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A B S T R A C T   

Background: Studies on facial feedback effects typically employ props or posed facial expressions, which often 
lack temporal precision and muscle specificity. 
New method: Facial Neuromuscular Electrical Stimulation (fNMES) allows for a controlled influence of con
tractions of facial muscles, and may be used to advance our understanding of facial feedback effects, especially 
when combined with Electroencephalography (EEG). However, electrical stimulation introduces significant 
interference that can mask underlying brain dynamics. Whether established signal processing methods can allow 
for a reduction of said interference whilst retaining effects of interest, remains unexplored. 
Results: We addressed these questions focusing on the classic N170 visual evoked potential, a face-sensitive brain 
component: 20 participants viewed images of houses, and of sad, happy, and neutral faces. On half of the trials, 
fNMES was delivered to bilateral lower-face muscles during the presentation of visual stimuli. A larger N170 
amplitude was found for faces relative to houses. Interestingly, this was the case both without and during fNMES, 
regardless of whether the fNMES artefact was removed or not. Moreover, sad facial expressions elicited a larger 
N170 amplitude relative to neutral facial expressions, both with and without fNMES. 
Comparison with existing methods: fNMES offers a more precise way of manipulating proprioceptive feedback from 
facial muscles, which affords greater diversity in experimental design for studies on facial feedback effects. 
Conclusions: We show that the combining of fNMES and EEG can be achieved and may serve as a powerful means 
of exploring the impact of controlled proprioceptive inputs on various types of cognitive processing.   

1. Introduction 

Electroencephalography (EEG) is a powerful – yet relatively inex
pensive and thus practical – method to non-invasively measure brain 
activity with high-temporal resolution. For nearly a century, EEG, and 
its derived method of event-related potentials (ERPs) have been suc
cessfully used to investigate numerous aspects pertaining to cognitive 
neuroscience (Luck, 2014), including about the role of facial feedback in 
facial emotion recognition (Birch-Hurst et al., 2022; Schiano Lomoriello 
et al., 2021). 

Facial feedback refers to afferent proprioceptive input from facial 
muscles to the central nervous system, and is believed by theories of 
embodied cognition (Niedenthal, 2007) to contribute to our felt 

emotions (Coles et al., 2019; J. I. Davis et al., 2009; Finzi and Rosenthal, 
2016; Zamanian et al., 2017), the perception/recognition of emotional 
faces (Korb et al., 2016; Sel et al., 2015; Wood, 2016), and the inter
pretation of emotional stimuli in general (Strack et al., 1988; but see 
Wagenmakers et al., 2016). Indeed, experimental (pen in the mouth) or 
neurological conditions (face paralysis) affecting facial muscle move
ments can reduce accuracy and/or speed of facial emotion recognition 
(Korb et al., 2016; Oberman et al., 2007). They also affect EEG and ERP 
measures in response to faces (Birch-Hurst et al., 2022; J. D. Davis et al., 
2017; Sessa et al., 2022). For example, the N170 visual-evoked potential 
(VEP), which reflects early face processing stages (Eimer, 2000), and is 
sometimes found to be larger for emotional than neutral facial expres
sions (Batty and Taylor, 2003; Hinojosa et al., 2015), increases in 
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amplitude when participants smile to neutral faces, compared to when 
they observe the same faces while keeping a neutral expression (Sel 
et al., 2015; but see Schiano Lomoriello et al., 2021 who found facial 
feedback effects in high alexithymic participants on early visual re
sponses but not on N170). This suggests that facial feedback can affect 
the N170 and potentially other aspects of the ERP/EEG in response to 
faces. However, the naturally or medically occurring changes in facial 
feedback (paralysis, Botox), and the experimental means to temporarily 
induce or change facial feedback (posing or blocking of facial expres
sions), often lack temporal and/or muscle specificity. 

Facial neuromuscular electrical stimulation (fNMES) is an alterna
tive way to directly manipulate afferent proprioceptive input from the 
face to the central nervous system (Pilurzi et al., 2020; Saito et al., 2013; 
Sasaki et al., 2017). It involves the direct activation of facial muscles via 
computer-controlled electrical impulses, and offers promising thera
peutic effects for conditions such as pain (De Giorgi et al., 2017; 
Mummolo et al., 2020), weakening muscle strength (Choi, 2016; Safi 
et al., 2017), and unilateral facial paralysis (de Sire et al., 2022; Ilves 
et al., 2019; Makela et al., 2020). Moreover, fNMES can be delivered for 
short durations (e.g. 500 ms) at specific instances (e.g. before, during, or 
after the onset of a visually presented face). As such, fNMES bears 
enormous potential to study the effects of proprioceptive facial inputs in 
healthy participants, but remains largely unknown to both researchers 
and volunteers (Efthimiou, Hanel et al., 2022; Efthimiou, Perusquía-
Hernández et al., 2022). 

Preliminary evidence from participants’ behaviour and self-report 
suggests that changes in felt emotion can indeed be induced with 
fNMES (Goto et al., 2018; Kapadia et al., 2019; Yen-Chin et al., 2017; 
Zariffa et al., 2014). However, the neural correlates of these effects have 
not been investigated. As mentioned above, physiological measures of 
brain activity, such as EEG, can reveal how the nervous system processes 
and integrates such proprioceptive inputs (Ding et al., 2021; Goldenkoff 
et al., 2021; Sel et al., 2015; Tayeb et al., 2021). Given the putative role 
of facial feedback for the processing and recognition of emotion in faces, 
a straight-forward question is whether fNMES modulates the N170. 

N170 amplitude is consistently shown to be enlarged during the 
perception of face stimuli relative to non-face stimuli (Bentin et al., 
1996; Eimer, 2011; Gao et al., 2019; Kanwisher et al., 1997; Rossion, 
2014). Though N170 amplitude is sensitive to low-level visual features 
such as spatial frequency distributions (Eimer, 2011; Thierry et al., 
2007), when such parameters are tightly controlled, it is still shown to 
be particularly sensitive to face stimuli (Rossion and Jacques, 2008). The 
exact mechanism that is indexed by N170 is debated, however it is 
generally accepted that it reflects early stages of face processing (such as 
structural encoding, Eimer, 2000). 

The study of electrophysiological correlates to faces and their mod
ulation by fNMES could be complicated given that it involves the de
livery of a high amplitude, high frequency current to the body. 
Alternative electromagnetic stimulation techniques such as transcranial 
magnetic stimulation (TMS) and transcranial direct-current stimulation 
(tDCS) present a number of challenges when analysing EEG data. 
Stimulation currents can manifest as large bursts of interference in the 
EEG signal, and can distort accurate measurement of underlying brain 
dynamics (Gebodh et al., 2019). Many signal processing methods have 
been designed and implemented to reduce EEG artefacts induced by 
stimulation techniques, e.g. adaptive filtering (Mancini et al., 2015) and 
linear decomposition (Bai et al., 2016; Hernandez-Pavon et al., 2022), 
and so such methods might prove useful for reducing any potential ar
tefacts introduced by fNMES. It should be noted however, that a liberal 
cleaning of EEG data can have minimal, and even detrimental effects, on 
the measurement of brain components (Delorme, 2022). 

The purpose of the present study was to investigate the feasibility of 
combining fNMES and EEG. Specifically, we aimed to examine whether 
condition differences observed in trials without fNMES could also be 
observed during the application of fNMES. Given that the exact mani
festation of the fNMES artefact in the EEG signal is unknown, we were 

also interested in whether the active removal of the fNMES artefact 
would impact any observed condition differences. We presented images 
of houses, as well as faces that displayed neutral, happy, and sad ex
pressions, for half a second. An orthogonal task served to ensure par
ticipants’ attention. fNMES was delivered to the lower facial muscles 
(between the lip corners and chin) for the duration of the presented 
visual stimulus in 50% of the trials. We aimed to establish whether 
differences in N170 amplitude could be observed both across stimulus 
types (houses and faces), and within stimulus types (different emotional 
expressions) both with and without fNMES, and whether the removal of 
the fNMES artefact would impact said differences. The reason for also 
examining within-stimulus type contrasts (different expressions) was to 
explore whether relatively small differences (compared to across- 
stimulus type contrasts, expected to elicit larger differences) would be 
observable during fNMES. Although it could be expected that stimula
tion of the DAO muscles could specifically modulate a particular 
expression type (e.g. sad), the current study was not motivated or 
designed to explicitly explore facial feedback effects, which have 
sometimes been found on the N170 (Sel et al., 2015; but see Schiano 
Lomoriello et al., 2021). The size of facial feedback effects has also been 
described to be generally small (Coles et al., 2019), and thus larger 
sample sizes are likely to be necessary to investigate them with fNMES. 

Specifically, we hypothesized that, in the absence of fNMES, larger 
N170 amplitudes would be observed during the viewing of neutral facial 
expressions relative to images of houses, and that valenced facial ex
pressions (happy and sad) would result in a larger N170 amplitude 
relative to neutral expressions. We were unsure as to whether these 
relative differences would be observed during the application of fNMES, 
however we expected that if they were, an active removal of the fNMES 
artefact would be necessary to observe them. 

2. Methods 

2.1. Participants 

The participants were 20 adults (12 women, mean age = 30.8, SD =
6.6, range 20–44) with normal or corrected to normal vision, no current 
use of prescribed medication or history of illicit drug use, no history of 
neurological or psychiatric illness, no or shaved facial hair, and no 
known heart conditions. Participants were compensated with a voucher 
for their time. The participants were informed that the goal of the study 
was to investigate the effects of fNMES artefacts on EEG, gave written 
informed consent before taking part, and were debriefed on conclusion 
of the experiment. The study was approved by the local ethics committee 
(ETH2122–1966). 

2.2. Apparatus and stimulation parameters 

On each trial containing fNMES (see Fig. 1), fNMES was delivered for 
500 ms at 70 Hz, as a train of 35 biphasic square pulses, with a pulse 
width of 100 µs, and a delay of 14 ms between pulses, using two 
constant-current electrical stimulators (Digitimer DS5, Welwyn Garden 
City, UK) and disposable Ag/AgCL 16 × 19 mm self-adhesive surface 
electrodes (Ambu BlueSensor BRS). We targeted the left and right 
Depressor Anguli Oris (DAO) muscles as the DAO is used during ex
pressions of sadness, and could be a suitable target muscle for future 
studies on facial feedback effects. Electrode placement was based on 
existing EMG guidelines (Fridlund and Cacioppo, 1986) and experi
menter visual verification. It was also verified after testing, based on 
video recordings. The amplitude (in mA) of the stimulation was deter
mined for each individual by a configuration procedure defined below. 
These stimulation parameters were chosen based on our own pilot data 
that aimed to minimise discomfort whilst engaging facial muscles, and 
on previous studies using fNMES (e.g. Kapadia et al., 2019; for a review 
of the literature see Efthimiou, Perusquía-Hernández et al., 2022). The 
70 Hz frequency is also convenient for other reasons, as it facilitates 
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estimation and removal of the stimulation artefacts, which will mostly 
lie outside the frequency range that is typically analysed for ERPs (1–30 
Hz), and will also differ from line noise (50/60 Hz). 

EEG data were acquired using an eego sports 64 channel amplifier 
(ANT Neuro, The Netherlands) in combination with ANT Neuro Wave
guard 64 channel EEG caps in the licenced eego sports recording soft
ware environment. 

2.3. Stimuli 

The visual stimulus set was highly controlled, and thus ideal for ERP 
research. It consisted of 10 avatars (5 female) generated using the 
commercial software FaceGen (www.facegen.com) (see Fig. 1). The 
avatars were generated to have symmetrical faces with variance in the 
skin tone and face shape. All avatars were placed on a black background, 
with hair and ears removed. The generated faces were then manipulated 
using a second software FACSGen (Krumhuber et al., 2013; Roesch et al., 
2011), which operates based on the facial action coding system (Ekman 
et al., 2002). The faces expressed three different emotional expressions 
(neutral, happy, sad), of which the happy and sad stimuli presented fully 
fledged expressions (i.e. non-ambiguous). Said expressions were pro
duced by manipulating the relative intensity of Action units (AU). Spe
cifically, happy expressions engaged AU6 (cheek raiser) at 100% 
intensity, AU7 (lids tightener) at 25% intensity, and AU12 (lip corner 
puller) at 100% intensity. For sad expressions, AU1 (inner brow raiser) 
and AU4 (brow lowerer) were engaged at 100% intensity, AU7 (lids 
tightener) at 80% intensity, AU11 (nasolabial deepener) at 60% in
tensity, and AU15 (lip corner depressor) at 100% intensity. 

In total there were 30 unique images of faces (see Fig. 1c). The house 
stimuli were selected from the DalHouses database (Filliter et al., 2016). 
Houses were selected from the available set based on the lowest degree 
of similarity to faces (ratings provided by Filliter et al., 2016) so as to 
minimise the processing of any face-like features in the house stimuli. 
The 10 lowest rated ‘face-like’ houses were selected for the study. All 
final images were then turned to greyscale, equalised in luminance 
(mean and SD) using the MATLAB toolbox SHINE (Willenbockel et al., 
2010) and resized to 800 × 1200 pixels. 

2.4. Experimental procedure and task design 

Participants were sat on a comfortable and stable chair with their 
eyes positioned approximately 60 cm from the centre of a 24.5 in. screen 
(Alienware aw2521h) with a resolution of 1920 × 1080 pixels and a 
360 Hz refresh rate. Prior to beginning of the task, participants were 
introduced to the fNMES procedure so as to gain initial experience with 
the electrical stimulation of facial muscles, and to allow the experi
menter to configure the appropriate fNMES amplitudes to use during the 
task. An alcohol wipe (70% isopropyl) was used to clean the skin, before 
the disposable surface electrodes were placed above the approximate 
location of the DAO muscle on each side of the face (guided by EMG 
guidelines, for a step-by-step guide see Efthimiou, Perusquía-Hernández 
et al., 2022). The experimenter systematically applied fNMES to each 
side of the face independently, starting with a low current. Current 
amplitude was gradually increased and the electrodes repositioned (if 
necessary) until a visible movement of the DAO was established, whilst 
maintaining acceptable levels of comfort for the participant. Current 
amplitudes of the established motor threshold were later used to apply 
fNMES during the task (left DAO: M = 20.4 mA, SD = 4.1 mA, right 
DAO: M = 20.7 mA, SD = 3.6 mA). Following the fNMES preparation, an 
EEG cap was placed over the head of the participant, and conductive 
Signa gel was applied until an impedance below 20 kΩ at each electrode 
was achieved. Participants were then informed that the task would begin 
shortly and that their face was being recorded throughout the session via 
a webcam. Video recordings were used in order to closely monitor the 
activation of the DAO muscles during the task, to ensure that the elec
trodes did not fall from the skin, and to verify appropriate electrode 
positioning when viewing after the session. 

The task was programmed and run using Psychopy3 (v3.2.4) for 
Windows (Peirce et al., 2019). It required participants to covertly count 
the number of red fixation crosses presented throughout a given block of 
trials. Each trial began with a white fixation cross (horizontal = 1.19◦

and vertical = 1.19◦ of visual angle) presented at the centre of the 
display for 500 ms, which was followed by a second fixation cross pre
sented for 500 ms that was either white or red. A final white fixation 
cross was then presented for 750 – 1200 ms before a face or house 
stimulus (horizontal = 14.25◦ and vertical = 20.77◦ of visual angle) 
appeared for 500 ms. In each trial, the colour of the fixation cross could 

Fig. 1. Technical setup and procedure. (a) 
Schematic representation of the equipment 
used during the task. fNMES was delivered by 
two stimulators (one per muscle), which were 
controlled by the stimulus PC. (b) Timing of the 
paradigm. After each block, participants re
ported how many red crosses they had detected. 
fNMES was delivered for the entire duration of 
the stimulus on 50% of the trials. (c) Example 
stimuli used during the task: from left to right a 
neutral, happy, sad face, as well as two exam
ples of houses.   
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thus remain white, or briefly turn red before becoming white again. At 
the end of each block, participants were asked how many red crosses 
they had detected, and provided a response with a mouse click by 
selecting a number from a list on the screen. There were on average 12% 
of trials within each block that presented a red fixation cross. The pur
pose of this task was to maintain concentration throughout the block and 
to ensure that participants were attending to the centre of the screen 
during the presentation of the images. Accuracy values were not 
recorded, however the experimenter continuously monitored perfor
mance so as to ensure participants were actively engaged throughout 
each block. 

Participants completed four blocks of trials in total, consisting of two 
types of blocks presented in a counterbalanced order (each type pre
sented twice). In the houses-and-faces block, 40 images of each neutral 
facial expressions and houses were presented in a pseudo random order, 
ensuring that no more than three trials of the same type were shown 
consecutively. In the emotional-faces block, 40 images of each neutral, 
happy, and sad facial expressions were presented in a pseudo random 
order (10 identities displaying 3 expressions presented each 4 times), 
again ensuring that no more than three trials of the same type were 
presented consecutively. In all blocks, each unique stimulus was pre
sented four times. As such, 80 trials were presented in each of the 
houses-and-faces blocks, and 120 trials were presented in each of the 
emotional-faces blocks. In 50% of all trials, fNMES was delivered for the 
duration of the presented image (500 ms). Pseudo randomisation of trial 
lists also ensured that no more than four trials containing fNMES were 
presented consecutively. 

2.5. EEG data acquisition and signal processing 

EEG data were acquired with 64 Ag/AgCl electrodes in the interna
tional 10–20 configuration at 512 Hz and digitized with 24-bit resolu
tion. Data were referenced online to electrode CPz with the ground 
electrode at AFz, leaving 62 electrodes for further analyses. EEG data 
were imported and processed using functions from the EEGLAB 
(v2022.1) environment (Delorme and Makeig, 2004) for MATLAB (The 
Mathworks, Inc.). Continuous data were high-pass filtered (linear finite 
impulse response filter, filter order = 1690) at 1 Hz, which has been 
demonstrated to be optimal for independent component analysis (ICA) 
(Klug and Gramann, 2021), and low-pass filtered at 80 Hz, so as to retain 
the fNMES artefact in the data for the ICA decomposition (described 
below). Line noise (50 Hz and 100 Hz harmonic) was removed from the 
data using a combination of both Zapline (de Cheveigné, 2020) and 
CleanLine (Mullen, 2012) functions. Using a combination of 
spatio-spectral and time domain methods has been demonstrated to 
improve line noise removal (Miyakoshi et al., 2021). Channels that were 
considered noisy (e.g. contained extreme values or residual high fre
quencies) were interpolated using spherical interpolation (average of 4 
per participant). Finally, data were epoched from − 500–1000 ms sur
rounding each stimulus onset. Epochs were then visually inspected for 
artefacts and were removed if they were considered to contain 
low-frequency drifts and/or unusual high frequency activity. Following 
epoch rejection, the average number of trials per condition was 39.61 
(SD =0.54). 

Prior to finalizing our pre-processing strategy, we investigated 
whether simply applying a 40 Hz low-pass filter to the data would be 
sufficient in removing the fNMES artefact (without removal of any 
fNMES artefact components). Although the 70 Hz noise was removed 
with said filter, it introduced a DC shift during the stimulation period, a 
shift which was inconsistent across participants (some presented a 
positive shift, whilst others a negative shift). We provide an additional 
figure in the supplementary materials to demonstrate this (Fig. 1 s). 

Epoched EEG data were subjected to ICA decomposition (Infomax 
ICA; Bell and Sejnowski, 1995) using the EEGLAB’s runica function. The 
reason for performing ICA on epoched data (and not continuous data) 
was to restrict ICA to time periods of interest in order to attempt to 

maximise the sensitivity of the algorithm in identifying the fNMES 
artefact. ICA linearly decomposes the observed EEG signal into tempo
rally independent sources that are assigned a spatial and temporal 
structure. ICA allows for both the analysis of data in source space (as 
opposed to sensor space) and for the identification and removal of 
estimated contributing sources that might be considered to be origi
nating outside of the brain. As such, ICA is a powerful method for the 
reduction of stimulation related artefacts in the EEG signal (Bai et al., 
2016), and for artefacts typically present in EEG data. Following 
decomposition, the time course, spectra, and topography of each 
component were explored (see Fig. 3c). 

The data were analysed at two different stages of the processing 
pipeline (see Fig. 2). That is, following only the removal of blink com
ponents (‘fNMES artefact-included’), and also following the removal of 
both blink components and identified fNMES components (‘fNMES 
artefact-excluded’). Both fNMES and no-fNMES trials were included in 
both analyses. 

For both analyses, a component was labelled for removal if it pre
sented low frequency non-time-locked fluctuations with strong power 
towards the front of the head (indicative of blinks, see Onton et al., 
2006), or time-locked fluctuations with strong power at frontal sites only 
present in trials with fNMES (indicative of a stimulation-induced blink). 
For the fNMES artefact-excluded analysis only, components presenting a 
70 Hz peak in the component spectra with strong power at bilateral 
frontal sites only present in trials with fNMES (indicative of the stimu
lation artefact) were also removed (see supplementary materials). An 
average of 1.35 (range = [1 4]) fNMES artefact components per 
participant were removed (average of 7.80% percent variance accoun
ted for, per component). Following this inspection, suspect components 
were removed, and the data were back-projected to the scalp, thus 
removing their contribution to the observed EEG. Finally, data were 
referenced to an average of all channels and trials were baseline cor
rected using the pre-stimulus period. In the case of the fNMES 
artefact-excluded analysis, a 40 Hz low pass filter was applied. No such 
low pass filter was applied in the artefact-included analysis. An addi
tional 40 Hz low pass filter was applied because even following the 
removal of the fNMES artefacts, residual 70 Hz noise could still be 
observed for some participants (albeit much smaller in magnitude than 
prior to the removal of components, see supplementary materials). 

2.6. ERP analyses 

In order to establish which electrode sites to extract N170 amplitudes 
at, we first concatenated all datasets (following removal of blink arte
facts) and plotted scalp topography between 100 and 200 ms post 
stimulus onset. This revealed a bilateral occipital cluster of electrodes 
(P7, P8, PO7, PO8) that presented a negative peak at around 150 ms post 
stimulus onset. We then averaged together the identified set of channels 
which confirmed the presence of the N170 component peaking at 
154 ms. In order to quantify N170 amplitude, we calculated the mean 
amplitude between 130 and 210 ms post stimulus onset for each con
dition. This time range was selected based on the grand average of all 
participants and conditions, following recommendations in the field 
(Luck and Gaspelin, 2017). Visual inspection of each participant’s 
average ERP waveform (average of all conditions) confirmed that this 
defined time range appropriately captured the N170 peak in each case. 

N170 amplitudes were extracted at two different points in the pro
cessing pipeline. That is, before (fNMES artefact-included) and after 
(fNMES artefact-excluded) the removal of the fNMES artefact (via linear 
decomposition and a 40 Hz low pass filter, see Section 2.5. EEG data 
acquisition and signal processing). Statistical analyses were conducted 
with SPSS 28, Bonferroni correction was applied to post-hoc tests, and 
Hedges’ correction was applied to estimated effect sizes (Cohen’s d). 
Non-significant t-tests were further investigated with Bayesian t-tests in 
JASP (v.017.1) using default parameters. The EEG pre-processing and 
analysis scripts, as well as raw data and stimulus materials are available 
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online (https://osf.io/t4wa5/?view_only=5e066a7ab20b45ffac68d1d2 
288bdbea). 

3. Results 

3.1. N170 amplitudes for houses and faces 

N170 amplitudes for houses and neutral faces were first analysed 
using a 2 (fNMES: off, on) x 2 (stimulus type: houses, faces) repeated 
measures ANOVA. The analysis was conducted on fNMES artefact- 
included and fNMES artefact-excluded amplitudes separately. For the 
fNMES artefact-included dataset (Fig. 4a), there was a significant main 
effect of stimulus type (F (1, 19) = 60.96, p < .001, ηp

2 = .762), whereby 
face stimuli resulted in a larger N170 amplitude (M = − 1.11, SD = 2.47) 
relative to house stimuli (M = 1.24, SD = 2.39). Post-hoc paired sample 
t-tests revealed that this was the case both in the absence of fNMES (t 
(19) = 6.97, p < .001, d = 1.49, 95% CI [0.85, 2.12]; faces: M = − 0.54, 
SD = 1.98, houses: M = 1.77, SD = 2.22) and when fNMES was applied 
(t (19) = 6.63, p < .001, d = 1.42, 95% CI [0.80, 2.03]; faces: M 
= − 1.67, SD = 3.48, houses: M = 0.71, SD = 3.54). There was no sig
nificant main effect of fNMES (p = .113), nor a significant interaction 
between fNMES and stimulus type (p = .849). Similarly, for the fNMES 
artefact-excluded dataset (Fig. 4b), there was a significant main effect of 
stimulus type (F (1, 19) = 58.4, p < .001, ηp

2 = .755), whereby face 
stimuli resulted in a larger N170 amplitude [M = − 0.92, SD = 1.83] 
relative to house stimuli [M = 1.26, SD = 1.82]. Post-hoc paired sample 
t-tests revealed that this was the case both in the absence of fNMES (t 
(19) = 6.76, p < .001, d = 1.45, 95% CI [0.82, 2.06]; faces: M = − 0.43, 
SD = 1.81, houses: M = 1.70, SD = 2.05) and when fNMES was applied 
(t (19) = 6.69, p < .001, d = 1.43, 95% CI [0.81, 2.04]; faces: M 

= − 1.42, SD = 2.4, houses: M = 0.81, SD = 2.53). There was no sig
nificant main effect of fNMES (p = .084), nor a significant interaction 
between fNMES and stimulus type (p = .753). 

Finally, we explored the effect of removing the fNMES artefact on the 
observed differences between N170 amplitudes to face and house 
stimuli (we subtracted the value for faces from that for houses). 
Removing the fNMES artefact did not modulate the difference between 
house and face stimuli either without fNMES (p = .161, d =0.31, 95% CI 
[− 0.12,0.74]), or with fNMES (p = .087, d =0.38, 95% CI 
[− 0.05,0.82]). 

3.2. N170 amplitudes for emotional facial expressions 

N170 amplitudes for faces depicting emotional expressions were 
analysed using a 2 (fNMES: off, on) x 3 (expression: neutral, happy, sad) 
repeated-measures ANOVA. The analysis was conducted on fNMES 
artefact-included and fNMES artefact-excluded datasets separately. For 
the fNMES artefact-included dataset (Fig. 5a), there was no main effect 
or interaction involving fNMES (Fs < 1.84, ps > 0.05). There was 
however, a significant main effect of expression (F (2, 38) = 12.23, 
p < .001, ηp

2 = .392), whereby sad faces [M = − 1.33, SD = 2.43] and 
happy faces [M = − 0.96, SD = 1.96] elicited a larger N170 than neutral 
faces [M = − 0.53, SD = 2.04] (both ps < 0.001). To investigate whether 
the differences between sad and happy, and neutral expressions were 
present both with and without fNMES, we performed exploratory paired 
sampled t-tests between each pair of emotions in both fNMES conditions 
separately. In the fNMES-off condition, N170 amplitude for sad ex
pressions [M = − 1.05, SD = 2.40] was larger than for neutral expres
sions [M = − 0.14, SD = 1.63] (t (19) = 3.28, p = .024, d = 0.70, 95% CI 
[0.22, 1.17]); Fig. 5a). This difference was also observed when fNMES 

Fig. 2. Signal processing pipeline. Data were analysed at two different stages; following only the removal of blink components (fNMES artefact-included), and also 
following the additional removal of the fNMES artefact components and a 40 Hz low-pass filter (fNMES artefact-excluded). All trials (both fNMES and no-fNMES 
trials) were included in both analysis strategies. 
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was applied (t (19) = 3.58, p = .012, d = 0.76, 95% CI [0.27, 1.24]) 
[sad: M = − 1.62, SD = 3.12, neutral: M = − 0.91, SD = 3.04]. N170 to 
happy expressions did not differ from neutral expressions either in the 
absence of fNMES (p = .156, d =0.44, 95% CI [− 0.04,0.88]), or during 
fNMES (p = .087, d =0.50, 95% CI [0.05,0.95]). No differences were 
observed between happy and sad expressions either in the absence of 
fNMES (p = .210, d =0.48, 95% CI [0.03,0.92]) or during fNMES 
(p = .310, d =0.14, 95% CI [− 0.28,0.56]). 

For the fNMES artefact-excluded data (Fig. 5b), similar results were 
found. There was a significant main effect of expression (F (2, 38) 
= 7.80, p < .001, ηp

2 = .291), whereby sad faces [M = − 1.04, SD = 1.81] 
and happy faces [M = − 0.80, SD = 1.47] elicited a larger N170 than 
neutral faces [M = − 0.45, SD = 1.48] (p < .001 and p = .005, respec
tively). Sad and happy expressions did not differ (p = .215). To inves
tigate whether these differences were present both with and without 
fNMES, we performed exploratory paired sampled t-tests between sad 

Fig. 3. Signal cleaning procedure and example independent components. (a) An example of the fNMES artefact at electrode FP1 (single trial of one subject). Scalp 
map shows average topography during the stimulation period (0 – 500 ms). (b) A visual evoked potential (VEP) without (black) and with (red) fNMES at electrode P7 
showing average response to neutral face stimuli for one participant. Scalp maps show average topography between 130 and 210 ms post stimulus onset, reflecting an 
N170. (c) Exemplars of three independent components with corresponding scalp topographies and ERP images representing somatosensory evoked potentials (SEP) 
(left), fNMES-induced startle response (middle), and the fNMES artefact (right). The top rectangle of each ERP image shows trials with fNMES (as indicated by the 
lightning icon), the bottom rectangle shows trials without fNMES. (d) Back-projected averaged VEP for one participant to neutral faces without (black) and with (red) 
fNMES at P7 following removal of identified components and application of a 40 Hz low pass filter. Scalp maps show average topography between 130 and 210 ms 
post stimulus onset. 
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and neutral, and happy and neutral in both fNMES conditions sepa
rately. In the fNMES-off condition, N170 amplitude for sad expressions 
[M = − 0.82, SD = 2.14] was larger than for neutral expressions [M 
= − 0.07, SD = 1.30] (t (19) = 2.81, p = .044, d = 0.60, 95% CI [0.13, 
1.06]). A similar finding was also observed when fNMES was applied (t 
(19) = 2.77, p = .048, d = 0.59, 95% CI [0.12, 1.05]) [sad: M = − 1.27, 
SD = 2.13, neutral: M = − 0.83, SD = 2.31]. Happy expressions did not 
differ from neutral expressions either without fNMES (p = .189, 
d =0.42, 95% CI [− 0.02,0.86]), or with fNMES (p = .261, d =0.38, 95% 
CI [− 0.05,0.82]). No differences were observed between happy and sad 
expressions either in the absence of fNMES (p = .171, d =0.43, 95% CI 
[− 0.01,0.87]) or during fNMES (p = .971, d =0.008, 95% CI 
[− 0.42,0.41]). 

Finally, we explored the effect of removing the fNMES artefact on the 
observed differences between N170 amplitudes to sad and neutral ex
pressions (Fig. 5c). When fNMES was applied, removing the artefact 
significantly reduced the difference between sad and neutral expressions 
(t (19) = 2.97, p = .008, d = 0.63, 95% CI [0.16, 1.09]) [artefact- 
included: M = 0.706, SD = 0.882, artefact-excluded: M = 0.440, SD 
= 7.10]. Surprisingly, this was also the case for trials without fNMES (t 
(19) = 2.73, p = .013, d = 0.58, 95% CI [0.12, 1.03]) [artefact-included: 
M = 0.905, SD = 1.23, artefact-excluded: M = 0.751, SD = 1.19]. 

In addition to the frequentist t-tests, we explored the non-significant 
pair-wise comparisons found between happy and neutral, and happy and 
sad expressions both in the absence and presence of fNMES (for both 
analysis strategies), with Bayesian paired-sample t-tests (artefact- 
included: [neutral no-fNMES – happy no-fNMES, BF10 = 1.34; happy no- 

fNMES – sad no-fNMES, BF10 = 1.82; neutral fNMES – happy fNMES, 
BF10 = 2.14; happy fNMES – sad fNMES, BF10 =0.28], artefact-excluded: 
[neutral no-fNMES – happy no-fNMES, BF10 = 1.16; happy no-fNMES – 
sad no-fNMES, BF10 = 1.26; neutral fNMES – happy fNMES, BF10 =0.90; 
happy fNMES – sad fNMES, BF10 =0.23]). All Bayes factor values were 
between.23 and 2.14, indicating at best anecdotal evidence in favour of 
H1. 

4. Discussion 

This study’s primary goal was to investigate whether N170 ampli
tude differences between stimulus categories (faces and houses) and 
within stimulus categories (between emotional facial expressions) could 
be observable during the concurrent application of fNMES. Given that 
there are no previous studies that combine fNMES and EEG, we were 
unsure as to how the anticipated fNMES artefact would manifest in the 
EEG data, and whether the presence of an artefact would hinder any 
accurate measurement of N170 differences. As such, we also explored 
the impact of an active reduction of the fNMES artefact on any N170 
amplitude differences observed during concurrent fNMES. 

As expected, an artefact induced by fNMES was visible during the 
stimulation period (see Fig. 3a), which can also be seen to be super
imposed over the visual response to stimuli (see Fig. 3b). Linear 
decomposition of the data (via ICA) revealed a number of components 
associated with fNMES (see Fig. 3c). These included components 
directly related to the high-frequency current (large peak in power at the 
stimulation frequency), and components that indicated a blink-induced 

Fig. 4. N170 to houses and faces over bilateral occipital cluster (P7, P8, PO7, PO8). (a) N170 for house and face stimuli without fNMES (left) and during fNMES 
(right) for the artefact-included dataset (only blink components removed). N170 amplitude was greater for faces than houses in both conditions. (b) N170 for the 
artefact-excluded dataset (blink and fNMES components removed, 40 Hz low-pass filter) without fNMES (left) and during fNMES (right). Faces elicited larger N170 
amplitudes than houses in both conditions. Scalp maps show average topography between 130 and 210 ms post stimulus onset. Shaded areas and error bars on bar 
plots (showing mean amplitudes) show standard error. 
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startle response at the onset of stimulation. In addition, a somatosensory 
evoked potential (SEP) component was identified in the majority of 
participants (see supplementary materials for additional analyses of 
SEP). As such, ICA was able to accurately decompose the fNMES artefact 
(s) in the present study. Given that the artefact was observable at all in 
the averaged data, suggests that our stimulation onset times were 
extremely precise. If the stimulation delivery system was to introduce 
variability in onset times, then the artefact might not be visible in the 
averaged data, and ICA might not perform as well in isolating artefact- 
specific components. 

Regarding comparisons between stimulus categories (houses and 
faces), in trials without fNMES, N170 amplitude was greater during the 
perception of faces relative to houses. This effect is commonplace in the 
face perception literature (Eimer, 2000; Key and Corbett, 2020), and 
confirms that our stimuli and paradigm were appropriate to elicit the 
classical N170. Interestingly, this same difference was observed during 
fNMES, whether or not the stimulation artefact was actively removed. 
This is surprising, given the clear presence of a high amplitude, high 
frequency noise component superimposed on the N170 (see Fig. 4a). It 
should be noted, however, that quantifying ERP amplitude using the 

Fig. 5. N170 to emotional facial expressions over bilateral occipital cluster (P7, P8, PO7, PO8). (a) ERP without fNMES (left) and during fNMES (right) for the 
artefact-included dataset (only blink components removed). N170 amplitude was greater for sad faces than neutral faces in both conditions. (b) ERP for the artefact- 
excluded dataset (blink and fNMES components removed, 40 Hz low-pass filter applied) without fNMES (left) and during fNMES (right). Sad expressions elicited a 
larger N170 than neutral faces in both conditions. (c) Difference in N170 amplitude between sad and neutral expressions without fNMES (left) and with fNMES 
(right) with darker bars representing the artefact-included dataset. Removing the fNMES artefact significantly reduced the difference between sad and neutral ex
pressions, even during trials without fNMES. Shaded areas and error bars on bar plots (showing mean amplitudes) show standard error. 
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mean over a specified time window (here, 130–210 ms post stimulus 
onset) would necessarily smooth out the high frequency oscillations, 
thus reducing the impact of the artefact on the measurement of the 
ERP. There was no significant main effect of fNMES either prior to, or 
after artefact removal, however visual inspection indicated that N170 
to both houses and faces became more negative during stimulation, 
thus the relative difference between houses and faces was maintained. 
As such, it is evident from our current findings that fNMES poses no 
significant challenges for observing robust effects such as a larger N170 
to faces relative to non-face stimuli, whether the artefact is removed or 
not. 

The reason for also including emotional faces in this experiment, is 
that differences in N170 amplitude between emotional and neutral faces 
are typically less pronounced (if they can be found at all), compared to 
those between faces and houses. That is, the physical properties of 
houses and faces differ more than do the physical properties of faces 
displaying different emotional expressions (for a related debate see 
Thierry et al., 2007)and Rossion (2014)), especially when low-level 
aspects of face stimuli are tightly controlled, as in the present stimulus 
set. We therefore aimed to see if these relatively smaller differences in 
N170 could be observed during fNMES. We first examined whether there 
existed any difference between expression types in the absence of 
stimulation and found that sad expressions resulted in larger N170 
amplitudes than neutral expressions. Though the current study was not 
motivated for investigating the specific direction of any N170 differ
ences between emotional facial expressions, a number of studies have 
shown that emotionally expressive faces elicit larger N170 amplitudes 
than do neutral faces (see Hinojosa et al., 2015). It should be noted that 
we analysed the power in low (<1 cycles/degree), medium (1–4 
cycles/degree), and high (4–20 cycles/degree) spatial frequency bands 
for each expression, and found that sad expressions had significantly 
higher power in the medium spatial frequencies than did neutral ex
pressions. Low-level visual features have indeed been shown to account 
for observed differences between conditions concerning affective stimuli 
(Delplanque et al., 2007), however a number of studies have demon
strated that this is not the case for the N170 (Bruchmann et al., 2020; 
Holmes et al., 2005). As such, we cannot rule out that an enhanced N170 
to sad expressions was observed because of differences in power at 
medium spatial frequencies. Regardless of the cause for a larger N170 to 
sad expressions, we were primarily interested in whether the same dif
ference would be observed during fNMES. 

A pronounced N170 to sad facial expressions (relative to neutral) was 
also observed during fNMES when the stimulation artefact was present. 
Though we observed no main effect of fNMES or any interactions with 
expression type, numerically, N170 became more negative for all ex
pressions during fNMES, thus the relative difference between sad and 
neutral expressions was maintained. Following the removal of the 
fNMES artefact, the aforementioned differences between sad and neutral 
expressions both without and with fNMES were again observed, how
ever, to a smaller extent. Surprisingly, removing the artefact not only 
reduced the difference between sad and neutral expressions during 
fNMES trials, it also reduced the difference in trials that contained no 
stimulation (see Fig. 5c). As such, removing the fNMES artefact had an 
unexpected effect on non-fNMES trials. For the between stimulus types 
comparison (houses and faces), the removal of the fNMES artefact had 
no such effect. It should be noted that the removal of the fNMES artefact 
reduced the estimated effect size, Cohen’s d, by about 0.1, thus a me
dium effect size for the sad and neutral contrast was observed in both 
analysis strategies. It is possible that the derived independent compo
nents contained a mix of source contributions (fNMES artefact and brain 
components), and thus the removal of an apparent fNMES artefact 
component could have suppressed the contribution of brain-specific 
activations to the observed ERP. If this were the case, then it could be 
argued that such an impact would be more evident/pronounced in data 
concerning much smaller differences between conditions (comparisons 
between expression types). 

Although we observed significant differences between N170 ampli
tudes in response to neutral and sad facial expressions (both with and 
without stimulation) in the artefact-excluded analysis (and the impact of 
removing the artefact on said difference in both analysis strategies), a 
sensitivity analysis (two-tailed, α = 0.05, power =0.80, N = 20) using 
G*Power (v.3.1.9.7) revealed that the effect sizes were below the bounds 
of what the current study was powered for (ds <0.66). As such, these 
findings should be taken with caution. The effect sizes for the significant 
across stimulus-type comparisons (houses and faces) were larger (all ds 
> 1.43). Future studies that aim to specifically examine the direction of 
differences within stimulus types (different emotional faces), should 
thus recruit a larger number of participants. 

We did not find an effect of fNMES on N170 amplitudes in any 
condition, nor any interactions with expression or stimulus type. The 
purpose of the current study was to explore whether ERP components 
(such as the N170) could be observed at all during fNMES. As such, the 
study was not designed to explicitly explore facial feedback effects in 
emotional face perception. One of the advantages of using fNMES is that 
it allows for a high degree of specificity when modulating afferent 
proprioceptive signals to the central nervous system, signals of which 
could be integrated with other sensory inputs in order to aid in the 
interpretation of external events. In our case, the faces presented were of 
fully fledged emotional expressions, and therefore presented no ambi
guity. The literature on multisensory integration demonstrates that the 
combining of multiple sensory signals can facilitate the resolving of 
sensory ambiguities (Green and Angelaki, 2010). As such, future studies 
that aim to use fNMES as a means of studying facial feedback effects 
should utilize ambiguous facial expressions. In addition, facial feedback 
effects are typically very small (Coles et al., 2019), and so future studies 
should aim to recruit a much larger sample than we included in the 
present study. It is also possible that evidence of any modulation of face 
processing due to proprioceptive signals induced by fNMES is masked by 
the stimulation artefact, and/or is removed during the artefact removal 
procedure. If this were the case, then this would severely limit the types 
of experimental designs that are afforded when combining fNMES and 
EEG, unless alternative artefact reduction methods are implemented. 

Though we have successfully demonstrated that differences in N170 
can be observed during concurrent fNMES, more attention should be 
given to the impact of artefact reduction procedures on the observation 
of underlying brain dynamics. Recently, Delorme (2022) demonstrated 
that many of the typical processing steps associated with reducing noise 
in EEG data (including ICA) have very little (and sometimes detri
mental) effects on observing significant differences between conditions. 
The artefact reduction procedure that we have implemented here, 
significantly reduced the differences between N170 amplitudes to sad 
and neutral expressions, even during trials that contained no stimulation 
artefacts. Although these differences remained significant, the removal 
of the fNMES artefact under different experimental conditions and with 
different stimulation and recording apparatus might have undesired 
consequences. 

Our findings need not encourage the choice to abandon the active 
removal of the fNMES artefact. It is standard practice to reduce the 
impact of stimulation artefacts on EEG data (such as those observed 
during TMS and tDCS) so that accurate measurements of underlying 
brain phenomena can be obtained. The EEG system used in the current 
study had active shielding that limits conductive interference from 
sources originating from outside of the head (e.g. line-noise), and thus 
the impact of fNMES might be minimal compared to systems that do not 
have such shielding. In addition, EEG analyses are not restricted to ERPs. 
The impact of fNMES on other measures such as time-frequency de
compositions and spectral coherence measures might pose significant 
challenges, unless the artefact is indeed removed. 

In sum, the combining of fNMES and EEG offers a relatively low-cost 
and practical method of investigating multisensory integration that 
ensures both temporal and spatial precision when inducing activation of 
facial muscles. We encourage researchers to adopt fNMES as a means of 
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investigating the neurophysiological processes underlying facial feed
back effects. 
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