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Two experiments, both presenting diotic, harmonic tone complexes (100 Hz fundamental), were

conducted to explore the envelope-related component of the frequency-following response

(FFRENV), a measure of synchronous, subcortical neural activity evoked by a periodic acoustic input.

Experiment 1 directly compared two common analysis methods, computing the magnitude spectrum

and the phase-locking value (PLV). Bootstrapping identified which FFRENV frequency components

were statistically above the noise floor for each metric and quantified the statistical power of the

approaches. Across listeners and conditions, the two methods produced highly correlated results.

However, PLV analysis required fewer processing stages to produce readily interpretable results.

Moreover, at the fundamental frequency of the input, PLVs were farther above the metric’s noise

floor than spectral magnitudes. Having established the advantages of PLV analysis, the efficacy

of the approach was further demonstrated by investigating how different acoustic frequencies

contribute to FFRENV, analyzing responses to complex tones composed of different acoustic

harmonics of 100 Hz (Experiment 2). Results show that the FFRENV response is dominated by

peripheral auditory channels responding to unresolved harmonics, although low-frequency channels

driven by resolved harmonics also contribute. These results demonstrate the utility of the PLV for

quantifying the strength of FFRENV across conditions. VC 2013 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4807498]
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I. INTRODUCTION

The frequency-following response (FFR), measured as a

voltage on the human scalp, reflects how well subcortical

portions of the auditory pathway encode periodic portions of

an input acoustic stimulus (e.g., Krishnan, 1999; Galbraith

et al., 2000; Kraus and Nicol, 2005; Akhoun et al., 2008; Du

et al., 2011). Many studies of the FFR focus on those compo-

nents that are phase locked to the envelope of the input stim-

ulus (FFRENV; the portion of the response that is the same

for a stimulus and an inverted version of that stimulus), in

part because many artifacts and non-neural signals (such as

the cochlear microphonic) that can contaminate the measure

are canceled when estimating FFRENV (e.g., see Picton,

2011). The strength of FFRENV is correlated with percep-

tual ability on a range of tasks, including at the level of indi-

vidual subjects (e.g., Krishnan et al., 2010; Wile and

Balaban, 2007; Burman et al., 2008; Carcagno and Plack,

2011; Jerger and Hall, 1980; Krizman et al., 2012; Ruggles

et al., 2011; Ruggles et al., 2012). This relationship with per-

ceptual abilities in some tasks has lead to recent surge of in-

terest in FFRENV.

Many different methods have been proposed for

extracting periodic neural signals like FFRENV amid the
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different artifacts, ranging from line noise at multiples of the

alternating electrical current to broadband neuro-electrical

noise. This makes interpretation of the absolute spectral

magnitude results challenging; to determine which frequen-

cies in the response are driven by the acoustic input, the

noise floor, which is not flat, must be estimated and/or the

results normalized appropriately. In direct contrast, the unit-

less PLV metric (for instance) is directly interpretable, with-

out need for estimation of the noise floor in the measures.

Moreover, the simplest null-hypothesis model for the PLV,

that the measurement phase at any given frequency is uni-

formly distributed between �p and p (i.e., unaffected by the

stimulus presentation), has a distribution that depends only

on the number of samples going into the calculation. In par-

ticular, the noise floor is independent of both frequency and

the absolute power in the noise sources contributing to the

measured responses, and hence is flat (see Bokil et al.,
2007



the onset of each trial. The stimuli were presented with alter-

nating starting polarities, so that half of all trials were pre-

sented in one polarity and the other half inverted to the

opposite polarity.

C. Equipment

A personal computer controlled all aspects of the experi-

ment, including triggering sound delivery and storing data.

Special-purpose sound-control hardware (System 3 real-time

signal processing systems, including D/A conversion and

amplification; Tucker Davis Technologies, Gainesville, FL)

presented sound through insert phones (ER-1, Etymotic, Elk

Grove Village, IL) coupled to foam ear tips.

FFRENV responses were recorded using a BioSemi

Active Two System (BioSemi, Amsterdam, Netherlands) at a

sampling rate of 16.384 KHz. Altough BioSemi makes

special-purpose, high-impedance electrodes optimized for

recording subcortical responses, here, we used the standard

conductive Ag-AgCl scalp electrodes. The FFRENV responses

were recorded from active electrode Cz. Vertical eye move-

ments (electrooculogram, EOG) were monitored with two

external electrodes. Prior to data acquisition, we ensured that

the offset voltage for each active electrode was stabilized at

<20 mV.

D. Procedures

After electrodes were placed on the scalp, participants

were seated in an acoustically and electrically shielded

booth (single-walled Eckel C-14 booth, Cambridge, MA).

Throughout data collection, participants watched a silent, cap-

tioned movie of their choice, ignoring the acoustic stimuli.

Each participant in Experiment 1 performed one ex-

perimental session of �2 h, including setup and data collec-

tion. In each session, the Experiment 1 stimulus was repeated

4000 times each in quiet and in noise. These data were col-

lected in 8 blocks of 1000 trials each, alternating quiet and

noise conditions from block to block (starting with a quiet

block). Stimulus polarity alternated from trial to trial ran-

domly within each block, resulting in 2000 repetitions of each

stimulus (that is, 2000 repetitions each of 2 polarities and

2 conditions).

Each participant in Experiment 2 performed four

sessions (one per day, maximum), each lasting �1.5 h,

including setup and data collection. The four sessions each

presented one of the four different stimuli (LOW, MID,

HIGH, BROAD, ordered identically for each subject) 2000



By normalizing the raw magnitude responses by the

estimated noise floor, we computed the spectral magnitude



The only frequencies with PLVs significantly above the

noise floor occur at harmonics of the input stimulus, as

expected. The general trends described in the spectral mag-

nitude analysis are also seen in the PLV results. In quiet,

FFRENV



only results that are significantly above the noise floor of a

given metric should have a value that reflects the signal,

rather than the noise, we included in the analysis only those

values that were statistically above the noise floor using both

the spectral magnitude analysis and the PLV analysis for a

given condition, harmonic, and subject. While this yielded

16 subjects for FFRENV at 100 Hz, for other harmonics, the

number of points was lower; at some of the highest harmon-

ics, there were not enough subjects with responses that were

above the noise floor to allow a meaningful comparison. We

found that for every harmonic and condition that contained

enough data points to allow a direct assessment, spectral

magnitude values and PLVs are very strongly correlated (see

Table I).

Together, these results show that the PLV analysis is

more sensitive than the spectral magnitude analysis at reveal-

ing FFRENV responses that are above the noise floor, but that

the two approaches yield comparable patterns of results.

Therefore, from this point on, we focus on PLV results.

4. Statistical effects of additive acoustic noise

To assess the effect of additive noise, we directly com-

pared the across-subject average PLVs. First we found those

FFRENV components that were statistically above the noise

floor in both conditions (based on a Tukey’s post hoc test;

harmonics 100, 200, 300, 400, 500 Hz), and computed the

difference (the mean PLV in quiet � the mean PLV in noise).

We then found the harmonics that were above the noise floor

in the quiet condition, but below the noise floor in the noise

condition (harmonics 600, 700, 800 Hz); for these harmonics,

we computed the difference between the measured value in

quiet and the noise floor (the mean PLV in quiet � the PLV

at the noise floor; the latter is a generous estimate of the

phase locking evoked by the stimulus in noise). As seen in

Table II, the noise caused a significant decrease in FFRENV at

harmonic frequencies of 200,300,…,800. However, the noise

did not cause a statistically significant change in the PLV at

100 Hz.

FIG. 4. Comparison of PLV and spectral

magnitude responses in quiet and in noise as

a function of neural response frequency

(Experiment 1). (a) Across-subject average

PLV (squares) and spectral magnitude

(circles) as z-scores (relative to expected

chance levels). Error bars show the across-

subject standard deviation, which is large,

obscuring consistent differences between the

two analysis methods. (b) The relationship

between PLV and spectral magnitude z-
scores (relative to expected chance levels)

for z-scores exceeding a value of 4, pooling

over subjects, noise conditions, and frequen-

cies. For a given subject and experimental

condition, PLV z-scores are generally greater

than spectral magnitude z-scores.

TABLE I. Correlations between spectral magnitude (dB SNR) and PLV

measures across subjects in Experiment 1 for each harmonic of the stimulus

fundamental frequency. To be included in the analysis, a subject had to have

both a spectral magnitude and PLV measure that was statistically significant;



B. Experiment 2

Experiment 2 measured FFRENV responses to four dif-

ferent acoustic input signals, each consisting of different

combinations of harmonics of 100 Hz. Figure 5 shows the

across-subject average PLV of FFRENV in response to the

four complex tones (rows).

As in Experiment 1, FFRENV tends to be strongest at F0

and the lowest harmonics of the input stimulus—even for

stimuli that contain no acoustic energy at those frequen-

cies—both in terms of the magnitude of the PLV and the

number of subjects with a significant PLV. The FFRENV

components at low harmonics of F0 can be driven strongly

by activity from many different peripheral channels, span-

ning a range of input acoustic frequencies; the envelope

response in the lowest harmonics tends to be weakest for the

LOW stimulus.

To directly compare the strength of FFRENV across the

different stimuli, we examined the average PLV at 100 Hz in

the different conditions (see Fig. 6). The LOW stimulus

produced a much lower average PLV than the other three

stimuli; the MID, HIGH, and BROAD stimuli all produced

very similar values. To test these observations we performed

paired t-tests with Bonferroni correction (p< 0.05/6

¼ 0.0083) on all possible pairings of stimuli. These tests

confirm that (i) the strength of FFRENV at F0 is significantly

smaller for the LOW stimulus than for HIGH and BROAD

stimuli [t(1, 19) ¼ �4.0, p ¼ 0.001 and t(1, 19) ¼ �3.2,

p ¼ 0.005, respectively], and trends toward being smaller for

the LOW stimulus than for the MID stimulus [t(1,19)

¼ �2.9, p ¼ 0.009, which just misses reaching significance

with the strict Bonferroni correction]; but that (ii), no pairs

of PLV values are statistically significantly different from

one another among the MID, HIGH, or BROAD stimuli

[MID vs HIGH: t(1, 19) ¼ 0.5, p ¼ 0.632; MID vs BROAD:

t(1, 19) ¼ 0.6, p ¼ 0.544; HIGH vs BROAD: t(1, 19) ¼ 0.1,

p ¼ 0.891].

IV. DISCUSSION

A. Advantages of PLV analysis

In our study, PLVs estimated from FFRENV data were

statistically more sensitive (had larger z-scores) than did the

corresponding magnitude spectra, both in quiet and in noise,

as long as the z-scores were moderately sized. To confirm

that the PLV is more sensitive than spectral magnitude for

detecting a periodic signal embedded in electroencephalog-

raphy (EEG) noise and to determine how this might vary

with the number of trials available for analysis, we did a

TABLE II. Effects of additive acoustic noise on PLV strength at harmonic

frequencies of F0 in Experiment 1. Bold frequencies had PLV values that

were significantly smaller in noise than in quiet. The noise had a statistically

significant effect on FFRENV at harmonics 200–800 Hz, but not at the funda-

mental frequency.

Harmonic (Hz) Change in PLV Sign test p value

100 þ0.0103 0.7174

200 10.0623 0.0011

300 10.0883 0.0004

400 10.0756 0.0004

500 10.0491 0.0009

600 10.0191 0.0151

700 10.0128 0.0097

800 10.0070 0.0299

FIG. 5. Phase-locking value averaged across subjects as a function of neural

response frequency for the four different acoustic input stimuli, all with fun-

damental frequency of 100 Hz (Experiment 2). For all stimuli, the envelope-

related components of the FFR are greatest at F0 and low-order harmonics

of the fundamental, even for stimuli that do not contain acoustic energy

at F0.

FIG. 6. Phase-locking value, averaged across subjects, at the fundamental

frequency of 100 Hz for each of the four input stimuli. The LOW input stim-

ulus produced a significantly lower FFR at 100 Hz than the other three stim-

uli (see the text).
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simple simulation. We took resting-state EEG (measured in

the absence of stimuli or task), extr65
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response to the LOW stimulus. Of course, the frequency

content of the resulting electrical signal will not be purely si-

nusoidal; the auditory nerve response is half-wave rectified,

and often includes a significant DC component (Pickles,

1982). Moreover, this activity is transformed as it progresses

through the brainstem; our FFRENV measure is a sum of

activity along this pathway. As a result, there may be a

measureable FFRENV in response to the LOW stimulus, even

though the dominant auditory nerve response is phase locked





4. Statistical significance of spectral magnitude
results
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