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A B S T R A C T   

The auditory steady-state response (ASSR) has been traditionally recorded with few electrodes and is often 
measured as the voltage difference between mastoid and vertex electrodes (vertical montage). As high-density 
EEG recording systems have gained popularity, multi-channel analysis methods have been developed to inte-
grate the ASSR signal across channels. The phases of ASSR across electrodes can be affected by factors including 
the stimulus modulation rate and re-referencing strategy, which will in turn affect the estimated ASSR strength. 
To explore the relationship between the classical vertical-montage ASSR and whole-scalp ASSR, we applied these 
two techniques to the same data to estimate the strength of ASSRs evoked by tones with sinusoidal amplitude 
modulation rates of around 40, 100, and 200 Hz. The whole-scalp methods evaluated in our study, with either 
linked-mastoid or common-average reference, included ones that assume equal phase across all channels, as well 
as ones that allow for different phase relationships. The performance of simple averaging was compared to that of 
more complex methods involving principal component analysis. Overall, the root-mean-square of the phase 
locking values (PLVs) across all channels provided the most efficient method to detect ASSR across the range of 
modulation rates tested here.   

1. Introduction 

Periodic auditory stimuli, such as pure tones, amplitude-modulated 
(AM) tones, and voiced speech, can evoke a periodic brain response at 
the frequency corresponding to the stimulus periodicity, which can be 
recorded via electroencephalography (EEG) (Aiken and Picton, 2008; 
Batra et al., 1986; Mehta et al., 2021) or magnetoencephalography 
(MEG) (Coffey et al., 2016b; Gorina-Careta et al., 2021; Kulasingham 
et al., 2020); for a review, see Krizman and Kraus (2019). The periodic 
response to the temporal fine structure of pure tones is known as the 
frequency-following response (FFR) (Batra et al., 1986; Gerken et al., 
1975; Glaser et al., 1976). For complex stimuli, where the neural 
response is to the repetition rate of the temporal envelope, it has been 
termed the auditory steady-state response (ASSR) (Rance, 2008) or the 
envelope-following response (EFR) (Holmes et al., 2018), often inter-
changeably. Although we reserve the term FFR for neural responses to 
the temporal fine structure of pure tones, this term has also been used in 
the literature to refer to temporal-envelope responses or responses that 
reflect both temporal fine structure and envelope (Coffey et al., 2019). 
To avoid such potential confusion, we use the more general term of ASSR 

here. The ASSR has been used in clinical tests to provide an objective 
estimate of hearing thresholds across a range of audiometric frequencies 
(Duarte et al., 2008; Vander Werff, 2009) and has been employed in 
auditory research studies to separate the neural representation of 
different aspects of complex sounds by, for instance, selectively applying 
AM to only some tones within a complex mixture (Bharadwaj et al., 
2014; Gutschalk et al., 2008; Heo et al., 2017) or applying different AM 
rates to different carriers (Gander et al., 2010; Lau et al., 2017; Mehta 
et al., 2021; Polonenko and Maddox, 2019). 

The ASSR recorded with EEG is the summation of phase-locked ac-
tivity from multiple neural generators within the auditory system, 
including the cochlea, auditory nerve, inferior colliculus, and auditory 
cortex. One important factor affecting the relative contributions of these 
sources is the rate at which the stimulus is modulated (Coffey et al., 
2019; Gnanateja et al., 2021; Krizman and Kraus, 2019; Tan et al., 
2015). In general, for EEG studies the contribution of subcortical sour-
ces, relative to that of cortical sources, is thought to increase with 
increasing modulation rate, with the ASSR in response to lower (<40 
Hz) rates dominated by cortical components (Aiken and Picton, 2008; 
Herdman et al., 2002) and the ASSR in response to higher (>100 Hz) 
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rates dominated by subcortical components (Bidelman, 2018; Chan-
drasekaran and Kraus, 2010; Herdman et al., 2002). For all modulation 
rates there will be some contribution from peripheral sources, e.g., 
cochlear microphonic (Sohmer et al., 1977) and the auditory nerve 
(Bidelman, 2018), but their relative contribution to the ASSR depends 
on the applied measurement technique (Galbraith et al., 2000). Addi-
tionally, the ASSR recorded with EEG usually requires a large number of 
trials due to its low signal-to-noise ratio, especially for situations with 
more subcortical components (Krizman and Kraus, 2019; Skoe and 
Kraus, 2010). 

Selecting an appropriate EEG electrode configuration or montage is 
an important part of the experimental design. The ASSR at higher fre-
quencies (≥100 Hz) has been traditionally recorded via a vertical 
forehead-to-neck electrode montage consisting of a fronto-central non- 
inverting vertex electrode and an inverting reference electrode, such as 
left or right mastoid reference (M1 or M2), linked mastoids reference 
(LMR), or earlobe reference (Batra et al., 1986; Gerken et al., 1975; 
Greenberg et al., 1987; Krizman and Kraus, 2019; Skoe and Kraus, 
2010). This vertical montage remains in common use (Billings et al., 
2019; Cone-Wesson et al., 2002; Krishnan et al., 2004; Tichko and Skoe, 
2017), and the amplitude of the resulting ASSR has been interpreted as a 
measure of the strength of an assumed vertical dipole in the auditory 
brainstem (Galbraith, 1994; Krizman and Kraus, 2019). The existence of 
this dominant dipole has been confirmed both by source-localization 
studies using high-density EEG (Bidelman, 2015, 2018; Chan-
drasekaran and Kraus, 2010; Coffey et al., 2019) and by a 
double-dissociation human case study (White-Schwoch et al., 2019). 
Although different choices of the inverting reference channel (M1, M2, 
or LMR) do not appear to affect the ASSR (Galbraith, 1994), selecting 
different non-inverting vertex channels can lead to ASSRs that empha-
size different aspects of subcortical activity (Parthasarathy and Bartlett, 
2012). In contrast to the vertical montage, the horizontal montage is 
recorded as the difference between bilateral earlobes or mastoids, and is 
thought to reflect activity from the most peripheral parts of auditory 
system, including the cochlea and auditory nerve (Galbraith, 1994; 
Galbraith et al., 2000, 2001; King et al., 2016). 

In recent years, researchers have used the widespread availability of 
whole-scalp multi-channel (e.g., 32-, 64-, or 128-channel) EEG systems 
either to attempt to identify the different neural generators contributing 
to the ASSR (e.g., Bidelman, 2015; Tichko and Skoe, 2017; Zhang and 
Gong, 2017), or to simply integrate the information from multiple 
electrodes to produce a more accurate or efficient estimate of the overall 
ASSR (e.g., Bharadwaj and Shinn-Cunningham, 2014; Biesmans et al., 
2015; Lu et al., 2020; Luke and Wouters, 2017). The potential benefits of 
multi-channel EEG for ASSRs in clinical application have also been 
explored (e.g., van Dun et al., 2007). The availability of data from 
multiple electrodes or channels raises the question of how best to inte-
grate the information and how to relate multi-channel ASSR results to 
those from the traditional vertical-montage ASSR. The amplitude of the 
ASSRs measured through multi-channel and vertical montages may vary 
substantially (Coffey et al., 2019; Krizman and Kraus, 2019), but the 
quantitative relationship between them remains unclear. 

Regardless of the montage selected, the raw EEG data need to be re- 
referenced before analysis, and the measured ASSR strength has been 
found to be affected by the choice of reference. For instance, the spectral 
magnitude of the ASSR obtained through the traditional vertical 
montage (e.g., Fz–M1) has been found to be three to four times larger 
than its magnitude at the same vertex channel when obtained via a 
multi-channel recording with a common average reference (Fz–CAR) 
(Bidelman, 2015). Although it was hypothesized that the discrepancy 
was caused by the contributions from peripheral components on the 
mastoid channels, i.e., ASSR activation from the cochlea and auditory 
nerve picked up by the M1 channel (Bidelman, 2015), this explanation 
remains untested and it is unclear whether the relationship generalizes 
across a range of ASSR frequencies, or whether it is specific to the region 
around 100 Hz tested by Bidelman (2015). In addition to affecting the 

amplitude, the referencing strategy can also affect the ASSR phase 
coherence between a pair of electrodes (Essl and Rappelsberger, 1998; 
Fein et al., 1988; Guevara et al., 2005; Hu et al., 2010), as well as the 
phase estimate at a single electrode (Thatcher, 2012). 

Finally, there are choices to be made regarding how to quantify the 
ASSR strength. The vertical-montage EEG can be quantified through the 
magnitude and the phase of the periodic ASSR signal. One measure is the 
spectral magnitude at the ASSR frequency from the Fourier-transformed 
time waveform, after averaging the time waveform across trials (Batra 
et al., 1986; Greenberg et al., 1987). Another common measure of ASSR 
strength is the phase-locking value (PLV, or inter-trial phase coherence) 
(Stapells et al., 1987). The PLV is obtained by taking the Fourier 
transform of the waveform from each trial, extracting the unit vector 
and then calculating the complex average across trials of the unit vector 
to extract its magnitude. A PLV of 0 corresponds to random noise and 1 
corresponds to perfect phase locking, with the phase remaining consis-
tent across all trials (Tallon-Baudry et al., 1996). When compared with 
spectral magnitude, the PLV has been found to be a more reliable 
measure (Zhu et al., 2013), and has been widely used in recent ASSR 
research (Coffey et al., 2016a, 2016b; Mao et al., 2018; Samuelsson 
et al., 2019; Skosnik et al., 2007; Spencer et al., 2008). 

Quantifying the ASSR strength from multi-channel recordings is 
based on the assumed or estimated phase relationships between chan-
nels. Some multi-channel techniques rely on the assumption that the 
phase of the ASSR remains either equal or opposite across electrodes 
(Biesmans et al., 2015; van Dun et al., 2009), as would be expected with 
a single dominant neural generator and a near-instantaneous change in 
potential at the scalp. This assumption may not always hold, as the scalp 
ASSR likely reflects a mixture of multiple neural generators with 
different phases (Bidelman, 2015, 2018; Chandrasekaran and Kraus, 
2010; Coffey et al., 2019). To accommodate such phase inconsistencies, 
more sophisticated measures have been developed, such as the multiple 
magnitude-squared coherence (MMSC) (da Silva Eloi et al., 2018), 
complex principal component analysis (cPCA) (Bharadwaj and 
Shinn-Cunningham, 2014; Lu et al., 2020), and the Hotelling’s T2 (Pic-
ton et al., 1987). Finally, an alternative approach to accommodate the 
possibility of unequal phases is to independently compute ASSR strength 
within each single channel and to simply summarize the output from all 
electrodes by averaging or computing other statistics such as 
root-mean-square (RMS) value. The signal-to-noise ratio (SNR) of the 
RMS of PLV across all channels has generally been found to be signifi-
cantly higher than the PLV based on a single channel (Bharadwaj and 
Shinn-Cunningham, 2014; Lu et al., 2020). 

In summary, the recording and analysis of the ASSR via EEG include 
multiple key factors that may affect the final estimated ASSR strength: 
stimuli modulation rate, EEG electrode number and placement, choice 
of reference, and quantification technique. No systematic evaluation of 
all these factors and their potential combinations has yet been under-
taken to evaluate the optimal setup and analysis procedures for ASSR 
studies. This lack of any systematic study of how best to evaluate multi- 
channel EEG data has led to difficulties in quantitatively comparing 
results from different approaches, and uncertainty regarding how to 
optimally combine information from multiple channels under different 
recording conditions. The aim of the current study was to provide a 
systematic approach to tackling these questions. We analyzed an exist-
ing EEG dataset that recorded ASSR evoked by modulation rates of 
around 40, 100, and 200 Hz, to capture the range from those thought to 
be dominated by cortical responses (40 Hz) to those dominated by 
subcortical responses (200 Hz). To study the effect of different pre- 
processing techniques, we compared the phase and strength of ASSR 
from a vertical-montage approach with various reference strategies. We 
anticipated that the pre-processing technique used would affect the 
phase and the strength of the ASSR, estimated through spectral magni-
tude and PLV. Using this dataset, we also evaluated the differences in 
response strength and reliability when using single-channel versus 
multi-channel methods. However, a major difficulty to compare the 
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output from various methods is their inconsistent scales. For example, 
the output from one method could be much higher than the upper limit 
of the other method. Therefore, we designed a standardization process 
to compare the method output at the AM frequency (signal) with those 
at neighboring frequencies without any AM (noise floor). Our hypothesis 
was that multi-channel methods should need fewer trials to distinguish 
the ASSR at the AM frequency from the noise floor than single-channel 
methods. To provide a comprehensive evaluation of different ASSR 
measurement methods, we compared the standardized results from both 
single- and multi-channel approaches using different referencing stra-
tegies and compared the strength of the ASSR with different numbers of 
trials, ranging from 200 to 1000. 

Overall, the aim of this study was to systematically evaluate the ef-
fect of various analysis decisions on the strength of the ASSR for single 
and multi-channel data. We compared two reference strategies on sin-
gle- and multi-channel data with a variety of EEG analysis methods. 

2. Materials and methods 

2.1. Data 

The data used for these analyses were collected as part of the pro-
tocol described in a recently published study (Mehta et al., 2021). The 
current dataset included recordings from fourteen young 
normal-hearing participants (4 males and 10 females; age range 18–34 
years) who had all provided written informed consent and completed 
protocols approved by the Institutional Review Board of the University 
of Minnesota. All participants had audiometric thresholds less than 20 
dB HL at octave frequencies between 250 and 8000 Hz. The monaural 
stimuli for evoking the ASSR included five simultaneously presented 
tones, all spaced 5/11 octaves apart from their nearest neighbors, and all 
with a total duration of 437.52 ms, including 10-ms raised-cosine ramps; 
see Fig. 1. In session one, the central tone was centered around 1806 Hz 
(with a ±1/4 octave frequency rove between trials) and was sinusoi-
dally amplitude modulated with the sum of two modulators at 43.43 Hz 
and 98.28 Hz, each with 50% modulation depth. A depth of 50% was 
used to avoid overmodulation when the two modulators were added, so 
that their sum never exceed 100% depth. The four flanking tones (two 
above and two below the central tone) were all coherently sinusoidally 
amplitude modulated with the sum of 34.28 Hz and 91.42 Hz, each with 
25% modulation depth. A lower depth was selected to make the ASSR 
strength of the single target more similar to the ASSR strength of the four 
flankers. In session two, the central tone was centered around 3612 Hz 
(with a ±1/4 octave frequency rove between trials) and was sinusoi-
dally amplitude modulated at 43.43 Hz and 233.13 Hz, each with 50% 

modulation depth, and the four flanking tones were coherently sinu-
soidally amplitude modulated at 34.28 Hz and 217.13 Hz, each with 
25% modulation depth. 

In addition to its ready availability, this dataset was chosen as being 
representative of many that involve compromises between the strong 
ASSR produced by full modulation and long-duration stimuli (Picton 
et al., 2003) and the weaker ASSR produced by stimuli that can be used 
in perceptual experiments while measuring responses from multiple 
sources simultaneously. It is in such cases that the efficient extraction of 
the ASSR is of particular importance. In the original study (Mehta et al., 
2021), EEG responses to the AM stimuli were recorded with and without 
an unmodulated precursor stimulus to investigate neural correlates of 
auditory enhancement. Here, only the trials without a precursor were 
analyzed. Each condition included 1000 trials. Because the ASSR evoked 
by the one central tone was not always detectable at high AM rates, only 
the ASSRs evoked by the four flanking tones with 25% modulation depth 
were analyzed here. Thus, the ASSR modulation rates of interest were at 
34.28 Hz (Sessions 1 and 2), 91.42 Hz (Session 1), and 217.13 Hz 
(Session 2). Because the 34.28-Hz rate was present in both sessions, a 
total of 2000 trials were obtained with that frequency. No significant 
differences in the 34.28-Hz ASSR were detected between sessions 1 and 
2 for either reference choice (LMR or CAR) and across multiple 
recording electrode (Fz, Cz, M1, and M2). Therefore, all analyses at 
34.28-Hz were conducted on the 1000 trials in session 1 to keep the 
number of trials consistent for all frequencies. The figures of all analyses 
generated using all 2000 trials are attached in the supplementary ma-
terials (Figs. S1–S5) in comparison with main Figs. 2–6. 

2.2. Pre-processing 

The EEG pre-processing and averaging was done using the EEGLAB 
toolbox (Delorme and Makeig, 2004). The raw waveforms were 
re-referenced in one of two ways: 1) to the average of two mastoid 
electrodes (linked-mastoid-referenced strategy, LMR), and 2) to the 
average of all 64 scalp electrodes (common-average-referenced strategy, 
CAR). The linked mastoid was chosen to reduce potential noise from a 
single mastoid. In the analyses involving the phase at mastoids, the 
mastoids channels were re-referenced to CAR, i.e., (M1+M2)/2 – CAR. 
The main reason is that the phase at mastoids can only be analyzed when 
referenced to CAR, because LMR referenced to itself will be constantly 0, 
i.e., (M1+M2)/2 – (M1+M2)/2 = 0. For each condition, the continuous 
EEG time series was divided into epochs. The epoch extended from 100 
ms before stimulus onset to 437 ms post stimulus onset. The epoched 
signal was then baseline corrected relative to the 100-ms pre-stimulus 
baseline and only the 437-ms recording (while the AM stimuli were 
playing) was used in following analyses. Further analyses were per-
formed in a Python environment with the MNE-python package 
(Gramfort, 2013). 

2.3. Measurement techniques 

2.3.1. Spectral magnitude and phase comparisons of vertical-montage and 
multi-channel ASSR 

The spectral magnitude, phase coherence, and delay were estimated 
under the two different types of reference (LMR and CAR). The spectral 
magnitude was calculated by applying a discrete Fourier transform 
(DFT) to the averaged EEG time waveform at Cz. Phase coherence is 
represented by the PLV, which was calculated at each electrode by 
applying a DFT to the time-domain waveforms from individual trials, 
extracting the phase at each frequency, and then taking the complex 
average of unit vectors with the phases from each trial. The 1000 trials 
from session 1 of 34.28-Hz ASSR, 1000 trials of 91.42-Hz ASSR, and 
1000 trials of 217.13-Hz ASSR were used in calculating the PLVs from 
each of the 64 electrodes across the scalp. To test the effect of sample 
size, a series of subsamples with sizes ranging from 200 to 1000 trials 
were drawn without replacement from the total of 1000 trials with the Fig. 1. Schematic representation of the AM stimuli used for measuring ASSR.  
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34.28-Hz ASSR and 1000 trials with the 91.42-Hz and 217.13-Hz ASSRs. 

2.3.1.1. Quantifying the ASSR. The PLV directly reflects the phase of 
ASSR and its variance, allowing us to observe the effect of the choice of 
reference on the single- and multi-channel PLV. Several analysis 
methods based on different assumptions of the signal and its source(s) 
have been developed to measure the PLV. Although it is beyond the 
scope of our study to provide an in-depth examination of the details of 
the individual multi-channel methods, we focus on evaluating the per-
formance of a standardized version of each of these methods on our 
dataset. 

As mentioned earlier, there are significant differences in the 
magnitude of the response across these evaluation methods, especially 
when comparing single-versus multi-channel data. The variety of 
candidate methods made it challenging to select specific degree of 
freedom for an F-test. To overcome this issue, we use a z-transformation 
method that allows for easier comparisons across methods. For any valid 
analysis method, the estimated ASSR at the tagged AM frequency should 
be significantly higher than those at untagged frequencies, and an 

efficient method can detect this difference with fewer trials. Based on 
this assumption, the measured ASSR strength was z-transformed by 
subtracting the mean and dividing by the standard deviation of the ASSR 
noise floor calculated through each method (z = (signal – mean(noise))/ 
std(noise)). The noise floor was estimated at frequencies surrounding 
each targeted frequency, as follows: For the 34-Hz ASSR, the range was 
20–55 Hz; for the 91-Hz ASSR, the range was 75–110 Hz; for the 217-Hz 
ASSR, the range was 205–240 Hz. In all cases, the stimulus AM fre-
quencies themselves were excluded from the noise-floor calculations. 

To better understand the relative advantages and disadvantages of 
different approaches to deriving the ASSR, the results using the 
following six different methods of calculating the PLV were compared:  

1) Single-channel PLV: The PLV was derived by considering only the 
signal from a single electrode, Cz.  

2) Root mean square of all-channel PLV (PLVRMS): The PLV was derived 
by calculating the root mean square (RMS) of the PLVs from all 
electrodes.  

3) Time-domain principal component analysis (tPCA): The PLV was 
derived via time-domain principal component analysis (PCA) by 

Fig. 2. The local (single-channel at Cz) spectral 
magnitudes (left panel) and PLVs (right panel) 
computed with different reference strategies, aver-
aged across participants. The solid bars are calculated 
with the EEG re-referenced to CAR and the striped 
bars are calculated with the EEG re-referenced to 
LMR. The striped bars therefore represent the clas-
sical vertical montage. Error bars represent the stan-
dard error of the mean across participants. The grey 
bars represent the noise floor, which is the average 
spectral magnitude or PLV at unmodulated fre-
quencies surrounding the tagged frequency, as 
defined in methods section.   

Fig. 3. The group-average PLVs at different locations, re-referenced with the 
CAR. The bars are clustered by AM frequency. Within a frequency cluster, the 
dark blue bars show the PLVs measured at mastoids channels (M1+M2); the 
lighter blue bars show the PLVs measured at vertex channels (Cz + FCz); and 
the green bars show the PLV of the horizontal difference ASSR (M1-M2). Error 
bars represent the standard error of the mean across participants. (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 4. Circular average of the phase delay between the ASSR phase recorded at 
the mastoid (M1+M2) and vertex (Cz + FCz) channels with CAR. The hori-
zontal dashed line represents the phase difference equaling to π, i.e., the ASSR 
recorded at mastoid and vertical channels were in opposite phase. The error 
bars represent the circular standard deviation of phase differences. 
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applying the DFT to the principal component series (i.e., a weighted 
sum of all 64 channels with real weights obtained through the 
eigendecomposition of the real temporal covariance matrix) of each 
trial that explained the most variance.  

4) Complex principal component analysis (cPCA): The PLV was derived 
via spectral-domain complex PCA, using a weighted sum of all 64 
channels with the complex weights obtained through the eigende-
composition of the complex cross-spectrum matrix. 

Fig. 5. The topomap of ASSR phase with LMR and CAR. The color represents the circular mean of estimated phase of all participants. With CAR, the values were 
mostly clustered around one of two opposite phases, as the voltage pattern of dipole under a neutral reference. With LMR, the phases were approximately uniform 
except for the 34-Hz ASSR. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Average z-scores of the ASSR measured with the various methods. The top row represents the ASSR calculated on the EEG re-referenced to CAR, and the 
bottom row represents the ASSR calculated on the EEG re-referenced to LMR. The three columns of plots represent the ASSR at 34 Hz, 91 Hz, and 217 Hz, from left to 
right. The horizontal solid lines represent the z-score where the ASSR is the same as the mean of noise floor. The horizontal dashed lines represent the z-score with 
99% confidence rejecting the null hypothesis that there was no ASSR above noise floor. Error bars represent the standard error of the mean z-score across 
participants. 
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5) Hotelling’s T2: The multi-channel Hotelling’s T2 measurement was 
derived by treating the real and imaginary part of Fourier- 
transformed 64 channels separately as 128 variables to estimate 
the 128-by-128 covariance matrix and normalizing the sum of 
average of 128 variables with the inverted covariance matrix.  

6) Multi-channel magnitude squared coherence (MMSC): The multi- 
channel magnitude squared coherence was derived by normalizing 
the sum of the average of the Fourier-transformed 64 channels by 
their inverted complex cross-spectrum matrix. 

When referenced to LMR, the first method is equivalent to the clas-
sical vertical-montage method, where the ASSR is recorded as the dif-
ference between vertex and mastoid electrodes (e.g., Clinard et al., 
2010; Hoormann et al., 1992). Methods 2–6 incorporate multi-channel 
analysis to assess the potential benefits of utilizing high-density EEG 
over the traditional vertical montage (Method 1). The all-channel 
PLVRMS method allows inconsistent phases between channels, as the 
PLVs are computed independently for each channel (Bharadwaj et al., 
2015; Mehta et al., 2021; Paul et al., 2017). The tPCA method assumes 
that the ASSR phases are consistent across channels (either exactly in 
phase or out of phase), and so the results would be negatively affected by 
any phase differences between channels except those with exact oppo-
site phases. Although rarely used in multi-channel ASSR analysis, the 
tPCA method has been used as a baseline condition of multi-channel 
methods (Bharadwaj and Shinn-Cunningham, 2014). The cPCA 
method was designed to compensate for the relative phase difference 
across channels (Bharadwaj and Shinn-Cunningham, 2014), but the 
cPCA tool developed by Bharadwaj and Shinn-Cunningham (2014) and 
used in subsequent studies (Paul et al., 2017; Samuelsson et al., 2019; 
Varghese et al., 2015) actually implemented the all-channel PLVRMS 
method, rather than a cPCA approach (Lu et al., 2020). Therefore, the 
performance of an actual cPCA algorithm has yet to be formally tested. 
In this paper, we developed code that strictly follows the original al-
gorithm of cPCA, where the principal component series were computed 
as complex weighted sums of Fourier-transformed channels. Both the 
multi-channel Hotelling’s T2 (e.g. Mijares et al., 2013; Vanheusden 
et al., 2019) and MMSC (da Silva Eloi et al., 2018; Felix et al., 2018) 
methods have been used in recent multi-channel EEG studies of ASSR, 
and both aim to provide an overall estimate of ASSR strength with phase 
differences between channels corrected by the estimated covariance 
matrix. 

In summary, the six different methods for estimating the ASSR were 
chosen to represent four typical strategies for treating possible phase 
inconsistencies across channels: considering only one channel (method 
1); independently computing phase coherence for each channel and 
taking the RMS (method 2); assuming equal or opposite phase across 
channels (method 3); and estimating and compensating for the phase 
differences (methods 4–6). The statistical tests were performed in an R 
environment (Team R Core, 2018) with nlme (Pinheiro et al., 2019), 
lsmeans (Lenth, 2016), and circular (Agostinelli and Lund, 2017) 
packages. The code for performing all analyses and plotting figures is 
available on GitHub (https://github.com/HaoLu-a/MultiPhase_Code). 

3. Results 

3.1. Spectral magnitude and phase coherence under LMR and CAR 

The spectral magnitudes and PLVs at Cz were calculated with the 
EEG referenced to either CAR or LMR. As noted earlier, the single- 
channel spectral magnitude and PLV with LMR is equivalent to the 
classic vertical-montage recording method. The results are shown in 
Fig. 2. For all combinations of stimulus frequency and reference strat-
egy, both the spectral magnitude and the PLV were significantly above 
noise floor (p < 0.003 and p < 0.018, respectively, for all conditions). 

To explore the effect of AM frequency and reference strategy on the 
spectral magnitude, a repeated-measures ANOVA was performed on the 

spectral magnitudes with factors of reference strategy (CAR and LMR) 
and AM frequency (34, 91, and 217 Hz). Results showed significant main 
effects of reference strategy (F1,65 = 82.4, p < 0.001) and AM frequency 
(F2,65 = 42.3, p < 0.001), and their interaction (F2,65 = 7.05, p = 0.002). 
The spectral magnitude with LMR was significantly higher than that 
with CAR when the AM frequency was 34 Hz (t65 = 7.19, p < 0.0001), 
91 Hz (t65 = 6.32, p < 0.0001), or 217 Hz (t65 = 2.22, p = 0.03). The 
ratio between the means of spectral magnitude with LMR and CAR was 
2.73 at 34 Hz, 3.88 at 91 Hz, and 3.78 at 217 Hz, which is similar to the 
factor of 3–4 reported by Bidelman (2015). When using CAR, the spec-
tral magnitude at 34 Hz was significantly higher than that at 91 Hz (t65 
= 4.01, p = 0.005, corrected with Tukey’s method) and 214 Hz (t65 =

4.01, p = 0.005, corrected with Tukey’s method). When using LMR, the 
spectral magnitude decreased as the frequency increased, and the dif-
ferences between all pairs were significant (p < 0.003 for all, corrected 
with Tukey’s method). 

To explore the effect of AM frequency and reference strategy on the 
measured PLV, a repeated-measures ANOVA was performed on the PLVs 
with factors of reference strategy (CAR and LMR) and AM frequency (34, 
91, and 217 Hz). Results showed a significant main effect of reference 
strategy (F1,65 = 9.96, p = 0.002) and AM frequency (F2,65 = 4.14, p =
0.02), but their interaction was not significant (F2,65 = 0.39, p = 0.68). 
The PLVs were significantly larger when re-referenced to LMR than to 
CAR (t65 = 3.16, p = 0.002). The 91-Hz PLV at Cz was significantly 
larger than the 217-Hz (t65 = 2.88, p = 0.015, p values were adjusted by 
Tukey’s method) PLV. There was no significant difference between the 
other pairs (p values were adjusted by Tukey’s method). The consistent 
decrease in spectral magnitude (but not PLV) with increasing modula-
tion frequency is consistent with the expectation that the overall EEG 
response (but not necessarily its phase consistency) decreases in roughly 
inverse proportion to frequency (Buzsáki, 2006). Having established the 
expected pattern of responses with spectral magnitude (and its depen-
dence on the re-reference strategy), the remainder of our study focuses 
on the PLV. 

To compare the strength of the ASSR at various locations on the 
scalp, PLVs were calculated with CAR using three different montages of 
LMR (M1+M2), vertex electrodes (Cz + FCz), and the horizontal dif-
ference (M1-M2). A previous study explained the difference in ASSR 
strength measured with CAR and LMR in terms of the mastoid channels 
in the LMR conditions picking up signals from the cochlear microphonic 
and auditory nerve (Bidelman, 2015). If the hypothesized contamina-
tion from peripheral components exists, such signals should be detected 
via the horizontal difference (M1-M2) (Billings et al., 2019; Galbraith 
et al., 2000; King et al., 2016). The results are shown in Fig. 3. The PLVs 
were first compared with the PLV noise floor, as defined in methods 
section. Paired t-tests showed that the PLVs at all three AM frequencies 
were significantly higher than the noise floor when recorded as M1+M2 
(p < 0.012 for all three frequencies) and Cz + FCz (p < 0.002 for all 
three frequencies). In contrast, the PLVs measured as M1-M2 were not 
significantly different from the noise floor (p > 0.12 for all three fre-
quencies), suggesting that no significant horizontally oriented compo-
nents were recorded at the mastoids. Thus, the contribution of 
peripheral components seems unlikely to explain why the ASSR ampli-
tude is larger for the LMR than for the CAR referencing strategy. A 
repeated-measures ANOVA was performed on the PLVs with electrode 
montage (M1+M2, Cz + FCz, or M1–M2) and frequency (34, 91, or 217 
Hz) as factors. Results showed significant main effects of electrode 
montage (F2,104 = 27.7, p < 0.0001) and frequency (F2,104 = 5.52, p =
0.0052), but no significant interaction (F4,104 = 0.775, p = 0.54). 
Pairwise comparisons showed that the ASSR at 91 Hz was significantly 
larger than the 217-Hz ASSR (t104 = 3.29, p = 0.0039), and the M1–M2 
horizontal ASSR was significantly smaller than the M1+M2 and Cz +
FCz ASSRs (p < 0.0001 for both). Other pairwise comparisons showed 
no significant differences between pairs of frequencies or locations (p >
0.10 for all). 

H. Lu et al.                                                                                                                                                                                                                                       

https://github.com/HaoLu-a/MultiPhase_Code


Current Research in Neurobiology 3 (2022) 100061

7

3.2. Phase delay across electrodes at different locations 

Given that peripheral components seem unlikely to explain the dif-
ferences in ASSR due to referencing strategy (CAR and LMR), the phase 
differences between the ASSR recorded at M1+M2 and Cz + FCz were 
also examined and are shown in Fig. 4. The results of a Rayleigh test of 
uniformity were used to reject the null hypothesis of uniform distribu-
tion between 0 and 2π rad for the phase of the ASSR at 34 Hz (z = 0.61, p 
= 0.0041), 91 Hz (z = 0.697, p < 0.0001), and 217 Hz (z = 0.472, p =
0.041). Therefore, the circular mean of phase difference for all three AM 
frequencies should be a meaningful estimate of the actual phase delay 
between mastoid and vertex, implying that the ASSRs recorded at vertex 
(Cz + FCz) and mastoid (M1+M2) channels were approximately in 
opposite phase (π rad) for all three tested frequencies. 

To investigate the effect of re-referencing strategy on the phases of 
ASSR on the scalp, the phases at all electrodes locations were estimated 
in spectral domain and were averaged across participants. The results 
are plotted as topomaps in Fig. 5. The phase patterns with CAR for three 
AM frequencies reflected the different contributions from cortical and 
subcortical sources. For 34-Hz ASSR, the patterns of the phase topomaps 
were similar when using CAR and LMR, where the phases in the frontal 
and occipital regions were approximately opposite to each other. For 91- 
Hz and 217-Hz ASSR, the phases of parietal and temporal electrodes 
were approximately opposite to each other when re-referenced to CAR 
but were more nearly uniform when re-referenced to LMR. 

3.3. Comparison of performance of measurements in detecting ASSR 

To compare the efficiency of the various methods in detecting the 
presence of an ASSR, the outputs were z-transformed to unify their 
scales, as described in the methods section. The raw outputs from 
various methods before z-transformation are plotted in Fig. S6 and 
Fig. S7. The resulting z-scores are plotted in Fig. 6. To control the total 
number of factors within each model and ensure the interpretability of 
interaction effects, repeated-measures ANOVAs were applied to the z- 
scores at the three frequencies separately, with ASSR method, sample 
size, and reference strategy as independent variables. As the relationship 
between the average z-score and sample size was approximately linear, 
the sample size was treated as a continuous variable to reduce the 
number of parameters to be estimated. 

For the z-scores of the 34-Hz ASSR, significant main effects of 
method (F5,803 = 4.88, p < 0.0001) and sample size (F1,803 = 207, p <
0.0001) were found, along with a significant interaction between 
method and sample size (F5,803 = 14.8, p < 0.0001). Other effects and 
interactions were not significant. As there was a significant interaction 
between the continuous variable of sample size and the discrete variable 
of method, pairwise comparisons were separately performed on the 
intercept and slope of the linear relationship between z-score and sam-
ple size with the various methods. The intercept was the z-score esti-
mated at 600 trials for each condition to compare the overall 
performance of the methods, and the slope represented the benefit ob-
tained with a given method by increasing the sample size. The results of 
pairwise comparisons on the intercept were: {PLVrms, MMSC, T2} >
{PLVsingle-channel, tPCA, cPCA} (p > 0.10 for methods within a set; p <
0.0001 for all pairs between sets; all p values were adjusted with Tukey’s 
method). The results of pairwise comparison on the slope were: {MMSC, 
T2} > {PLVsingle-channel, PLVrms, tPCA, cPCA} (p > 0.27 for methods 
within a set; p < 0.0004 for all pairs between sets; all p values were 
adjusted with Tukey’s method). 

For the z-scores of the 91-Hz ASSR, the test showed significant main 
effects of method (F5,803 = 2.97, p = 0.0115) and sample size (F1,803 =

184, p < 0.0001), and significant interactions between method and 
sample size (F5,803 = 11.2, p < 0.0001). Other effects were not signifi-
cant (p > 0.072 for all). Due to the significant interaction between 
sample size and reference strategy, pairwise comparisons between the 
intercept and slope of the linear relationship between z-score and 

sample sizes with various methods were separately conducted for CAR 
and LMR. For CAR, the results of pairwise comparison on the intercept 
were: {MMSC, T2, PLVrms} > {PLVsingle-channel, tPCA} > cPCA (p > 0.21 
for methods within a set; p < 0.001 for all pairs between sets; all p values 
were adjusted with Tukey’s method), except that tPCA > cPCA(p =
0.051). The results of pairwise comparison on the slope were: {MMSC, 
T2} > { PLVrms, PLVsingle-channel, tPCA, cPCA} (p > 0.72 for methods 
within a set; p < 0.009 for all pairs between sets; all p values were 
adjusted with Tukey’s method), except that MMSC > PLVrms (p =
0.086). 

For the z-scores of the 217-Hz ASSR, the test showed significant main 
effects of method (F5,803 = 2.71, p = 0.019) and sample size (F1,803 =
84.4, p < 0.0001), and their interaction (F5,803 = 2.93, p = 0.012). No 
other effects were significant (p > 0.23 for all). The results of pairwise 
comparison on the intercept were: PLVrms > {MMSC, T2, tPCA, 
PLVsingle-channel} > cPCA (p > 0.23 for methods within a set; p <
0.018 for all pairs between sets; all p values were adjusted with Tukey’s 
method), except that PLVrms > MMSC (p = 0.062). The results of 
pairwise comparison showed that the slope of cPCA was significantly 
lower than T2 (p = 0.034). The difference between all other pairs was 
insignificant (p > 0.069 for all). 

In summary, most multi-channel methods were able to detect ASSR 
with fewer trials than the single-channel method. The exceptions were 
the tPCA and cPCA methods, which were less efficient. The effect of re- 
referencing strategy was only significant for the 91-Hz ASSR. 

4. Discussion 

4.1. Referencing strategy affects the strength of ASSR measured by phase 
coherence 

Our results show a decrement in both spectral magnitude and PLV 
when changing from LMR to CAR (Fig. 2) for AM frequencies ranging 
from around 40 Hz–200 Hz, Therefore, the strength of ASSR recorded 
with a single or linked mastoid reference (King et al., 2016; Varghese 
et al., 2015) should not be directly compared with that of ASSR recorded 
with relatively neutral reference, such as the CAR (Bidelman, 2015; 
Herdman et al., 2002; Ross et al., 2005) or the 7th cervical vertebra 
(Ananthakrishnan et al., 2016; Swaminathan et al., 2008). 

Switching from CAR to LMR resulted in an increase in spectral 
magnitudes at all frequencies by a factor of around three, as also found 
by Bidelman (2015). Although the PLV also showed an increase when 
switching from LMR to CAR (Fig. 2), our phase coherence results do not 
support the previous interpretation that it was caused by the influence of 
peripheral (cochlear or auditory-nerve) components at the mastoid 
channels (Bidelman, 2015). In fact, we found the PLVs at mastoid 
(M1+M2) and vertex (Cz + FCz) under CAR to be similarly large, and 
the PLV from the horizontal montage of ASSR (M1-M2), which has been 
used as a measure of the peripheral component of ASSR (Billings et al., 
2019; Galbraith, 1994; Galbraith et al., 2000), to be not significantly 
different from the noise floor. Therefore, the effect of re-referencing 
strategy on the measured ASSR strength seems unlikely to be due to 
the contribution from peripheral components. 

To provide an alternative explanation of the effect of re-referencing 
strategy, we examined the pattern of ASSR phase across the scalp (Figs. 4 
and 5). The phase difference of the ASSR at vertex and mastoids was 
approximately half a period (π rad) for all three frequencies (Fig. 4), as 
has been reported in earlier studies (Herdman et al., 2002; Huis et al., 
1977). This pattern may be the result of recording from two sides of the 
same dipole. The vertical dipole located in inferior colliculus (IC) has 
been confirmed in various ASSR studies as one of the main sources of 
ASSR (Bidelman, 2015, 2018; Chandrasekaran and Kraus, 2010; Coffey 
et al., 2016; Herdman et al., 2002) and aligns with the direction of the 
vertical-montage electrodes. For this reason, the ASSR recorded with a 
vertical montage (Fz-M1 or Fz-LMR) is the result of summing the mag-
nitudes of the opposite-phase signals at Fz (Fz-CAR) and M1 (M1-CAR), 
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because CAR can be considered approximately neutral with adequate 
electrode coverage (Dien, 1998). Thus, the enhanced amplitude of the 
ASSR when measured with the vertical montage can be considered a 
consequence of the spatial sampling of two points that are in opposite 
phase, compared with sampling just one of the points relative to neutral 
(Fig. 7). In addition to the frequencies tested in our study, another study 
has shown that envelope frequencies lower than 20 Hz evoked ASSR at 
Cz and TP7 in opposite phases, as a result of the vertical source at 
auditory cortex (Aiken and Picton, 2008). Although this explanation 
provides a good qualitative account of the data, it should be noted that 
the phases of ASSR at 34 Hz and 217 Hz were only marginally signifi-
cantly different from uniform distribution. It seems likely that the ASSR 
around 40 Hz involves contributions from cortical sources in addition to 
the vertical IC source (Farahani et al., 2017; Herdman et al., 2002; 
Poulsen et al., 2009; Spencer, 2012), as indicated by the different phase 
pattern found on the topomap (Fig. 5). However, we are unable to 
provide a valid delay analysis to support this hypothesized interpreta-
tion as the length of the stimulus was too short to implement a reason-
able delay analysis. At around 200 Hz, the lack of strong evidence of 
opposite phases between vertex and mastoid channels in our data may 
be due to the decreased signal-to-noise ratio of the vertical ASSR, as 
expected at high stimulus frequencies (Galbraith et al., 2000). In sum-
mary, the ASSR recorded at Cz + FCz and M1+M2 likely reflects con-
tributions from the two sides of the same vertical dipole(s). 

4.2. Choosing an appropriate re-referencing strategy for ASSR research 

When comparing the LMR and CAR re-referencing strategies, our 
results confirm that the mastoid channels actively measure the ASSR. 
However, in most cases, the CAR cannot be considered completely 
neutral either: most EEG systems only cover the scalp rather than the 
entire head surface, and the sum of voltage changes of such incomplete 
coverage area may not be consistently zero, leading to a biased CAR. 
This effect, termed the polar average reference effect, is not negligible, 
even for a 270-degree coverage by the EEG system (Junghöfer et al., 
1999). Nevertheless, the CAR remains more neutral than the LMR, and if 

the research analyses aim to utilize the dipole model to locate the 
sources of ASSR, the more neutral reference CAR should be used to 
preserve the original response patterns at the electrodes. 

In a more common situation, where the ASSR needs to be detected 
through multi-channel EEG, there may be trade-offs between the CAR 
and LMR. The CAR is the average of all available EEG channels, and this 
global averaging process naturally smooths out local signal (ASSR at 
different phases) and noise (bad channels). Therefore, the CAR is closer 
to the neutral reference, with less noise, but also less signal, than the 
LMR. The LMR is more susceptible to artifacts affecting either of the 
mastoid channels, but the ASSR signal at LMR will also enhance the 
ASSR at vertex channels with approximately opposite phase (Herdman 
et al., 2002). In other words, the CAR emphasizes minimizing noise 
while the LMR emphasizes maximizing the signal. Re-referencing to the 
LMR may help to make the phase of the ASSR across the scalp more 
uniform (see Fig. 5) and may thus affect the performance of 
multi-channel methods relying on phase constancy (Biesmans et al., 
2015; Luke and Wouters, 2017; van Dun et al., 2009). This 
constant-phase assumption is derived by assuming the ASSR is evoked 
by single dipole, and can accommodate out-of-phase components (by 
assigning a negative amplitude to those channels); however, in cases 
where multiple dipoles contribute significantly to the signal, such a 
simplification may not be appropriate (Bharadwaj and 
Shinn-Cunningham, 2014). The following section evaluates the perfor-
mance of the different multi-channel techniques tested. 

4.3. Performance of various multi-channel methods under CAR and LMR 

Our results revealed significant differences in performance between 
the various multi-channel methods we tested. The tPCA method was 
unable to reliably detect the ASSR at 91 Hz and 217 Hz with all 1000 
trials with CAR but was able to detect ASSR at all frequencies with LMR. 
This improvement is likely the result of the enhanced ASSR signal and, 
more importantly, the relatively uniform phase across channels that was 
found after re-referencing to the LMR. Therefore, other multi-channel 
ASSR methods assuming consistent phase across channels (Biesmans 

Fig. 7. The hypothesized interpretation of the enhanced ASSR when re-referenced to mastoid channels. Panel A shows the spatial relationship between the vertical- 
montage active electrodes (Fz & M1) and the brainstem vertical dipole. The brainstem dipole is approximately vertical. Panel B shows the ASSR signal recorded at Fz 
and M1 with CAR and LMR. The top two rows of panel B are recorded ASSR with CAR, and the bottom two rows are ASSR with LMR. It was assumed that LM was 
identical to M1. When ASSR was referenced to CAR, the phase of recorded ASSR was opposite as the CAR was approximately neutral. When ASSR was referenced to 
LMR, there was no signal at mastoid but the strength at Fz was enhanced. From another point of view, Fz – M1 = (Fz – CAR) – (M1 – CAR). Figure created with BioR 
ender.com. 
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et al., 2015; Luke and Wouters, 2017; van Dun et al., 2009) may also 
benefit from re-referencing the data to the LMR when the phase of ASSR 
at mastoids is opposite to that around vertex electrodes. 

Although tPCA benefited from LMR, the performance of PCA 
methods was still generally inferior to that of the other methods. The 
cPCA method was consistently worse than the other two methods ac-
commodating for phase differences (MMSC and Hotelling’s T2) and 
showed little or no advantage over the single-channel PLV or even tPCA, 
when applied by strictly following the theory proposed by Bharadwaj 
and Shinn-Cunningham (2014). The similar pattern between the 
z-scores using cPCA and tPCA suggested that cPCA could not provide 
better performance by compensating for potential phase differences, 
irrespective of re-referencing method. In fact, the generally poor per-
formance of both the cPCA and tPCA methods reveals a potential 
problem in applying PCA to analyze the ASSR. The PCA method was 
designed to decompose a multidimensional input into orthogonal prin-
cipal components ranked by the variance explained by each component 
(Wold et al., 1987). Through dropping components that explained little 
variance of input, the dimensionality of original signal was reduced, 
while the most variance was kept. As Bharadwaj and Shinn-Cunningham 
(2014) proposed, our results were computed by keeping only the most 
dominant single principal component for both cPCA and tPCA, so 
multi-channel EEG can be summarized as a single estimated value for 
each frequency. Due to the typically low signal-to-noise ratio of ASSR, 
there is no guarantee that the dominant principal component will 
represent the ASSR, so a typical PCA may not be ideal for extracting the 
ASSR embedded in multi-channel recording. To provide an intuitive 
insight into the poor performance of tPCA and cPCA, the average ratio of 
variance explained by the first component was 40.7% for tPCA and 
55.6% for cPCA while that for the top 5 components was 76.7% for tPCA 
and 83.4 for cPCA, suggesting that only selecting the first component 
was insufficient to represent the multi-channel ASSR data. Further 
investigation on refining criteria for picking the component which 
captures the ASSR may improve the performance of cPCA and tPCA but 
may also add to the difficulty in setting up replicable EEG data analysis 
protocols. Besides, an important underlying assumption of PCA is that 
those components are orthogonal, which also requires careful validation 
for periodic signals like the ASSR. Therefore, based on both empirical 
and theoretical grounds, the application of PCA to multi-channel EEG 
data cannot be currently recommended to estimate the strength of ASSR. 

In almost all conditions, the relatively simple PLVrms method is 
among the methods that require the smallest number of trials to reliably 
detect the ASSR above the noise floor. At 34 Hz and 91 Hz, the z-score of 
PLVrms reached the threshold for rejecting null hypothesis to detect 
ASSR with less than 200 trials, which was less than a fifth of the number 
of trials needed for single-channel PLV, suggesting the potential reduc-
tion in necessary recording time compared with traditional single- 
channel method. Even at 217 Hz, when the ASSR was almost unde-
tectable with all 1000 trials for single-channel method, the z-score of 
PLVrms reached threshold within 400–600 trials. As shown in Figs. S6 
and S7, the PLVrms at AM frequency was similar or even less than the 
single-channel PLV. The main reason of the advantage of PLVrms is likely 
due to the reduced variance at the untagged frequencies, i.e., the all- 
channel RMS of PLV provided smoother noise floor, making it easier 
to detect ASSR. We predict that this efficiency can be further improved 
with more electrodes (e.g., 128 or 256 electrode EEG system). A similar 
advantage in efficiently detecting ASSR with relatively fewer trials can 
also be achieved by the MMSC and Hotelling’s T2 methods, but both 
require estimating and inverting the covariance matrix, which can be 
more computationally expensive than the simple PLVrms, and that 
computational complexity grows cubically with the number of elec-
trodes. Additionally, as the PLVrms method requires relatively fewer 
trials, it is a simple and sensitive solution to reduce the overall recording 
time for longer experimental designs with multiple conditions. There-
fore, the PLVrms is generally recommended for efficiently detecting ASSR 
with multi-channel EEG. As the number of trials increases to 1000, the 

ASSR signal recorded through MMSC and Hotelling’s T2 is largest 
compared with the noise floor for the 40- and 100- Hz stimulus. With 
sufficient data and computational resources, researchers may therefore 
wish to use methods that allow for unequal phases to obtain maximal 
signal-to-noise ratio for recorded ASSR at 40 Hz and 100 Hz. 

Our evaluation also needs to be interpreted with caution, as it was 
designed to examine the efficiency through comparing tagged AM fre-
quency and untagged frequencies. To standardize the different scales of 
various methods, we performed a z-transform, which relies on the 
relative difference between ASSR at AM frequency and noise floor, and it 
did not include any comparison between the absolute values. Thus, 
although the method is most efficient at detecting the presence of the 
ASSR, it may not be the most effective at determining the strength of a 
specific source or dipole. 

5. Conclusions 

When interpreting the ASSR recorded with a vertical montage, the 
mastoid channels should not be treated as being electrically neutral, 
especially for high-frequency ASSRs (≥100 Hz), which include a sub-
stantial contribution from subcortical sources. As multi-channel ASSRs 
become more common, it is crucial to take the non-neutral property of 
mastoid channels into consideration while analyzing EEG data. In ex-
periments aiming to detect reliable ASSR signals, we generally recom-
mend using the CAR and calculating the RMS of the PLV across all 
channels for its efficiency and robustness. The performance of the 
PLVRMS in detecting ASSR was generally not affected by the reference 
strategy, so the CAR is preferred for its robustness against local noise. 
However, other methods can be considered when prior knowledge 
concerning the phase relationships between electrodes is available. 
When the ASSR phase at mastoid is reliably opposite to the ASSR phase 
at vertex channels, applying LMR will improve the performance over 
CAR for methods that rely on the assumption that the ASSR phase is 
constant across all electrodes. 
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