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A B S T R A C T   

We investigated whether language familiarity has a modulatory effect on automatic sound encoding in the 
auditory brainstem by measuring frequency-following responses (FFRs) to repeating speech syllables that played 
in the background while monolingual English speakers and Spanish-English bilingual speakers watched cartoon 
videos in English and Spanish. For the English monolinguals, we found that the FFR signal quality was different 
between the two language conditions, with higher signal to noise ratios emerging for the Spanish compared to 
the English condition. For the Spanish-English bilinguals, the FFR signal quality was overall higher than the 
monolinguals, but there no effect of language condition on the FFR. Thus, both language familiarity of the 
environment and bilingual language experience, may modulate automatic sound encoding.   

1. Introduction 

The influence of language experience on human brain development 
and function is profound, extending across sensory and cognitive brain 
areas [1,2] and emerging prenatally [3]. While language is not an 
auditory specific phenomenon, language is first experienced auditorily 
for most humans. Here we investigated the effect of language experience 
on subcortical auditory processing from two angles, by looking at both 
the effect of bilingual language experience and the familiarity of the 
language environment. 

Cortical brain areas have been the target of most studies of language; 
a considerably smaller literature exists for subcortical auditory areas. 
This subcortical literature has largely focused on the frequency- 
following response (FFR), a pre-attentive early latency automatic 
response (emerging 5–20 ms after stimulus onset) that follows (i.e., 
phase-locks to) the spectral and temporal components of the stimulus 
[4]. The FFR is used as an objective index of auditory function in clinical 
populations (e.g., hearing loss, language impairment) and as a tool to 
investigate experience-dependent enhancements in clinical and neuro-
typical populations (e.g., arising from musical training, short-term 
auditory training, language learning) [4,5]. In neurotypical pop-
ulations, the stimulus capture is so robust that the FFR waveforms look 
like, and when sonified sound like, the evoking stimulus [4]. For speech, 
the FFR captures multiple acoustic elements, including the fundamental 

frequency (F0) of the voice, voice onset time (VOT), speech formants, 
and the amplitude envelope [4], and when measured from scalp elec-
trodes, the dominant source of the FFR to speech stimuli is the inferior 
colliculus, a brainstem structure [6]. 

FFR studies have shown that automatic sound encoding is sensitive 
to the language background of the listener, including what their native 
language is and how many languages they speak [7,8]. For example, 
native-language tuning of the FFR has been demonstrated in adult tonal 
language speakers (e.g., Mandarin Chinese), who, relative to English 
monolinguals, show more faithful neural tracking of complex pitch 
contours, a dimension of speech that carries critical lexical information 
in tonal languages [7]. Language-dependent tuning of another speech 
cue, the VOT, has been investigated in Spanish monolinguals and En-
glish monolinguals [9]. VOT is an acoustic dimension that differentiates 
phonologically contrastive pairs (e.g., ba-pa, ga-ka). While VOT exists 
along a linear continuum, the perceptual mapping of this physical 
continuum to a specific speech sound category is both non-linear and 
context-dependent [10]. Depending on the language, the same acoustic 
token, with the same VOT, can be perceived differently [9,10]. This 
creates an interesting model for studying how different listener groups 
with different language backgrounds process the same physical stim-
ulus. A recent study of monolinguals capitalized on this to show that 
native Spanish speakers and native English speakers have different FFR 
latency patterns for a speech token that is perceived as a different speech 
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sound between English and Spanish [9]. Further insights into the 
connection between automatic sound processing and language back-
ground have emerged from perceptual learning paradigms [11], ma-
nipulations of speech intelligibility (e.g., forward vs. reversed speech) 
[12], and by studying populations with language disorders [13] and 
bilingual populations [14–18]. 

Bilingual populations present the opportunity for understanding how 
the brain has wired itself in response to the complex sensory, perceptual, 
communicative, and social demands of learning two complex language 
systems. Specific to the FFR, studies have found that bilinguals 
compared to monolinguals have more robust responses (i.e., stronger 
neural responses to speech at the stimulus F0 and greater cross-trial 
neural synchrony) [14–18]. This bilingual enhancement effect has 
been demonstrated across a variety of stop-consonant syllables (ba, da, 
ga) for school-age and adolescent children and young adults [14–17]. In 
these groups, the bilingual enhancement effect emerged as stronger for 
the vowel component of stop-consonant stimuli compared to the initial 
format transition where these syllables are acoustically contrastive 
[14,17]. 

FFR studies typically use auditory stimuli that are highly reduced 

forms of language, often through a single syllable that plays repetitively 
while the listener sleeps or watches a video [4]. This approach reflects 
the challenges of recording early latency, low amplitude responses of 
subcortical origin. Such techniques, while standard, do not capture the 
multidimensionality of language, and the diversity of cues that listeners 
use to gauge whether the language in the environment is familiar, 
something humans, even neonates, do with relative ease [19]. In natural 
settings, cues to language familiarity come in various forms: speech 
acoustics, visual information including text, lip movements, and ges-
tures, as well as socio-pragmatic information (e.g., talker familiarity), 
and cultural signifiers (e.g., food, symbols). Thus, in natural environ-
ments language familiarity may be determined by a single modality or 
cue (e.g., printed text) or set of cues. 

Here we investigated how bilingual status and language familiarity 
interact to influence automatic encoding of speech sounds early in the 
auditory pathway using videos to establish different language condi-
tions. Specifically, we tested adult Spanish-English bilinguals and 
monolingual English speakers while they watched captioned cartoons in 
Spanish and English. The Spanish and English videos were rich with 
linguistic and cultural information (both visual and auditory in nature) 

Fig. 1. (A) Experimental Design and (B-G) Stimulus Characteristics. (A) The FFR stimuli played in 1-minute blocks during the videos. The temporal and spectral 
characteristics of the “ka” and “ga” stimuli are illustrated using time domain waveforms (B, E), spectrograms (C, F), and spectra (D, G). The final 100 ms “a” period is 
plotted in blue in B, E, D, and G, to highlight the region of analysis. Spectra are zoomed in to show frequencies that fall within the filter used for FFR extraction. Note 
that the spectral energy distribution is the same for the two stimuli, although the amplitude of “ga” is lower during the vowel period. 
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that cued that the video was in English or Spanish. This information 
included the subtitles and the soundtrack but also visuals within the 
video itself (e.g., food) and the story narrative. While watching the 
videos, the FFR stimuli (“ga” and “ka”) played intermittently in the 
background in 1-minute blocks (Fig. 1). During these blocks, the 
soundtrack was muted to avoid acoustic masking of the FFR stimulus 
[20]; however, the soundtrack was audible when the FFR was not pre-
sent. Given that bilinguals are especially sensitive to visual cues in 
speech [21], we used cartoons, not live action videos, to prevent the 
activation of auditory areas from lip reading [22]. Bilinguals were pre-
dicted to have overall more robust FFRs to the vowel component of the 
stimuli than monolinguals regardless of the language condition [14,17]. 
When comparing the effects of language familiarity, we predicted that 
bilinguals would pattern differently than monolinguals given their 
different levels of exposure to Spanish contexts. 

2. Materials and methods 

2.1. Participants 

Fifty-six young adults (18–23-year-old), all students at the University 
of Connecticut with normal hearing, participated in the study. Partici-
pants provided written informed consent in English. The FFR analysis is 
part of a larger study of the impact of language and culture on the brain, 
mind, and social behaviors. Since portions of the data collected in this 
larger study will be used to answer questions exclusively about culture, 
this informed the decision to focus on monolinguals of White-European 
backgrounds and bilinguals who identify as Latinx. 

Participants were grouped according to whether they were mono-
lingual English speakers (n = 31, 7 males) or Spanish-English bilinguals 
(n = 25, 8 males). The English monolinguals in our sample had no more 
than incidental exposure to Spanish, making it an unfamiliar language in 
the sense that they could not speak or read it and had limited Spanish 
exposure in their daily routines. Participants were classified as “bilin-
gual” if they self-reported being a Spanish-English bilingual. Nineteen 
bilinguals reported living in the USA since birth and being exposed to 
both languages as children. The others reported immigrating to the USA 
as children (range < 1 year-15 years old). See Supplemental Methods for 
more information. 

2.2. Experimental design and stimuli (Fig. 1) 

The Spanish and English Conditions were tested on different days, 
with a counterbalanced order. Each session was ~ 2 h, including one 
hour for electrode cap placement. To establish the Language Condition, 
animated videos from the US and Latinx pop culture cannons were used. 
In total four unique videos, all featuring humans as the main characters 
were presented to each participant (two for the English Condition and 
two for the Spanish). Images showing text in the non-target language 
were blurred in the video. Each video was ~ 29 min (SD = 3.5). During 
data collection, participants were seated in a sound booth and the 
investigator monitored their EEG activity and their movements through 
an observation window to ensure that they stayed alert. Throughout the 
video, subtitles appeared, and participants were instructed to watch the 
video and ignore the FFR stimuli. The FFR stimulus played in 1-minute 
blocks (12-blocks total) (Fig. 1), during which the video soundtrack was 
temporarily muted but the subtitles stayed on. 

For each Language Condition, FFRs were recorded to two stop con-
sonant–vowel (CV) syllables (“ga” and “ka”). The stimuli were 190-ms 
long, had a constant F0 of 117 Hz, and they were presented binau-
rally. Each stimulus was presented during a separate video (960 stimuli 
per video). The stimuli differed in voice onset time (VOT, − 20 for “ga” 
and + 50 for “ka”) and they were selected from a VOT-speech continuum 
used previously [23]. Previous studies confirmed that the two stimuli 
are perceived as a “ga” and “ka”, respectively, by Spanish and English 
monolingual speakers [10,23]. For details, see Supplemental Methods. 

The “ga” and “ka” stimuli were selected because negative VOT stop 
consonants (“ga”) occur less frequently in English than in Spanish and 
because Spanish and English speakers differ in how they phonetically 
categorize these sounds. This later point was critical for a separate 
component of the larger study, which focuses on neural indices of cat-
egorical perception. For the FFR analysis, we focused solely on FFR to 
the F0 of the vowel component of the stimuli, where the two stimuli are 
acoustically similar (Fig. 1 B-G, 90–190 ms). The vowel was selected 
because the bilingual effect has been shown to be stronger for the vowel 
component of CV stimuli compared to the initial transition period con-
taining the VOT [14]. Additionally, given the relatively small number of 
trials per stimulus (960 compared to 4000–6000 presentations typical 
for FFRs to speech [4]), the fluctuating spectrotemporal characteristics 
of the transition period (0–100 ms) yielded weaker FFRs than the steady- 
state vowel. 

Within each video, stimuli were presented using an oddball para-
digm, with “ga” and “ka” serving as standard stimuli and playing with a 
probability of 0.80 (960 sounds). A deviant stimulus (VOT of + 15 ms) 
was presented with a probability of 0.20 (240 sounds). As previously 
reported, the perception of this deviant is expected to differ between 
language conditions for Spanish-English bilinguals [10,23] (perceived 
as “ka” in the Spanish Condition, but “ga” in the English Condition). 
Given the limited number of trials of the deviant, it did not produce 
sufficiently robust FFRs and was excluded from the FFR analysis. Only 
responses to the standard sounds are reported for the FFR analysis. 

2.3. FFRs 

Scalp electrodes were applied using a 64-electrode headcap. See 
Supplemental Methods. Complex principal component analysis, cPCA, 
was performed on the recordings [24] to derive the FFR to the vowel 
(100–200 ms) from the first eigenvalue. cPCA allows for the FFR to be 
extracted from multichannel data to improve the signal to noise ratio 
(SNR). cPCA yielded a phase-locking value (PLV) for different frequency 
bins (in 2.44 Hz steps). PLVs were normalized by the noise floor to 
derive the SNR of the FFR, using the average PLV over the filter bandpass 
to define the FFR noise floor. For both stimuli, the response to the F0 
emerged as a spectral peak (~105–125 Hz bandwidth) (Fig. 2). The 
analysis used the maximum SNR across this range; recordings, where the 
average SNR was < 1.5 over this range, were excluded from analysis due 
to insufficient quality. 

2.4. Statistical analysis 

Nine bilinguals and 13 monolinguals had partial datasets (missing 
one or more conditions), due to low SNRs and/or technical difficulties 
during data collection. Linear mixed-effects (LME) models were there-
fore selected for their ability to handle missing data. A linear mixed- 
effects model was used to test for main effects of Condition, Group, 
and the interaction between Group and Condition (See Supplemental 
Methods). 

3. Results 

The bilingual group had more robust FFRs (i.e., higher SNRs to the 
F0) overall compared to monolinguals when collapsing across stimuli 
and condition, with an average SNR group difference of 1.01 (main ef-
fect of Group, t(193) = 2.05, p = 0.04) (Fig. 2A, B). In addition, the two 
groups were found to be differently affected by Language Condition 
(interaction between Group and Condition (t(193) = -2.40, p = 0.02) 
(Fig. 2 C & D, Supplemental Table 2). Post-hoc analysis showed that the 
for the bilingual group, the FFR SNR to the F0 did not statistically differ 
between Conditions (x‾ = 1.39, SD = 4.2, t(89) = -1.43, p = 0.15). By 
contrast, monolingual group had lower SNRs in the familiar English 
Condition compared to the Spanish Condition (x‾ = − 0.85, range − 7.3 
to 2.6, SD = 2.00; t(103) = 2.12, p = 0.03) (Fig. 2C). In the Spanish 
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Condition, the SNR was nominally larger by 0.84 SNR for the mono-
lingual group compared to the bilingual group, but the difference was 
not statistically significant (t(93) = 0.94, p = 0.34), potentially because 
FFR SNR is influenced not just by familiarity but also by bilingual status 
(i.e., greater language familiarity may decrease the SNR but this is offset 
by the boost from being a bilingual). 

However, the effect of Language Condition on the SNR was not 
uniform across the bilingual group. For the bilingual group, the differ-
ence between the English and Spanish Conditions ranged from a 
decrease of 5.2 SNR to an increase of 14.25 SNR across participants. Two 
bilinguals showed large increases (English Condition > Spanish Condi-
tion), which drove the group mean into the positive range. Both learned 
English as their second language after immigrating to the USA. Fig. 2D 
shows data from the subset of the bilinguals who were born in the USA to 
Spanish-speaking parents (N = 19); in this subset of participants with 
lifelong bilingual language immersion, the two conditions are closely 
matched. 

4. Discussion 

We found that language familiarity, established using videos, in-
fluences automatic sound encoding of speech taking place early in the 
auditory pathway. For English monolinguals, we found that the signal 
quality of the FFR was different when watching a video in the highly 
familiar English condition vs. less familiar Spanish condition. For the 

bilingual group, for whom both language conditions were highly 
familiar, the FFR was statistically similar between the two conditions. 

In addition to a language familiarity effect, we observed a main effect 
of group, with bilinguals having stronger FFRs overall (when collapsing 
across the two language conditions). This suggests that automatic sound 
encoding may remain generally enhanced in bilinguals than mono-
linguals, even in different language environments. This global 
enhancement of the stimulus F0 may allow bilinguals to continuously 
monitor their auditory environment to facilitate rapid perceptual and 
cognitive transitions when the language in the environment switches 
[14,25]. Consistent with this, an emerging literature suggests that 
bilingual speakers modulate their vocal F0 when speaking different 
languages, with the degree of language familiarity influencing this vocal 
modulation [26,27]. For bilinguals, the need to be sensitive to the lan-
guage of the environment is routine, especially if they live in environ-
ments where both languages are spoken, and code switching is 
frequently required [25]. In addition to helping the bilingual select the 
language most appropriate for a given communication setting, cues that 
are specific to one language vs. the other have been shown to influence 
how bilinguals access words in their mental lexicon [28] and map 
acoustic information to different phonetic categories [10,23,29,30]. By 
contrast, English monolinguals in the USA do not have the same need to 
continuously monitor their auditory environment for language switches. 
For the monolinguals, the functional significance of the findings is 
therefore less clear. One interpretation is that in a language condition 

Fig. 2. Effect of Bilingual Language Experience and Language Familiarity on the Frequency Following Response (FFR). A-B: Bilinguals (red) have more robust FFRs to 
the fundamental frequency (F0) than monolinguals (black) across conditions and stimuli. This is illustrated for the “ka” (A) and “ga” (B) using the group average FFR 
spectra in the English Condition. Data from all bilinguals are plotted in panels A and B. C-D: Bilinguals and monolinguals also show a different effect of Language 
Condition. (C) The monolingual group shows a statistically significant difference between the English compared to Spanish Conditions, suggestive of a language 
familiarity effect. This is shown for vowels of both the “ga” and “ka” stimuli. (D) The bilingual group shows no statistical difference between conditions, which is 
consistent with both languages being familiar to them. For illustrative purposes, panel D shows the subset of bilinguals (n = 19) who were born in the USA and were 
immersed in a dual language environment since birth. See Results and Methods for a summary of the data from the remaining subset of bilingual participants who 
immigrated to the USA. 
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that is not highly familiar to them, monolinguals increase the gain on 
incoming acoustic stimulation to compensate for reduced familiarity of 
the language environment at later stages of language processing. 
Another interpretation that is that irrelevant auditory stimulation (i.e., 
the FFR stimuli) is suppressed for monolinguals in familiar language 
environments compared to unfamiliar or less familiar ones. 

Consistent with the bilingual experience being a complex nonho-
mogeneous phenomenon [31], we found that the effect of language 
condition varied across the bilinguals. Indeed, two of the bilinguals 
showed strongly suppressed FFRs in the Spanish compared to English 
condition. Both immigrated in later childhood (ages 9 and 11, respec-
tively), so although proficient in both languages, Spanish could be 
argued to be more familiar to them given early-life exposure to a Spanish 
monolingual culture and consequently less exposure to English. Inter-
estingly, these two participants followed the pattern observed in 
monolinguals, but to the opposite language (lower SNRs in the Spanish 
(more familiar) language condition than in the English (less familiar) 
language condition). However, these two participants did not differ in 
any obvious way in their language learning history and ability from the 
others who immigrated to the USA. Still, the factors that dictate whether 
two language conditions are processed similar are likely more nuanced 
than can be captured with our language survey and ability measure-
ments (See Supplemental Results). To better understand variation in the 
bilingual sample, future work should adopt more formal assessments of 
language dominance and proficiency. 

Because the FFR stimulus was physically the same across the Spanish 
and English conditions, any differences observed between language 
conditions should not have been caused by the specifics of the stimuli. 
Thus, our findings provide strong evidence for a top-down, not bottom- 
up, effect of language familiarity on the FFR. Top-down effects on the 
FFR have previously been studied in various fashions, including inter-
modal, intramodal, and multimodal conditions [32–34]. We took a 
novel approach that uses a more naturalistic paradigm to engage top- 
down effects. While videos are a common approach to distract and 
calm the participant during the recording of the FFR — especially for 
paradigms involving children or when the recording session is long [4] 
— the influence of the video on the FFR has not been investigated. Our 
findings call for a more systematic look at the influence of a video. 

For a brain that is bombarded with sensory information from mul-
tiple modalities, being able to focus on the most relevant sensory in-
formation in an environment, and suppress irrelevant stimulation, is 
computationally advantageous. It is therefore not surprising that 
attentional effects have been observed throughout the entire auditory 
system, from the cochlea to the cortex [35,36]. Yet, whether top-down 
attentional effects can be observed in early latency auditory evoked 
potentials such as the FFR remains controversial. Some studies suggest 
that attentional modulation does not occur [32,37], while others suggest 
that the FFR undergoes real-time modulation based on the attentional 
focus and load [33,38,39]. Studies supporting top-down modulation 
suggest that phase-locking is weaker (leading to lower SNRs) than an 
auditory-alone baseline when attention is focused on a task that directs 
the listener away from the FFR stimulus, and stronger than baseline 
when attention is focused on the FFR stimulus. Also, in bilinguals, but 
not monolinguals, FFR enhancements have been shown to correlate with 
better performance on standardized tests of selective attention in both 
the auditory and visual modalities [14]. 

This raises another possible interpretation for our findings. Perhaps 
language familiarity does not influence the FFR directly but instead, 
modulates automatic sound processing via processes involved in the 
suppression of unattended sound stimulation. In our experimental 
paradigm, the FFR stimulus played as an irrelevant background sound 
during the video, and participants were instructed to attend to the video 
and ignore the sound stimuli. (Indeed, our analysis of the P3a compo-
nent of the auditory response (See Supplemental Results) suggests that 
participants were not actively attending to the sound stimuli). However, 
for the bilingual group, the two language conditions may have been 

more similar, in terms of how easy it was to attend to the videos and 
ignore the background sounds, leading to similar FFR results for the two 
conditions. Yet for the English bilinguals, it may have been easier to 
attend to the video and ignore the background sounds in the English 
relative to the Spanish condition. This could explain why the FFRs were 
less robust in the English compared to the Spanish Condition for the 
English monolinguals. However, it cannot explain why the FFR was 
overall more robust in the bilinguals compared to the monolinguals, 
unless, as argued above, the functional needs to remain sensitive to 
unattended background stimulation is greater for bilinguals. 

Future studies should better control that all participants were doing 
the same task during the FFR recording (e.g., all reading the subtitles). 
With the current design, we cannot be certain about how much either 
group focused on the subtitles vs. the FFR stimulus vs. other language- 
relevant elements of the videos, or rule out that some participants 
looked alert weren’t actually engaged in the video. Thus, it is currently 
unclear whether the language familiarity effects were induced by the 
written subtitles during the FFR stimulation or by other non-textual 
language cues during the FFR stimulation. However, continuously 
reading the subtitles may not be necessary to enter/stay in a language 
mode, as the videos were replete with cues about whether the videos 
were in a highly familiar or less familiar language (e.g., the video images 
and narrative, as well as soundtrack) and the language did not change 
within the video. It is also possible that the language familiarity effect 
could be due to a spillover effect of the video soundtrack that played 
before each FFR block. On a related point, we also recognize that many 
English monolinguals in the USA have had enough passive exposure to 
Spanish to distinguish Spanish from a language they have never heard 
before, even if they have limited to no ability to speak or understand 
Spanish. Isolating the different language cues within the videos, and 
better monitoring of what the participant is attending to would help to 
clarify the role of attention on our findings and the functional signifi-
cance of the findings. It would also help explicate which environmental 
cues have a dominant influence on how language familiarity modulates 
the FFR. Future investigations should consider adopting methods to 
manipulate language familiarity that do not involve a concurrent visual 
stimulus, including an auditory-only condition (with no language con-
dition cues) as a baseline for comparison, and expanding the analysis to 
other dimensions of the neural response (e.g., the response to the VOT 
and harmonics). Testing Spanish monolinguals and using a rare lan-
guage that is entirely unfamiliar to both monolinguals and bilinguals 
(where incidental exposure would be zero), would help better delineate 
how language familiarity and bilingual experience collectively influence 
the FFR. 

In summary, our results provide evidence that automatic sound 
processing early in the auditory pathway is shaped by two interacting 
phenomena: language familiarity and bilingual experience. Findings 
provide critical new insight into the real-time operations that act upon 
the FFR in a top-down fashion, and the powerful role that language 
experience might have on how sound is processed early in the auditory 
pathway. 
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