 
micturition activity [7].
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In natural conditions, sensory integration generally 
occurs in the context of ongoing head movements, which 
thus may serve as a primary behavioural readout of the 
individual’s motivation and intention [8]. Moreover, it has 
been shown that significant components of the neural 
activity in sensory cortices during behaviour reflect mul-
tiple aspects of movement across species [9–11]. Lastly, 
locomotion is closely coupled with arousal [12]. These 
findings suggest a potential link between head movement 
and the processing of social cues. To address this issue 
in rodents, one needs to identify quantitative variables 
that reliably and unbiasedly reflect the head movement of 
rodents in fine time resolution, which may allow to align 
them with specific patterns of brain activity.

Accelerometers are used in various fields nowadays, 
whether to study animals’ movement in their environ-
ment [13–18], to understand sleep disorders [19], or to 
assess movement disorders such as Parkinson’s [20]. They 
are also used to detect falls in people at risk [21]. How-
ever, in laboratory rodents, this tool has been scarcely 
utilised. At one point, this was attributed to the device’s 
size, but for several years now, it has been adapted 
for small animals such as mice or rats. The few studies 
employing accelerometers in laboratory animals mainly 
focused on locomotion [22–25] or sleep analyses [26]. 
Notably, many headstages of electrophysiological record-
ing systems contain an accelerometer chip, which could 
be a powerful tool for measuring head acceleration in 
three axes, hence offering a potential means to analyse 
head movement in various contexts. However, this tool 
was hardly used to study animal social behaviour in a 
detailed manner.

Head motion can be characterised by the angle (roll, 
pitch and yaw) and the speed change in three directions 
(x, y and z axis). Acceleration results from the force of 
gravity combined with changes in speed and direction. 
Thus, it comprises two components: static acceleration, 
which reflects the accelerometer’s inclination relative 
to Earth’s gravity and indicates changes in posture, and 
dynamic acceleration, which reflects changes in velocity 
along each axis. Static acceleration measured along three 
axes enables the calculation of the body’s pitch and roll 
angles (henceforth termed Pitch and Roll, respectively) 
[17, 27]. Pitch is calculated as the Arcsine of the static 
acceleration on the y-axis, while Roll is similarly derived 
from the static acceleration along the z-axis. Yaw, how-
ever, is not influenced by gravity and, hence, cannot be 
calculated directly from the acceleration data.

Wilson et al. (2006) [28] established a method based on 
the concept that, in most vertebrates, energy expenditure 
primarily results from movement [29–31]. Accordingly, 
body acceleration should correlate with energy expendi-
ture [28, 32–34]. Overall Dynamic Body Acceleration 

(ODBA), the Euclidean norm of the high-pass filtered 3D 
body acceleration, was thus developed as a comprehen-
sive measure of body motion across three spatial dimen-
sions, showing a significant correlation with energy 
expenditure [35].

Here, we used the Overall Dynamic Head Acceleration 
(ODHA) and Overall Static Head Acceleration (OSHA), 
along with the Roll and Pitch angles, to analyse the head 
movements of adult male and female ICR (CD-1) mice 
during various social discrimination tests (social con-
texts). By analysing these variables across various time 
windows, we demonstrated that OSHA, Roll and the 
Pitch provide insight into the posture of the animal’s 
head. At the same time, ODHA serves as an approxima-
tion of the energy expended during rapid head move-
ments. By comparing these measurements to video 
analysis using DeepLabCut, we show that head acceler-
ation-based variables offer precise head kinematic meas-
urements, capturing nuances not discernible through 
direct observation or video analysis. Finally, our analyses 
of head acceleration during social investigation unveiled 
that the ODHA signal is sensitive to alerting events and 
influenced by sex, while the OSHA signal was more sen-
sitive to stimulus attractiveness.

Overall, our study provides a novel method and analy-
sis pipeline for studying the social behaviour of small 
rodents in fine time resolution using a head-based 
accelerometer.

Results
Behavioural dynamics of ICR mice across four distinct 
binary social discrimination tests
Female (n = 22) and male (n = 12) ICR mice were recorded 
during the four behavioural tests described below, con-
ducted across three days (two sessions in the morning 
and two sessions in the afternoon), typically in the order 
shown in Fig. 1A. We used a video camera located above 
an experimental arena containing two stimulus cham-
bers in opposite corners (Fig. 1B), as previously described 
[36–38], to record the investigation behaviour of subject 
mice towards two distinct stimuli in each session. In the 
social preference (SP) test, subjects encountered a novel 
sex-matched juvenile conspecific (social stimulus) vs. a 
Lego toy (object stimulus). Male vs. female age-matched 
conspecifics were used as stimuli for the sex preference 
(SxP) test, while stressed vs. non-stressed (naive) sex- and 
age-matched animals were used as stimuli for the stress-
state preference (SSP) test. Finally, isolated (7–14  days) 
vs. group-housed age- and sex-matched animals were 
used as stimuli in the isolation-state preference (ISP) test.

The mice were recorded for 15 min: 5 min before the 
test (pre-test stage), 5 min during the test (test stage), 
and 5  min after the test (post-test stage). During the 
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test stage, the mice (male and females pooled together) 
exhibited significantly higher investigation times com-
pared to the pre-test stage (Additional file 1: Fig. S2A-
D, SP: F = 39.50, p < 0.001; SxP: F = 43.65, p < 0.001; 
ISP: F = 95.48, p < 0.001; SSP: F = 66.40, p < 0.001; two-
way repeated measures ANOVA), suggesting they had 
higher motivation to investigate stimulus-containing 

chambers compared to empty chambers. Additionally, 
the mice did not prefer any of the two empty chambers 
during the pre-test stage. However, during the test 
stage, we found a clear preference for one of the two 
stimuli: the social stimulus in the SP test, the oppo-
site-sex stimulus in the SxP test, the isolated stimulus 
in the ISP test, and the stressed stimulus in the SSP 
test (Fig.  1C-F, SP: F = 87.0, p < 0.001; SxP: F = 5.43, 

Fig. 1 Stimulus investigation time across four social discrimination tests. A Timeline of the various tasks conducted by the recorded mice. B 
Schematic representation of the set-up. (C) Mean investigation time was measured separately for each stimulus during the social preference 
(SP) test for males (t = 7.50, p < 0.001) and females (t = 6.53, p < 0.001) mice. D As in (A) for the sex preference (SxP) test (Males: t = 1.62, p = 0.12; 
Females: t = 1.73, p = 0.089). E As in (A) for the isolation-state preference (ISP) test (Males: t = 2.73 p = 0.011; Females: t = 2.40, p = 0.021). F As in (A) 
for the stress-state preference (SSP) test (Males: t = 3.40, p = 0.0024; Females: t = 2.45, p = 0.0178). ~ < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001, ns – 
not significant; post hoc paired or unpaired t-test with FDR correction, following main effect in mixed-model ANOVA test
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p = 0.002; ISP: F = 11.51, p = 0.0011; SSP: F = 15.85, 
p < 0.001; mixed-model ANOVA).

Further post hoc comparisons by sex revealed 
that both male and female subject mice displayed a 
clear preference in each test, except for the SxP test 
(Fig. 1C-F). Moreover, when considering the total time 
spent with each stimulus, males and females appeared 
to behave similarly across the different tests.

Analysing head acceleration data recorded 
during the behavioural tests
All recorded animals carried a wired head stage 
equipped with an accelerometer (Fig.  2A), which 
recorded raw 3D head acceleration data (Fig.  2B-
D). Raw acceleration signals were processed using 
the pipeline described in Fig.  2E (see also Methods) 
to extract the overall dynamic (ODHA; Fig.  2F) and 
static (OSHA; Fig. 2G) head-acceleration components. 
Notably, while OSHA reflects the posture of the head, 
ODHA reflects its rapid movements. Raw signals 
derived from channels Y and Z were also processed, as 
described in Fig. 2H and G, to extract the head vertical 
Pitch and horizontal Roll, respectively (Fig. 2J-K).

To validate our analysis of the accelerometer record-
ings, we used the AI-based DeepLabCut (DLC) video 
analysis of pose estimation [39] to automatically 
extract the position of the two ears, the nose and the 
neck of the recorded mouse. We calculate the mean 
head speed from this dataset, which we defined as the 
average speed of these four head parts (Fig. 2L-M). As 
apparent in Fig.  2M, illustrating a representative 5-s 
segment of DLC speed traces, despite smoothing the 
data (see Methods), we encountered many instances 
of missing data (black arrows) due to low likelihood 
values (> 90%) (Additional File 1: Fig. S3A). These 
gaps sometimes affected individual head parts, while 
at other times, all tracked head parts were simultane-
ously lost (Fig.  2M, black arrows). Additionally, even 
with a likelihood threshold set at 90%, spurious peaks 
were observed (red arrow), likely due to inaccurate 
tracking of the head parts. These issues highlight the 
challenges in maintaining robust and reliable DLC 
tracking throughout the session.

Additionally, we used the distance between the nose 
and the neck to approximate the head Pitch (Fig. 2N-
O) and the distance between the ears to approxi-
mate the head Roll (Fig.  2P-Q). Generally, these 
distances are inversely related to the Pitch and Roll 
(i.e., increased distance = decreased Pitch or Role), 
although this relationship may be affected by the view-
ing angle.

Typical movement of the head when approaching 
or leaving a stimulus
After establishing our analysis pipeline, we compared 
the head acceleration and DLC data by examining the 
animal’s head kinematic variables at defined behavioural 
events along the test stage. For that, we analysed the data 
around the time points when the subject mouse started 
investigating a given stimulus or moved away from it 
(Fig.  3A), henceforth termed the start and end of the 
investigation bout, respectively. We analysed the data 
around these events by Z-scoring the signals across two 
seconds before and two seconds after each event (start 
or end of the investigation bout), using the first second 
of this time window as a baseline. To reduce noise and 
ensure that the mice were genuinely engaged in interac-
tion, we analysed only investigation bouts lasting at least 
two seconds.

We revealed a significant difference in OSHA between 
the start and end of investigation bouts (Fig. 3B, OSHA: 
F = 137.8, p < 0.001, two-way mixed-model ANOVA). At 
the start of a bout, OSHA initially increased as the mouse 
approached the chamber and returned to baseline two 
seconds later, then decreased. In contrast, at the end of 
a bout, OSHA increased only after the subject detached 
from the chamber. Furthermore, the Roll and Pitch each 
displayed a unique pattern, which was inversely related 
to the distance between the nose and neck and the dis-
tance between the ears, respectively (Fig.  3C-F). Roll 
increased during the approach phase and decreased dur-
ing the leaving phase (Fig.  3C, Roll: F = 135.6, p < 0.001; 
two-way mixed-model ANOVA), suggesting that subject 
mice turned their heads while approaching the stimuli 
and straightened their heads while leaving the chamber. 
Accordingly, the distance between the ears decreased 
during the start of investigation bouts, correspond-
ing to a tilted head position along the Roll axis, while it 
was increased during leaving, as the head straightened 
(Fig. 3D, note the inverse Y-axis, Distance between ears: 
F = 19.17, p < 0.001; two-way mixed-model ANOVA).

As for the Pitch, we found a statistically signifi-
cant interaction with time (Fig.  3E, Pitch: Event*Time, 
F = 11,84, p < 0.001; two-way mixed-model ANOVA). 
During the approach phase, there was an increase in the 
Pitch derived from the vertical Y-axis of the accelerom-
eter. Thus, the mouse lowered or raised its head while 
approaching the stimulus and straightened it after about 
one second. This observation was not paralleled by the 
DLC analysis, where no significant change is observed 
between the approach phase compared to the leaving 
phase (Fig. 3F, note the inverse Y-axis, Distance nose to 
neck: Event*Time, F = 2.87, p = 0.061; two-way mixed-
model ANOVA). Finally, the ODHA, capturing energy 
expenditure by rapid movements, was higher during the 
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end of bouts than at its start (Fig.  3G, ODHA: F = 5.25, 
p = 0.026). A similar pattern was observed in DLC-
derived head speed data (Fig. 3H, Head speed: F = 487.12, 
p < 0.001; two-way mixed-model ANOVA, see Additional 

file  1: Fig. S3B-E for each head part). Thus, both accel-
erometer and DLC data yielded comparable results when 
analysing the head kinematic variables during the start 
and end of investigation bouts across all sessions.

Fig. 2 Recording and calculating head kinematic variables using acceleration and video data. A Schematic representation of a mouse head 
with a head stage containing an accelerometer, illustrating the directions of the three axes (x, y, z). B-D Examples of 5-s long calibrated signals 
for the x-axis (B), y-axis (C), and z-axis (D). E Signal processing pipeline for the ODHA and OSHA: the square root of the squared sum applied 
to the low-pass filtered signals, followed by an ArcSin transformation (for the X and Z axes) or an ArcCos transformation (for the Y axis), yields 
the static component (OSHA). Applying the same operation to the high-pass filtered signals yields the dynamic component (ODHA). F-G 
Examples of 5-s traces for ODHA (F) and OSHA (G), representing the 3D dynamic and static components, respectively. H-I Signal processing 
pipeline for extracting Pitch and Roll angles from the raw y-axis and z-axis signals, respectively: a low-pass filter is applied, followed by an ArcCos 
transformation for the Y-axis (H) and an ArcSin transformation for the Z-axis (I). J-K Examples of 5-s traces showing pitch (J) and roll (K) angles, 
with accompanying schematics illustrating the corresponding head movements. L Schematic representation of a mouse head with DLC-labeled 
key points: left ear (orange), right ear (yellow), nose (purple), and neck (green). M Example of 5-s long speed traces for the four labelled head points, 
along with the mean head speed. The black arrows indicate missing data, and the red arrow indicates an anomalous peak caused by wrong nose 
tracking. N-P Schematic representation of the distance between nose and neck (N) and between the ears (P). O-Q Example of 5-s long traces 
of the distance between nose to neck (O) and ear-to-ear (Q)
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To further validate our accelerometer data analysis, we 
trained a Random-forest model to classify the behaviour 
of the animal as either “approaching” or “leaving” accord-
ing to the head kinematic variables measured during the 
second before the animal touched the stimulus chamber 
at the start of the investigation bouts or detached from 
it at the end of the bouts. The accelerometer data-based 
model correctly classified 60% of the approaching data 
and 57% of the leaving data, with results significantly 
higher than random distribution (Fig. I, Approaching: 
χ2 = 66.76, p < 0.001; Leaving: χ2 = 70.78, p < 0.001, Chi-
square test). In contrast, the DLC-based model correctly 
recognised 80.86% of leaving events but only 34.10% of 
approaching events, which was worse than random. This 
result, which was significantly different from the random 
distribution (Fig.  3J, Approaching: χ2 = 54.48, p < 0.001; 
Leaving: χ2 = 71.71, p < 0.001, Chi-square test), indicates 
that the DLC-based model overfits the “Leaving” label. 
Thus, the model trained on the accelerometer data out-
performed the DLC-based model.

Overall, these results validate the efficiency of our 
accelerometer data analysis pipeline as a tool for analys-
ing head kinematics during social interactions without 
the data loss characterising DLC analysis.

Both dynamic and static head acceleration variables 
change profiles during social interaction
We then analysed the changes in the various head kin-
ematic variables along the multiple stages of each 
15-min session (pre-test, test and post-test; see Fig. 1A) 
separately for male and female mice. We found that the 
head-acceleration-based variables (Fig.  4A-H) and the 
DLC-based variables (Additional file  1: Fig. S4A-F) all 
exhibited significant changes between the various stages 
of the session, as detailed below.

ODHA and head speed were both higher during the 
test, as compared to pre- and post-test (Fig.  4A-B and 
Additional file  1: Fig. S4A-B; ODHA: F = 103, p < 0.001; 
Head speed: F = 44.27, p < 0.001), indicating that the mice 
exhibited faster head movements during the test. Inter-
estingly, ODHA and head speed peaked around the intro-
duction or removal of stimuli, suggesting a dependence 
of the head movement on the subject’s arousal/alertness 
level (Fig. 4A, Additional file 1: Fig S4A).

A mean increase in the OSHA signal was observed 
during the test, as compared to the pre-and post-test 
stages (Fig.  4C-D; OSHA: F = 13.19, p < 0.001, two-way 
mixed-model ANOVA). This suggests that mice adopted 
head tilts with greater amplitude during the test, as sup-
ported by the results for Roll and Pitch. Specifically, Roll 
increased during the test (Fig.  4E-F; F = 91.8, p < 0.001), 
indicating that mice rolled their heads in a more robust 
manner during that period. A similar change was 
observed for Pitch (Fig.  4G-H; F = 22.14, p < 0.001, two-
way mixed-model ANOVA), indicating greater vertical 
head tilts during the test stage. The Roll change was par-
alleled by an inverse change in the distance between ears, 
while the Pitch change was paralleled by the distance 
between the neck and nose (Additional file  1: Fig. S4C-
F; Distance between ears: F = 6.22, p = 0.002; Distance 
nose to neck: F = 46.22, p < 0.001 two-way mixed-model 
ANOVA).

Besides changes between the various stages, some of 
the head kinematic variables also varied between the 
sexes in a statistically significant manner. While OSHA, 
Roll and Pitch did not vary between males and females 
(Fig. 4C-H), ODHA exhibited significant sex-dependent 
differences (Fig.  4AB; ODHA: F = 6.49, p = 0.011, two-
way mixed-model ANOVA). Notably, males exhibited 
a higher ODHA signal than females, specifically during 

Fig. 3 omparison of head kinematics at the start and end of investigation bouts between accelerometer and DLC data. A Schematic representation 
of the mouse starting and ending an interaction. B Mean Z-score of OSHA two seconds before and two seconds after the start (red) and end 
(green) of investigation bouts across all sessions. Time 0 represents the start of the bout; the baseline was defined as the interval from −2 to −1 s. 
Post hoc Wilcoxon tests with FDR correction were performed following a main effect in two-way mixed-model ANOVA (from −1 to 0 s: W = 14,380, 
p < 0.001; from 0 to 1 s: W = 18,240, p < 0.001; from 1 to 2 s: W = 14,310, p < 0.001). C Mean Z-score of the Roll signal, as in (A). Post hoc Wilcoxon tests 
with FDR correction were performed following a main effect in two-way mixed-model ANOVA (from −1 to 0 s: W = 7210, p < 0.001; from 0 to 1 s: 
W = 614, p < 0.001; from 1 to 2 s: W = 734, p < 0.001). D Mean Z-score of the Distance between ears, as in (A). Post hoc Wilcoxon tests with FDR 
correction were performed following a main effect in two-way mixed-model ANOVA (from −1 to 0 s: W = 10,090, p < 0.001; from 0 to 1 s: W = 11,400, 
p < 0.001; from 1 to 2 s: W = 11,020, p < 0.001). E Mean Z-score of the Pitch signal, as in (A). Post hoc Wilcoxon tests with FDR correction were 
performed following a main effect in two-way mixed-model ANOVA (from −1 to 0 s: W = 13,660, p < 0.001; from 0 to 1 s: W = 15,670, p = 0.0013; 
from 1 to 2 s: W = 15,860, p = 0.0021). F Mean Z-score of the Distance from nose to neck, as in (A). G Mean Z-score of the ODHA signal is as in (A). 
Post hoc Wilcoxon tests with FDR correction were performed following a main effect in two-way mixed-model ANOVA (from 0 to 1 s: W = 8468, 
p < 0.001; from 1 to 2 s: W = 12,300, p < 0.001). H Mean Z-score of Head Speed is as in (A). Post hoc Wilcoxon tests with FDR correction were 
performed following a main effect in two-way mixed-model ANOVA (from 0 to 1 s: W = 2, p < 0.001; from 1 to 2 s: W = 1, p < 0.001). I-J Confusion 
matrices for a binary Random Forest classifier predicting the type of event from the accelerometer (I) or DLC data (J) during the test. The accuracy 
scale is shown on the right. Percentages from each ground truth label are displayed at the center of each cell. Chi-square test ~ p < 0.1, *p < 0.05, 
**p < 0.01, ***p < 0.001, ns – not significant

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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the test (Fig. 4A-B), suggesting that the dynamic com-
ponent of head acceleration is sex-specific and depend-
ent on the social context.

In contrast to the head acceleration-based results, 
the only sex-dependent difference observed in the 
DLC-based variables was in the distance between ears 
(Additional file 1: Fig. S4C-D; F = 13.04, p < 0.001; two-
way mixed-model ANOVA). As this difference was 
slight and consistent across all the session stages, it 
most likely reflects the larger size of males compared to 
females. This highlights a limitation of using DLC with 
a single camera for monitoring head kinematics across 
various sexes and strains.

To investigate this issue further, we trained two sepa-
rate random forest models to classify the subject’s sex 
using the accelerometer or DLC data recorded during 
the test stage. The accelerometer-based model achieved 
an overall accuracy of 0.80, demonstrating strong per-
formance in classifying both male and female subjects 
(Fig.  4I). Statistical analysis showed significant predic-
tions for both females (χ2 = 4.12, p = 0.042, Chi-square 
test) and males (χ2 = 4.95, p = 0.026). In contrast, the 
DLC-based model showed a lower general accuracy of 
0.75 (Fig.  4J), which most probably relied on the size 
differences between the sexes rather than on differences 
in head kinematics. Although these results approached 
statistical significance, the observed distributions 
did not differ significantly from the expected for both 
females (χ2 = 2.7, p = 0.1) and males (χ2 = 2.68, p = 0.1).

Overall, these results underscore the influence of sex 
and social context on the different components of head 
acceleration during social interactions. They also indi-
cate that while accelerometer data provide a robust sex 
classification, DLC data did not achieve statistical sig-
nificance. Therefore, our further analyses focused only 
on the accelerometer data.

Head acceleration dynamics during the social investigation 
are affected by the social context, stimulus attractiveness 
and the subject’s sex
Next, we analysed head acceleration while subject mice 
investigated each of the two chambers containing the 
stimuli. To that end, we extracted the four head kin-
ematic variables—ODHA, OSHA, Roll, and Pitch—spe-
cifically during the investigation bouts toward a given 
stimulus, normalised to bout duration. To filter out noise 
and ensure genuine engagement, only investigation bouts 
lasting longer than two seconds were included. Notably, 
we conducted the same analysis during the pre-test stage, 
when the subjects investigated empty chambers, and 
compared the results between the two stages (pre-test 
and test) separately for each behavioural test.

We observed a main effect of the stage for all four vari-
ables (Additional file  1: Fig. S5A-D; ODHA: F = 144.93, 
p < 0.001; OSHA: F = 21.44, p < 0.001; Roll: F = 102.6, 
p < 0.001; Pitch: F = 29.61, p < 0.001; two-way mixed-
model ANOVA). Post hoc analysis revealed higher val-
ues of ODHA, Roll, and Pitch signals during stimulus 
investigation (test stage), as compared to empty chamber 
investigation (pre-test stage), across all behavioural tests 
(Additional file 1: Fig. S5ACD). For the OSHA signal, the 
difference was significant in all tests besides the SP test 
(Additional file  1: Fig. S5B). Overall, we observed more 
dynamic head movement and stronger head tilt during 
the investigation of stimulus-containing chambers than 
empty chambers. Given the higher investigation time 
observed during the test stage, compared to the pre-test 
stage, these results suggest that the four head kinematic 
variables are positively influenced by the motivation of 
the subject to investigate the chamber.

When comparing the signals recorded during stimu-
lus investigation across different tests, a main effect of 
test type was observed specifically for the Roll signals 
(Fig.  5A; Roll: F = 4.07, p = 0.007; two-way mixed-model 

(See figure on next page.)
Fig. 4 Sex-dependent changes in head kinematics along the session. A Change in the ODHA signal during the full 15 min for males (purple) 
and females (green), combining data from all tests. B Quantification of the ODHA signal changes, comparing sex and stages (pre-test, test, 
and post-test). Post hoc analysis following a main effect in two-way mixed-model ANOVA for Stage: Pre-test vs test (W = 3842, p < 0.001), 
test vs. post-test (W = 7482, p < 0.001), and pre-test vs. post-test (W = 1276, p < 0.001) (Wilcoxon test with FDR correction); and for Sex: test 
(W = 7482, p = 0.007) (Mann–Whitney-Wilcoxon test with FDR correction). C Same as (A) for the OSHA signal. D Same as (B) for the OSHA signal. 
Post hoc analysis following a main effect in two-way mixed-model ANOVA for Stage: pre-test vs. test (W = 12,580, p < 0.001), test vs. post-test 
(W = 13,120, p < 0.001) (Wilcoxon test with FDR correction). E Same as (A) for the Roll signal. F Same as (B) for the Roll signal. Post hoc analysis 
following a main effect in two-way mixed-model ANOVA for Stage: pre-test vs. test (W = 5384, p < 0.001) and test vs. post-test (W = 5399, p < 0.001) 
(Wilcoxon test with FDR correction). G Same as (A) for the Pitch signal. H Same as (B) for the Pitch signal. Post hoc analysis following a main 
effect in two-way mixed-model ANOVA for Stage: pre-test vs. test (W = 10,820, p < 0.001) and test vs. post-test (W = 10,780, p < 0.001) (Wilcoxon 
test with FDR correction). I Confusion matrices for a binary Random Forest classifier predicting sex from accelerometer-derived data across all 
tests during the 5 min of the test stage. Percentages for each category are displayed at the center of each cell (Chi-square test). The accuracy 
scale is shown on the right. J Confusion matrices for a binary Random Forest classifier predicting sex from DLC-derived data across all tests 
during the 5 min of the test stage. Percentages for each category are displayed at the center of each cell (Chi-square test). The accuracy scale 
is shown on the left. ~ p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001, ns – not significant
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Fig. 4 (See legend on previous page.)
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Fig. 5 Head kinematics during social investigations are affected by the social context, subject’s sex and stimulus attractiveness. A Comparison 
between tests of the mean Roll signal amplitude during stimulus investigation. Post hoc paired Mann–Whitney-Wilcoxon test with FDR 
correction, following a main effect in the Kruskal–Wallis test (SP-ISP: U = 1722, p = 0.024). B Comparison between tests of the mean ODHA signal 
amplitude during stimulus investigation. Post hoc independent t-test with FDR correction, following a main effect in the mixed-model ANOVA 
(SP: t = 2.188, p = 0.032; ISP: t = 3.645, p < 0.001). C Comparison of the mean amplitude of the OSHA signal measured during stimulus investigation 
between preferred and non-preferred stimuli across all tests. Post hoc paired t-test with FDR correction, following a main effect in the mixed-model 
ANOVA (SxP: t = −2.48, p = 0.015). D As in (C), for the roll signal. Post hoc paired t-test with FDR correction, following a main effect in the mixed-model 
ANOVA (SP: t = 3.56, p < 0.001; SxP: t = 2.91, p < 0.001; ISP: t = 3.02, p = 0.003. SSP: t = 2.82, p = 0.006). E As in (C), for the pitch signal. Post hoc paired 
t-test with FDR correction, following a main effect in the mixed-model ANOVA (SxP: t = −2.42, p = 0.017). ~ p < 0.1, p < 0.05, *p < 0.01, **p < 0.001, ns – 
not significant
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ANOVA), with lower Roll values during the SP test com-
pared to the ISP test. Notably, the SP test features the 
most diverse stimuli (a stimulus animal vs. a Lego toy) 
of all tests. Thus, the social context (test type) influenced 
the amplitude of head tilt in mice.

We then examined if head acceleration during stimulus 
investigation was sex-specific or sensitive to the attrac-
tiveness of the stimulus (preferred vs. non-preferred). 
When a two-way ANOVA was applied to compare the 
sexes across all four tests, separately for each variable, 
only the dynamic component (ODHA) was found sig-
nificant (Fig.  5B, F = 9.12, p = 0.002; two-way ANOVA). 
A post hoc analysis revealed that females exhibited lower 
ODHA values during stimulus investigation than males, 
with significant differences in the SP test and a trend in 
the SxP test (Fig. 5B).

In contrast, stimulus preference influenced the OSHA 
(Fig.  5C), Roll (Fig.  5D), and Pitch (Fig.  5E) signals. 
We found a main effect of the stimulus on the Roll sig-
nal (Roll: F = 37.85, p < 0.001; two-way mixed-model 
ANOVA). There was also a significant interaction 
between stimulus and test type for the OSHA and Pitch 
signals (OSHA: Stimulus*Test, F = 3.36, p = 0.019; Pitch: 
Stimulus*Test, F = 3.15, p = 0.025; two-way mixed-model 
ANOVA). Post hoc analyses revealed that mice exhib-
ited higher Roll values while investigating the preferred 
stimulus compared to the non-preferred one in all tests. 
However, OSHA and Pitch values were higher when 
investigating the non-preferred stimulus during the SxP 
test.

Overall, the static, dynamic, and Roll components of 
head acceleration during stimulus investigation were 
influenced by distinct factors. OSHA, Roll and Pitch were 
affected by the level of stimulus attractiveness, and Roll 
was also influenced by the test type, whereas ODHA was 
influenced by the subject’s sex. Specifically, males dem-
onstrated more energetic movements (ODHA) during 
stimulus investigation than females. These findings sug-
gest that mouse head movement patterns during stimu-
lus investigation are shaped by both the sex of the subject 
and the attractiveness of the stimulus.

Social context-dependent head acceleration 
during the start and end of social investigation bouts
Since the subject mice conducted investigation bouts 
both before the test toward empty chambers and dur-
ing the test toward stimulus-containing chambers, we 
examined if the presence of a stimulus in the chamber 
elicited a change in the way by which the subject started 
or ended investigating the chamber (pulling males and 
females together). Using Z-score analysis as described 
above, we found that out of the four kinematic variables, 
only ODHA and Roll showed such changes (Fig. 6). The 

ODHA exhibited significant differences between the 
stages only at the start of investigation bouts (Fig.  6A-
B; Stages*Time, F = 4.37, p = 0.015), Unexpectedly, the 
ODHA level at the start of bouts was lower during the 
test than during the pre-test stage, suggesting less ener-
getic movements while approaching stimulus-contain-
ing chambers, compared to empty chambers. This may 
reflect a certain level of caution exhibited when the sub-
ject approaches a novel stimulus in a chamber.

In contrast to ODHA, Roll exhibited pronounced dif-
ferences between stages at both the start and end of 
bouts, with a significant interaction between stage and 
time at the beginning of the bout and a main effect of 
stage at the end of the bout (Fig. 6E, F; Start: Time*Stage: 
F = 19.39, p < 0.001; End: F = 2103, p < 0.001; two-way 
repeated measures ANOVA). In both the start and end of 
the bout, the Roll signal exhibited stronger changes dur-
ing the test stage than during the pre-test stage. This sug-
gests that subjects exhibited stronger head rolling while 
approaching and leaving stimulus-containing chambers, 
as compared to empty chambers.

Overall, these results suggest that the general social 
context, i.e., the presence of stimuli in the chambers dur-
ing the test stage, significantly affects the head kinematics 
at the beginning and end of investigation bouts.

Sex-dependent head acceleration during the start and end 
of social investigation bouts
As discussed earlier, males exhibited a higher mean 
ODHA signal, as compared to females, throughout the 
entire session (Fig.  4A-B), as well as during stimulus 
investigation (Fig. 5B). We, therefore, analysed the head 
kinematic variables, specifically at the start and end of 
stimulus investigation bouts.

Interestingly, we found a significant sex-dependent dif-
ference in ODHA at the start of the investigation of the 
empty chambers during the pre-test stage, with males 
showing a greater increase in acceleration than females 
(Fig.  7A; F = 5.03, p = 0.033; two-way mixed-model 
ANOVA). This difference emerged one second before 
the start of the bout and persisted for at least two sec-
onds. However, during the test stage, this pattern disap-
peared (Fig. 7B). At the end of the bout, the opposite was 
observed: there was no difference between males and 
females when leaving an empty chamber (Fig. 7C). How-
ever, a difference emerged when leaving the chamber dur-
ing the test, with a significant interaction between time 
and sex (Fig.  7D; Sex*Time: F = 3.62, p = 0.033; two-way 
mixed-model ANOVA). Specifically, one second before 
detaching from the chamber, males exhibited greater 
movement compared to females, and this difference per-
sisted until one second after leaving the chamber.
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Fig. 6 Stage-dependent differences in mice head acceleration during the start and end of investigation bouts. A Mean traces (± SEM) of the Z-score 
during all tests and for both sexes are shown for the pre-test (blue) and test (red) stages for the ODHA signal at the start of investigation bouts. 
Time 0 represents the start of the bout; the baseline was defined as the interval from −2 to −1 s. Post hoc paired-t-test test with FDR correction, 
following main effect in two-way repeated measures ANOVA (from 0 to 1 s: t = 6.04, p < 0.001.; From 1 to 2 secs: t = 3.91, p < 0.001). B As in (A), 
for the end of all investigation bouts. C As in (A), for the OSHA signal. D As in (B), for the OSHA signal. E As in (A), for the Roll signal (from −1 to 0 s: 
t = 4.3, p < 0.001; from 0 to 1 s: t =—3.61, p < 0.001; From 1 to 2 secs: t =—7.787, p < 0.0.01). F As in (B), for the Roll signal (from −1 to 0 s: t = 8.3, p < 0.001; 
from 0 to 1 s: t = 9.88, p < 0.001; From 1 to 2 secs: t = 5.24, p < 0.0.01). G As in (A), for the Pitch signal. H As in (B), for the Pitch signal
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While the Pitch signal showed no sex-dependent differ-
ences (Fig. 7M-P), a significant interaction between time 
and sex was observed for the Roll signal during the test 
stage at both the start and end of bouts (Fig.  7J and L; 
Start: F = 4.65, p = 0.04; End: F = 8.61, p = 0.007; two-way 
mixed-model ANOVA). Specifically, males exhibited a 

higher Roll signal during the first two seconds of inter-
action with the stimuli. At the end of the bout, males 
showed a greater decrease in Roll compared to females, 
starting one second before detaching from the stimulus-
containing chamber and lasting until two seconds after. 
No difference was observed during the pre-test stage 

Fig. 7 Sex differences in head acceleration during the start and end of investigation bouts. A Mean traces (± SEM) of the Z-score of ODHA 
at the start of bouts during the pre-test stage, shown for male (purple) and female (green) mice across all tests. Time 0 represents the start 
of the bout, while the time from −2 to −1 s was considered as the baseline. Post hoc independent t-test independent with FDR correction, 
following main effect in two-way mixed-model ANOVA (from −1 to 0 s: t =—3, p = 0.0029; from 0 to 1 s: t =—3.24, p = 0.0013; from 1 to 2 s: t =—2.585, 
p = 0.0102). B As (A), for the ODHA signal at the beginning of bouts during the test stage. C As (A), for the ODHA signal at the end of bouts. D As 
(B), for the ODHA signal at the end of bouts (from −1 to 0 s: t =—4.68, p < 0.001; from 0 to 1 s: t =—3.66, p < 0.001). E As (A), for the OSHA signal. F As 
(B), for the OSHA signal. G As (C), for the OSHA signal. H As (D), for the OSHA signal. I As (A), for the Roll signal. J As (B), for the Roll signal (from 0 to 
1 s: t =—2.07, p = 0.039; from 1 to 2 s: t =—3.03, p = 0.0026). K As (C), for the Roll signal. L As (D), for the Roll signal (from −1 to 0 s: t = 3.03, p = 0.0026; 
from 0 to 1 s: t = 3.92, p < 0.001; from 1 to 2 s: t = 3.018, p = 0.0027). M As (A), for the Pitch signal. N As (B), for the Pitch signal. O As (C), for the Pitch 
signal. P As (D), for the Pitch signal. ~ < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001, ns – not significant
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(Fig.  7I and K), suggesting that these sex-dependent 
Roll signals depended on the presence of a stimulus in 
the chamber. For the OSHA signal, no significant sex-
dependent differences were observed (Fig. 7E-H).

Mouse head movement at the beginning and end 
of investigation bouts varied according to stimulus 
attractiveness
Finally, we found that the mere presence of a stimulus in 
the chamber changed the head kinematics of the subject 
mice at the start and end of investigation bouts (Fig. 6). 
We next examined whether the mice adapted their head 
movements based on their preference for the investigated 
stimulus, pooling the results from all behavioural tests. 
Significant differences were observed between preferred 
and non-preferred stimuli across all kinematic vari-
ables derived from the accelerometer signals (Fig. 8). All 
head kinematics showed significant differences between 
the preferred and non-preferred subjects when starting 
or ending a bout (Fig. 8A-H), except for the Roll signal, 
where a strong tendency was found in ANOVA (Fig. 8F; 
ODHA: F = 3.68, p = 0.055; two-way repeated measures 
ANOVA).

The ODHA signal showed a significant interaction 
between Stimuli and Time at the start of bouts (Fig. 8A; 
ODHA: F = 6.18, p < 0.001; two-way repeated measures 
ANOVA). Specifically, the ODHA signal was higher 
when mice approached the non-preferred stimulus. 
However, from one to two seconds after reaching the 
stimulus, subjects exhibited stronger overall movement 
with the preferred stimulus compared to the non-pre-
ferred one, indicating a more energetic movement. Mice 
also displayed higher ODHA signals when leaving the 
non-preferred stimulus compared to the preferred one, 
from one second before detaching from the chamber to 
two seconds after (Fig.  8B; ODHA: F = 5.43, p = 0.020; 
two-way repeated measures ANOVA). The OSHA and 
Pitch signals followed a similar pattern. Both were sig-
nificantly higher when mice approached the non-pre-
ferred stimulus compared to the preferred one (Fig. 8C, 
G; OSHA: F = 6.18, p = 0.013; Pitch: F = 9.6, p = 0.002; 
two-way repeated measures ANOVA). Conversely, 

when leaving the non-preferred stimulus, mice exhib-
ited a lower amplitude for both OSHA and Pitch signals 
(Fig.  8D, H; OSHA: F = 6.32, p = 0.012; Pitch: F = 4.88, 
p = 0.027; two-way repeated measures ANOVA). As 
for the Roll signal, mice exhibited a significantly higher 
increase during the second seconds of interaction with 
the non-preferred stimulus (Fig.  8E; Roll: F = 4.61, 
p = 0.03; two-way repeated measures ANOVA).

Thus, a clear pattern emerged at the start of a bout: an 
increase in tilt and rolling negatively correlated with the 
mouse’s interest in the stimulus. These patterns differed 
from those observed between stages (Fig. 6); the presence 
or absence of a stimulus affected movement differently 
than the preference between two stimuli. In contrast, 
both factors influenced the ODHA similarly. Overall, 
head acceleration at the start or end of an investigation 
bout appears to adjust to both the general social context 
and the attractiveness of the stimulus being investigated. 
These findings suggest that mice adapt their head posture 
and the energy expended in head movements based on 
both contextual conditions and the nature of the stimulus 
being evaluated.

Discussion
In this study, we utilised four variables derived from raw 
accelerometer data—ODHA, OSHA, Roll, and Pitch—
to characterise and quantify head movements during 
murine social behaviour. ODHA approximates the energy 
expended on rapid head movements [17, 40, 41], while 
OSHA, defined here for the first time, provides informa-
tion on the general amplitude of the head’s movement 
across all three axes. Additionally, Roll and Pitch describe 
the amplitudes of horizontal roll and vertical pitch head 
movements, respectively. Since the yaw angle movements 
are unaffected by gravity, they cannot be extracted from 
the accelerometer data. Despite this limitation, these 
four measurements enabled us to provide a relatively 
precise description of head movements. They exhibited 
distinct and consistent patterns when examined at vari-
ous time windows: across the entire session, during social 
investigations and at the start and end of investigation 
bouts. These patterns allowed us to successfully predict 

(See figure on next page.)
Fig. 8 Context- and stimulus-specific adaptation of mouse head movements. A Mean traces (± SEM) of the Z-score during all tests and for both 
sexes are shown for preferred (red) and non-preferred (blue) stimuli for ODHA signal at the start of investigation bouts. Time 0 represents 
the start of the bout; the baseline was defined as the interval from −2 to −1 s. Post hoc paired-t-test test with FDR correction, following main 
effect in two-way repeated measures ANOVA (from −1 to 0 s: t = 2.42, p = 0.016; From 1 to 2 secs: t =—2.18, p = 0.03). B As in (A), for the end of all 
investigation bout (from −1 to 0 s: t = 3.83, from 0 to 1 s: t = 4.33, p < 0.001; from 1 to 2 secs: t = 3.98, p < 0.001). C As in (A), n for the OSHA signal (from 
−1 to 0 s: t = 3.13, p = 0.0018; from 0 to 1 s: t = 2.14, p = 0.033). D As in (B), for the OSHA signal. (from −1 to 0 s: t = −2.78, p = 0.0057; from 0 to 1 s: W = 2.23, 
p = 0.03; From 1 to 2 secs: W = 2.1, p = 0.036). E As in (A), for the Roll signal (From 1 to 2 secs: W = 2.12, p = 0.034). F As in (B), for the Roll signal (From 0 
to 1 secs: W = 2, p = 0.046; From 1 to 2 secs: W = 2.1, p = 0.037). G As in (A), for the Pitch signal (from −1 to 0 s: t = 3.62, p < 0.001; from 0 to 1 s: t = 8.75, 
p < 0.001). H As in (B), for the Pitch signal (from 0 to 1 s: t =—2.19, p = 0.0é). ~ < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001, ns – not significant
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Fig. 8 (See legend on previous page.)
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the sex of the subject, as well as whether the subject was 
approaching or leaving a stimulus.

The different variables complement each other, provid-
ing a comprehensive understanding of head movement. 
Such insight cannot be achieved by solely relying on body 
part velocities, as estimated from video analysis, even if a 
cutting-edge analysis such as DLC is used. Although we 
obtained consistent results using DLC, their predictive 
power was lower relative to the accelerometer data. This 
limitation may be due to occlusions, missing data, and 
sampling rate constraints. Thus, despite applying mul-
tiple levels of data filtering—including selecting frames 
with high likelihood scores and removing outliers, we 
only reached a partially coherent head-movement analy-
sis using DLC. For example, the head speed extracted 
with DLC did not capture the differences between 
males and females observed in ODHA during the test 
stage. Moreover, while the distances between the ears 
or between the nose and neck can approximate Roll and 
Pitch, the relationship between these distances and their 
corresponding angles is inherently complex, especially 
when using a single fixed camera. Using two or three 
cameras could mitigate many of these issues, but this 
approach is both costlier and significantly more time-
consuming to implement and analyse. Moreover, video-
based analyses become increasingly challenging when 
tracking free interactions among multiple animals. In our 
experimental setup, additional constraints, such as the 
opaque arena, which precludes the addition of side cam-
eras, and the head wiring that often obscures parts of the 
head, further complicate accurate DLC tracking. Addi-
tionally, the sampling rate of accelerometer data, which 
covers frequencies from 1 to 100 Hz, is much higher than 
the 30 frames per second typically captured by video 
cameras. This lower video frame rate limits the ability to 
capture high-frequency movements, thereby obscuring 
subtle behavioural nuances. Accelerometers provide a 
practical solution to these challenges, and they are often 
already integrated into headstages used for electrophysi-
ology recordings and miniature microscopy systems like 
Inscopix.

When analysing the signals across the various session 
stages, we observed a significant and transient increase 
in the ODHA signal immediately after stimuli were either 
introduced or removed from the arena. This suggests that 
mice expend more energy on rapid movements of their 
heads during these periods when they are presumably 
alerted by the changes in their environment. Notably, a 
very similar pattern of transient increase around stimu-
lus introduction and removal was reported for local field 
potential theta rhythmicity recorded from social behav-
ior-associated brain regions of rats and mice [42, 43]. 
As theta rhythmicity in various brain areas is associated 

with arousal/alertness/attention states [44–50], as well 
as with active sensing [51], the ODHA may reflect rapid 
head movement during active sensing episodes elicited 
by alerting events, such as social stimuli introduction and 
removal.

Furthermore, while examining the ODHA over the 
entire session, we observed differences between males 
and females during the test but not during the pre- or 
post-test stages (Fig. 4). In the context of social interac-
tion, males exhibited a greater increase in energy expend-
iture compared to females [52]. Accordingly, when 
analysing the mean ODHA per second during stimulus 
investigation, we found that males displayed a higher 
signal compared to females (Fig. 5). Although the inves-
tigation time for each stimulus did not differ between 
males and females, it appears that there are differences 
in how they interact with stimuli, specifically in terms 
of rapid head movements. We also observed differences 
between males and females during the test, at the start 
and at the end of the investigation bout for the Roll sig-
nal, as well as at the end of the bout for the ODHA sig-
nal. Although these differences were not large, they were 
consistent across different types of analyses. Thus, while 
measuring the time spent with each stimulus revealed 
no sex-dependent differences, the use of accelerometer 
data allowed us to detect more nuanced and subtle sex-
dependent behavioural variations.

All four kinematic variables increased with the intro-
duction of a general social context (Fig.  4, Additional 
file  1: Fig. S5). Roll varied throughout the investigation 
bout depending on the test type, suggesting that an ani-
mal’s posture during stimulus interactions is influenced 
by the specific nature of the social context rather than 
merely by its presence. When analysing specific events, 
ODHA and Roll were the two most affected signals. 
Notably, Roll increased more when mice reached the 
stimulus-containing chamber during the test stage com-
pared to the empty chamber during the pre-test stage, 
whereas ODHA showed the opposite pattern. Con-
versely, Roll exhibited a stronger decrease when mice 
left the chamber during the test compared to the pre-
test stage (Fig.  6). Together, these findings, examined 
across different time scales, suggest that head movement 
reflects the subject’s motivation to investigate the stimu-
lus. Consistent with this interpretation, mice displayed 
greater movement amplitudes when interacting with the 
non-preferred stimulus compared to the preferred one 
across all four acceleration signals (Fig. 8), reflecting both 
static and dynamic components.

Overall, our results suggest that head acceleration 
provides valuable insights into the subject’s affec-
tive and motivational states during social interactions. 
These findings are consistent with those reported in 
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human studies [53, 54]. Specifically, similar results 
have been observed in humans regarding the impact 
of motivation during interactions on the static com-
ponent of accelerometer data. For example, by using a 
close measurement RMS of the angular displacement 
for pitch yaw, researchers found interpersonal coor-
dination of head motion in distressed couples, which 
implies that humans change their angular displacement 
according to the emotion of the person with whom they 
interact [53]. Furthermore, regarding the link between 
arousal and accelerometer signals, similar findings have 
also been published in humans, where head move-
ment can vary depending on the characteristics of the 
speaker or listener, such as their sex [55, 56]. Research-
ers also showed that it is possible to predict age from 
head movement patterns [57]. It would be interesting to 
explore additional intrinsic factors that influence these 
head movements in a social context, including age, as 
well as the mental and emotional conditions of the sub-
ject. Studies have shown motor deficiencies in several 
psychiatric disorders [58–60] linked to social deficits 
[61]. Researchers have been able to classify the sever-
ity of depression symptoms based on the velocity and 
acceleration of facial and head movements. Fournier 
et al. [62] showed that humans with ASD have altered 
motor control in posture, gait and praxis, producing 
decreased static and dynamic postural control during 
quiet stance. This movement impairment is also found 
in many rodent models of ASD. For example, VPA-
treated rats (an ASD model) displayed greater move-
ment acceleration, reduced distance between stops, 
and spent more time in the corner of the open-field 
arena [63]. Moreover, an article showed that by study-
ing the proportion of time that the child approached 
or avoided the clinician and the direction that the child 
faced in relation to the clinician, they could explain 30% 
of the variance in ADOS (Autism Diagnostic Obser-
vation Schedule) score of ASD children [64]. It would 
be interesting to use an accelerometer in order to 
study these movement deficiencies in a social context. 
Investigating the relationship between impaired head 
movement and the integration of social cues in rodent 
models of psychiatric conditions could offer valuable 
insights into movement’s role in pathological and phys-
iological social decision-making processes.

Other applications of accelerometer data have already 
been started to be explored. For example, in a previous 
study, ODHA was used to extract reaction times in oper-
ant conditioning while conducting simultaneous multi-
electrode recordings [65]. Future analyses could further 
enhance this approach. As our results show that accel-
erometer-based analyses effectively capture subtle dif-
ferences in head movements, including preferences for 

specific stimuli, investigating correlations between these 
results and electrophysiological recordings would be a 
promising direction for future research.

Conclusion
Overall, head acceleration variables demonstrate clear 
responses to both the social context and the attractive-
ness of stimuli, highlighting their potential for assessing 
behavioural nuances during social interactions. Our find-
ings suggest that these differences reflect varying levels of 
social motivation and/or alertness among mouse subjects 
in response to different social stimuli. Inertial measure-
ments offer significant advantages over traditional obser-
vational methods, enabling more accurate detection of 
behavioural sequences and arousal states [22].

Our study provides a novel method and analysis pipe-
line for studying the social behaviour of small rodents 
in high-time resolution using a head-based accelerom-
eter. We demonstrated the advantages of this method 
in standard video analysis and characterised how head 
kinematic variables change according to sex, social con-
text, and motivation, suggesting that they may assist 
in monitoring the subject’s affective state during social 
interactions.

Methods
Animals
The subjects for this study were adult male (N = 12) and 
female (N = 22) ICR (CD-1) mice, 2–3 months old, pur-
chased from Envigo (Rehovot, Israel). Social stimuli were 
ICR juvenile mice (3–4  weeks old, used for the SP test 
only) or adult male and female mice similar to the sub-
jects. All mice were kept within the SPF mouse facility 
of the University of Haifa at a temperature of 22 ± 2 °C in 
a reverse 12-h light–dark cycle (lights on at 7 am), with 
ad  libitum access to a standard chow diet (Envigo) and 
water. Testing occurred during the dark phase under 
dim red-light conditions. The stimulus mice were group-
housed, with 3–5 mice per cage. Post-surgery, subject 
mice were individually housed for about one week for 
recovery and were kept in individual housing until the 
end of the experiments in order to prevent damage to the 
implant. All experimental procedures were approved by 
the Institutional Animal Care and Use Committee of the 
University of Haifa (UoH-IL2203-139, 1077U).

Behavioural setups
The experimental setup was as previously described [66]. 
A black matte Plexiglas arena measuring 30 × 22 × 35 cm 
housed two triangular structures (12 cm isosceles, 35 cm 
height). The bottoms of the triangular structures were 
covered with a metal mesh (18  cm × 6  cm; 1  cm × 1  cm 
holes). These triangular chambers were positioned in 
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two randomly selected opposite corners of the arena. 
The arena was placed in the center of an acoustic cham-
ber, which was electrically shielded and grounded to the 
recording system via 2-mm aluminium plates. At the top 
of the chamber, a high-quality monochromatic camera 
(Flea3 USB3, FLIR – formerly Point Gray) was installed 
and connected to a computer. Video clips were recorded 
at 30 frames per second using FlyCapture2 software 
(FLIR).

Behavioural paradigm
All experiments took place during the dark phase of the 
light–dark cycle. Mouse subjects performed four dif-
ferent social discrimination tests: Social Preference 
(SP), Sex Preference (SxP), Isolation-State Preference 
(ISP), and Stressed-State Preference (SSP), as previously 
described [36, 37, 67]. The number of sessions and ani-
mals recorded and used for analyses for each test are 
indicated in Table 1 below.

During each test, we recorded the behaviour with a 
video camera and an accelerometer (see below). The 
stimulus animals were always novel to the subjects, with 
male stimuli presented to male subjects and female stim-
uli to female subjects, except for the SxP test. The stimuli 
used in the SP test included a novel group-housed juve-
nile mouse (social) and a Lego toy (object). In the SxP 
test, adult group-housed male and female mice served as 
stimuli. In the ISP test, adult isolated (for at least seven 
days) and group-housed mice were used as stimuli, while 
in the SSP test, stressed (placed in a perforated plastic 
50-ml tube for 15 min before the test) and naive group-
housed mice were used.

Before each test, subject mice were briefly exposed to 
isoflurane to prevent them from getting stressed while 
connecting the head stage to the implant. Habituation 
was performed for 10  min, allowing acclimation to the 
arena containing empty chambers before the recording 
started. The recording comprised three 5-min stages: 
a pre-test period with empty chambers at opposite cor-
ners of the arena, a test period with stimuli placed in the 
chambers, and a post-test stage with empty chambers.

Each subject animal underwent testing twice a day 
for three consecutive days, with two sessions conducted 
in the morning and two in the afternoon. Each sub-
ject animal conducted each test three times (sessions) 
in a pseudo-randomized order (Fig.  1A). Sessions were 
excluded under specific conditions: 1) when the head 
stage or connector was detached from the subject’s head; 
2) in instances of a recording failure; 3) when the subject 
mouse engaged in less than two bouts of stimulus inves-
tigation (see Additional file 2: Table 1). An investigation 
bout is defined as the event starting with a touch between 
the subject and the stimulus chamber and ending after 
the subject detached from the chamber for > 2  s. These 
exclusions contributed to the observed variation in the 
number of sessions and subjects across different tests 
(see Table 1 below).

Surgery
Subject mice were anaesthetised via intraperitoneal 
injection of ketamine and Domitor mixture (at 0.13 mg/g 
and 0.01  mg/g, respectively). The depth of anaesthe-
sia was regularly assessed by testing toe pinch reflexes 
and sustained using isoflurane administered through a 
low-flow anaesthesia system (0.5–1%, ∼200  mL/min; 
SomnoFlo, Kent Scientific). A closed-loop custom-
made temperature controller system was employed to 
maintain a constant body temperature of approximately 
37  °C. During the procedure, the anaesthetised animals 
were securely positioned in a stereotaxic apparatus (Kopf 
Instruments, Tujunga, CA) with the head in a flat posi-
tion. Following the removal of shaved skin, slow drilling 
into the skull was performed to implant two screws. A 
female Mill-Max connector (#853–43–100–10–001000), 
along with the screws, was fixed to the skull using den-
tal cement in the alignment of the bregma and lambda. 
This female connector was then permanently connected 
to an adaptor (male Mill-Max connector, #852–10-004–
10–001000, soldered to an 18-pin female Omnetics con-
nector, #A79012-001) to enable connecting it to the head 
stage before each experiment. Post-surgery, animals were 
administered daily injections of Norocarp (0.005 mg/gr) 
and Baytril (0.03 mL/10gr) for three days, allowing for a 
recovery period before engaging in experimental proto-
cols. All animals were also implanted with electrodes, as 
previously described [38]. The results of the electrophysi-
ological recordings will be published separately.

Head acceleration recording
Head acceleration was recorded in 3 axes (correspond-
ing to surge, heave and sway, represented in Fig.  2A as 
X, Y, and Z axes, respectively) using an accelerometer 
(ADXL335, Analog Devices, Wilmington, MA) which was 
an integral part of the Intan electrophysiological recording 

Table 1 Number of mice and sessions per test

Female Male

Number of 
mice

Number of 
Sessions

Number of 
mice

Number 
of 
Sessions

SP 22 43 10 19

SxP 21 48 9 21

ISP 21 47 12 27

SSP 20 50 10 25
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head stage, with a range of 0.5 Hz to 1600 Hz for the X 
and Y axes and a range of 0.5 Hz to 550 Hz for the Z axis. 
We used two types of Intan head stages: 32 or 16 chan-
nels (Part #C3324 and Part #C3335, respectively, Intan 
Technologies, Los Angeles, CA). Before each session, the 
head stage was connected to the mice’s skull using the 
abovementioned adapter, as illustrated in Fig.  1B. The 
acceleration recording was made with the Intan RHD2000 
evaluation system using an ultra-thin SPI interface cable 
connected to the head stage through a manual commuta-
tor (Model # FL-89-OPT-12-C, Dragonfly, Inc., Ridgeley, 
WV). Acceleration recordings (sampled at 20  kHz and 
saved at 5  kHz) were synchronised with recorded video 

using a TTL trigger pulse and by recording camera frame 
strobes, as previously described [38].

Behavioural analysis
Subject behaviour was tracked using the TrackRodent 
software, designed for analysing the behaviour of wired 
mice, as previously described [66]. Notably, investigation 
bouts were automatically detected by the TrackRodent 
algorithm. Further analyses were conducted with the 
TrackRodent data using the DeepPhenotyping code writ-
ten in MATLAB 2020a (see Table 3 below).

Extraction of head accelerometer data
The accelerometer reports both movement and the grav-
ity vector. To calibrate the raw signal for each axis, we 
measured the voltage when the axis was aligned with the 
gravity vector in both directions. The zero-g bias for each 
axis was calculated as the average of these two measure-
ments (e.g., Z1 and Z2 in Table 2 below). The sensitivity 
was determined by taking the voltage difference between 
these opposing positions and dividing it by 2. We then 
calibrated the raw signal by subtracting the correspond-
ing zero-g bias for each axis (as shown in Table  2) and 
dividing the result by the corresponding sensitivity 
(Table 2), as described in the equation below.

For each axis:

Calibrated Accelaration = Raw Acceleration−mean zero g bias /meansensitivity

Table 2 Measures of the zero-g bias

Accelerometer

Axis Mean voltage (V) Sensitivity Zero-g bias

Z1 2,1086 0,3502 1,7584

Z2 1,4082

Y1 2,0355 0,3387 1,6968

Y2 1,3581

X1 2,0815 0,3494 1,7321

X2 1,3827

Table 3 Names of all code files used for each analysis (all codes may be found at: https://zenodo.org/records/14938315 ) [68]
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From the calibrated accelerometer data, we extracted 
four components: Dynamic acceleration was obtained by 
applying a band-pass filter (1–100  Hz) to the calibrated 
acceleration data, separately for each axis (see Additional 
file 1: Fig. S1A). By applying a low-pass filter at 1 Hz to 
the calibrated acceleration data, we extracted the static 
component, which provides information about the incli-
nation of the accelerometer relative to Earth’s gravity, 
separately for each axis (see Additional file  1: Fig. S1B). 
The Arcsine function was applied to the X and Z axes of 
the static acceleration data to calculate the inclination 
angles as follows:

Unlike the X and Z axes, the Y-axis is aligned with the 
gravity vector. Therefore, when the animal’s head is flat, 
the accelerometer will register a value of 1 G. When the 
mouse tilts its head downward or upward, the acceler-
ometer signal decreases towards 0 G. Because we wanted 
the values (angles in radians) of all axes to be 0 when the 
mouse head is in its flat position, the Arccos function was 
applied to the Y axis of the static acceleration data to cal-
culate the inclination angle as follows:

We then calculated, separately for the static and 
dynamic components, the square root of the sum of 
squares for all three axes which we termed OSHA 
and ODHA for the static and dynamic components, 
respectively.

The ODHA reflects the energy of head movement, 
while the OSHA reflects the general tilt of the head from 
flat position (when OSHA equals zero).

To calculate the Roll, we considered the position of the 
accelerometer on the animal’s head. When the animal’s 
head is flat (parallel to the earth’s surface) and stationary, 
the Z-axis of the accelerometer will return to a value of 0 
G, as it is perpendicular to the gravity vector. To deter-
mine the extent of head rolling, regardless of direction, 
we took the absolute value of the static signal.

We calculated the Pitch using the low pass filtered 
Y-axis angle. As we mentioned already, the Y-axis is 
aligned with the gravity vector. Since the head of the 
animal is naturally never upside-down, the Y-axis is 
not expected to get a negative value. Therefore, it is not 

(X or Z)_Asin_Static = arcsin(Acceleration Static of X or Z)

(Y )_Acos_Static = arccos(Acceleration Static of Y )

OSHA =

√

X_Asin_Static2 + Y _Acos_Static2 + Z_Asin_Static2

ODHA =

√

X_Dynamic2 + Y _Dynamic2 + Z_Dynamic2

Roll = abs(Z_Asin_Static)

necessary to use the absolute value of this signal. Thus, 
we applied the following formula:

Video analysis with DeepLabCut (DLC)
DLC software (v.2.3.5, multi-animal DLC) [39] was used 
to track the positions of the subject body parts. The train-
ing set included 600 frames from three out of 277 ses-
sions (male and female mice). The following head parts 
were marked in each frame: left ear, right ear, nose and 
neck. The model was trained by 2*106 iterations with 
default parameters (training frames selected by k-means 
clustering of each of the three videos, trained on 95% of 
labelled frames, initialised with dlcrnet_ms5, batch size 
of 8). When the likelihood for one or two frames was 
less than 0.90, we filled in the missing data by averag-
ing the data from the frame before and the frame after. 
This smoothing technique helped ensure a consistent and 
reliable analysis dataset, particularly when the tracking 
accuracy was temporarily compromised. We used codes 
written in MATLAB 2020a to extract three parameters at 
different time windows and normalisation (Table 2): the 
average speed of these four parts of the head, the distance 
between the ears, and the distance between the nose and 
the neck. Additional file 2: Table 2 provides the percent-
age of frames with a likelihood above 0.90 for each ses-
sion. Notably, when analysing DLC data over each of the 
three session stages (pre-test, test and post-test), extreme 
peaks were observed despite filtering for frames with 
likelihoods above 0.90. As shown in Fig. 2L, these peaks 
could reach 1,000 times the median, significantly skewing 
the mean values over one-minute or five-minute inter-
vals. To mitigate this issue, we filtered the DLC data by 
removing values that exceeded three times the median 
(when Z-scoring wasn’t applied).

Analysis of head acceleration or DLC data relative 
to investigation bouts
The data were extracted using MATLAB 2023a scripts, 
while all plots and statistical analyses were performed in 
Python using Spyder. Details of the code used for each 
figure are provided in Table  3. Only investigation bouts 
lasting longer than two seconds were considered for ana-
lysing data around investigation bouts. For event-specific 
analyses, we z-scored the signal across a four-second time 
window two seconds before and two seconds after each 
event (start or end of an investigation bout). The first sec-
ond of this time window was used as a baseline. For data 
smoothing and removal of extreme values, z-score values 
were capped at thresholds of 1.9 and −1.9, representing 

Pitch = Y _cos_Static
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the significance cutoffs for positive and negative values, 
respectively.

Decision tree classifier model
In this study, we classified two types of labels (approach-
ing vs. leaving, female vs. male). For each type of label, 
we trained a model using data extracted from either the 
accelerometer or DLC. To extract the various features, 
we implemented custom code in MATLAB 2024a.

The first classification focused on distinguish-
ing between "approaching" and "leaving." Specifically, 
this involved identifying the second when the mouse 
approached or left the chamber. We extract each one of 
the parameters (summarised in Table  4) by applying a 
sliding mean across a half-second time window (using a 
1-s bin). The accelerometer and DLC data were aligned 
with video annotations scored using TrackRodent (as 
previously described), and each 1-s bin was labelled with 
the most representative behaviour.

The second classification distinguished between the 
male and female, based on the 5-min test stage. We used 
data extracted during this period to train the model, as 
summarised in Table 5.

Both models were trained and tested using the Random-
ForestClassifier function from the Scikit-learn package in 
Python. We trained binary Random Forest classifiers to 
discriminate between the type of behavioural event or the 
mouse’s sex. If necessary, we balanced the training set by 
randomly removing samples to ensure an equal number 

of samples from each class. The classifier was configured 
with 100 random trees (a parameter of the RandomForest-
Classifier function). We employed a cross-validation 
strategy where at least four mice (and 16 sessions) were 
left out during training for the testing set. We computed a 
confusion matrix based on the testing set.

To test whether the distribution of the confusion matri-
ces was independent, we performed a Chi-square test of 
independence using the chi2_contingency function from 
the SciPy package in Python.

Statistical analysis
Statistical analysis and figure plotting were conducted 
using Spyder (version 5.4.1). Figures were generated using 
the Seaborn package (version 0.12.0 and 0.11.0), while sta-
tistical analyses were performed with the Pinguin pack-
age (version 0.5.4) [69]. Normality checks were performed 
using the Shapiro–Wilk test, homoscedasticity checks 
using the Levene test, and sphericity using the Mauchly 
test. Parametric tests were conducted when assumptions 
were met. Paired t-tests and independent t-tests were 
used to compare means between the two groups accord-
ing to their dependence. Two-way ANOVA was employed 
for comparisons among multiple groups. For repeated 
measures, one-way repeated-measures ANOVA, or 
mixed-model ANOVA, were conducted according to the 
pattern of repetition. Non-parametric alternatives such as 
Wilcoxon, Mann–Whitney-Wilcoxon, Kruskal, and Fried-
man were used when assumptions were unmet. Post hoc 

Table 4 Features for the decision tree 1 model

Table 5 Feature for the decision tree 2
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analyses, following the observation of main effects, were 
carried out using False Discovery Rate Benjamini & Hoch-
berg (FDR-BH) correction, implemented through the 
Statannotations package. All results and details of the sta-
tistical tests are summarised in Additional file 3.
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