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ABSTRACT 

 
During infancy, children gain perceptual sensitivity to 
phonetic contrasts in their native language while los-
ing sensitivity to foreign contrasts. It remains unclear 
whether traces of language exposure in infancy re-
main after sudden and permanent interruption of her-
itage language acquisition, as in international adop-
tion. We examined sensitivity to lexical tones in 
adults (age 18-23 years) with a history of interna-
tional adoption (age 3-18 months) whose heritage lan-
guage was Chinese. We assessed phonetic, phonolog-
ical, and lexical sensitivity to Chinese tones using 
tone contour identification and discrimination, audi-
tory Stroop, and Chinese sentence identification 
tasks, and the auditory brainstem frequency-follow-
ing response (FFR). International adoptees had na-
tive-like FFR, and their tone discrimination and iden-
tification were intermediate between English and 
Mandarin control groups. However, higher-level pro-
cessing of Chinese did not differ between adoptees 
and the English control group. Exposure to heritage 
languages in infancy may create traces of early pho-
netic environments that persist into adulthood. 
 
Keywords: tonal language perception, speech per-
ception, critical period, frequency-following response 

1. INTRODUCTION 

Infants become sensitive to the speech sounds of their 
native language within the first year of life. They ex-
hibit enhanced sensitivities to native speech contrasts 
[4] while losing sensitivity to foreign-language 
speech contrasts [11]. Such “neural commitment” [3] 
to one’s native-language speech contrasts suggests 
that early linguistic experience may have a significant 
impact on lifelong tuning of speech processing.  

However, it remains unclear whether traces of lan-
guage exposure from early infancy remain even after 
sudden and radical changes in the linguistic environ-
ment, as in international adoption. The existing evi-
dence is equivocal as to whether early language expe-
riences leave traces that persist across development 
[7,10]. Nevertheless, two recent EEG studies demon-
strated that children adopted from China retain neural 
sensitivity to Mandarin lexical tones [6,9]. Based on 

this evidence from cortical recordings, it is possible 
that the impact of early language exposure to Manda-
rin also leaves persistent traces of neural sensitivity to 
the phonetic representations of lexical tones at the 
subcortical level (i.e., auditory brainstem) [2].  

To this end, the present study examined phonetic, 
phonological, and lexical sensitivity to Mandarin 
Chinese lexical tones using a battery of behavioral 
tests in normal hearing adults who were adopted from 
China compared to native English and native Chinese 
controls. We also examined differences in the sensi-
tivity of the subcortical auditory system in these 
groups via FFRs elicited by Mandarin lexical tones. 

2. METHODS 

2.1. Participants 

We recruited three participant groups with different 
language backgrounds: English-speaking adults who 
had been adopted from China to the U.S. as children 
(n=9; mean age = 20 years), native Mandarin speak-
ers (n=21; mean age = 22.2), and native American 
English speakers with no tone language experience 
(n=21; mean age = 21.2). On average, the adoptees 
arrived in the U.S. at 9.6 months of age (Table 1). 
Adoptees’ heritage language cannot be known for 
certain and may have been Mandarin, Cantonese, or 
another dialect; six of the adoptees had some post-
adoption exposure to Mandarin (usually in college). 
We quantified their Mandarin knowledge using the 
Hanyu Shuiping Kaoshi (HSK) Level 1 test [1]. 

All participants had normal hearing and provided 
written informed consent, approved by the Institu-
tional Review Board at Boston University. 

Subj. Age 
(yr.) 

Adoption 
age (mo.) 

Mandarin  
Experience (yr.) 

HSK 
score 

P1 19 6 0 N/A 
P2 21 3 0 N/A 
P3 18 10 1 28/40 
P4 21 6 6 32/40 
P5 19 12 3 23/40 
P6 20 12 11 39/40 
P7 20 18 2 39/40 
P8 23 8 2 14/40 
P9 21 11 0 N/A 
 
Table 1: International adoptees’ demographics.  
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2.2. Behavioral tasks 

Participants performed all behavioral tasks in a sound 
attenuated booth. All auditory stimuli were RMS nor-
malized to 70 dB SPL. 

2.2.1. Pitch-contour perception test (PCPT) 

Participants performed a non-lexical pitch pattern 
identification task, which is designed to assess listen-
ers’ aptitude for learning lexical tones [8,12]. Five 
vowels (/a/, /i/, /o/, /e/, and /u/) recorded by four na-
tive American English speakers (2 females) were re-
synthesized to have three Mandarin tonal contours 
(level, rising, and falling) using the pitch synchronous 
overlap-and-add algorithm (PSOLA) [5]. On each 
trial, listeners heard one vowel and matched its syn-
thesized pitch contour to a corresponding arrow icon 
using assigned keys on a response box. Participants 
completed 120 trials (4 speakers ´ 5 vowels ´ 2 rep-
etitions). No feedback was provided. 

2.2.2. Tone discrimination task 

Participants performed an AX lexical tone discrimi-
nation task on pairs of Mandarin monosyllables and 
synthesized sinewave tones. On each trial, partici-
pants heard a pair of stimuli that differed in conso-
nant, vowel, and speaker, and they judged whether the 
pitch contours of the pair were the same (e.g., mǎi/yě) 
or different (e.g., tīng/xià). The speech stimuli were 
recorded by one female and one male native Manda-
rin speaker. The sinewave tones were synthesized 
from the natural speech sounds using PSOLA. 

Participants completed 192 trials (half with same 
and half with different tone contours) for both speech 
and non-speech stimuli. No feedback was provided. 

2.2.3. Auditory Stroop task 

To assess international adoptees’ implicit semantic 
processing of their heritage language (whether as a 
result of latent knowledge or due to re-exposure in 
adulthood), we conducted an auditory Stroop task. On 
each trial, listeners heard one of the two words mean-
ing “high” or “low” spoken in English, Mandarin, and 
Cantonese; each word was spoken in either an exag-
geratedly high- or low-pitched voice by one male na-
tive speaker of each language. Participants judged 
whether the voice pitch was high or low on each trial, 
and we hypothesized that participants’ familiarity 
with a language would be reflected in slower response 
times (semantic interference) when a word’s meaning 
and its voice pitch were incongruent vs. congruent. 

Participants performed 40 trials (20 congruent) per 
language condition. Corrective feedback was pro-
vided on each trial.  

2.2.4. Sentence identification task 

We conducted a sentence identification task to assess 
whether the adoptees retained enhanced familiarity 
for recognizing their heritage language (or had gained 
such familiarity from post-adoption exposure). In this 
task, participants heard sentences spoken in Manda-
rin, Cantonese, Japanese, Korean, or Arabic, and 
were asked to identify whether the sentence was 
“Chinese” or not. The sentences were taken from 
“The North Wind and Sun” passage recorded by four 
native speakers of each language (2 females, 2 
males). Listeners performed a total of 80 trials (4 sen-
tences ´ 4 speakers ´ 5 languages) presented in a ran-
dom order. No feedback was provided. 

2.3. Frequency-following response (FFR) 

Four minimally contrastive Mandarin monosyllables 
(/yi1/ “clothing”, /yi2/ “aunt”, /yi3/ “chair”, /yi4/ 
“easy”), recorded by one native Mandarin speaker, 
were used to elicit the FFR. In an electrically 
shielded, sound attenuated booth, participants pas-
sively listened to randomly presented syllables while 
watching a silent movie. The stimuli were delivered 
via Etymotic ER-1 insert earphones at 70 dB SPL.  

A total of 6400 trials were collected from each par-
ticipant (1600 trials per stimulus). All stimuli were 
presented at alternating polarities. 

2.3.1. Data acquisition, preprocessing, and analyses 

We measured FFR using EEG, recorded from a stand-
ard 10/20 layout of 32 active scalp electrodes (Bio-
semi ActiveTwo) at a sampling rate of 4096 Hz. Two 
reference electrodes were placed on the earlobes. 
Electrode offsets for all channels were maintained be-
low 30 μV. EEG data were high-pass filtered at 70 Hz 
cutoff to isolate subcortical responses from cortical 
activity. Trials were removed if the activity range ex-
ceeded 35 μV. The remaining trials for each stimulus 
per participant (M ± SD = 1475 ± 133 trials) were av-
eraged for further analyses.  

For each participant, we extracted f0 contours for 
the stimuli and FFR via autocorrelation using a 40-ms 
sliding window (3-ms steps). We quantified the pitch 
tracking accuracy of the FFR by computing stimulus-
to-response correlation; this measure indexed how 
well the FFR tracked the f0 of the stimulus.  

3. RESULTS 

3.1. Pitch-contour perception test 

We used a generalized linear mixed-effects model to 
examine whether participants’ language background 
had an impact on identifying pitch contours of vowels 
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(Fig. 1). Mandarin controls performed significantly 
better on the PCPT than did international adoptees (z 
= 2.85, p = 0.004); and the adoptees had significantly 
higher accuracy than the native English listeners (z = 
2.00, p = 0.046). 

Next, we examined whether the pitch identifica-
tion accuracy of the adoptees depended on their age 
of adoption or Mandarin proficiency (HSK score). 
These correlations did not reveal any significant rela-
tionships (both p > 0.57). 

 

 
 

Figure 1: Pitch contour identification accuracy by partici-
pants in each group.  

3.2. Tone discrimination performance 

We used linear mixed-effects models to examine 
whether the participants in each group differed in 
their ability to discriminating spoken Mandarin lexi-
cal tones and their sinewave analogs (Fig. 2).  

This analysis revealed significant main effects of 
group (c2(2) = 89.35, p < 0.001) and stimulus type 
(c2(2) = 18.25, p < 0.001), as well as a significant in-
teraction between group and stimulus type (c2(2) = 
84.99, p < 0.001). The linear model with pairwise 
contrast coding revealed that Mandarin controls per-
formed significantly better than the international 
adoptees overall (z = 6.24, p < 0.001). Mandarin con-
trols also had a significant advantage for discriminat-
ing speech vs. sinewave tones compared to the inter-
national adoptees (z = 5.77, p < 0.001). Furthermore, 
the adoptees performed significantly better than na-
tive English group overall (z = 4.05, p < 0.001), and 
likewise had a relative advantage for discriminating 
speech vs. sinewave tones (z = 2.06, p = 0.040). 

We also examined whether the adoptees’ tone dis-
crimination was related to their age of adoption or 
HSK score. While HSK scores were positively corre-
lated with speech tone discrimination (r = 0.78, p = 
0.01), this relationship was not found for sinewave 
tones (p = 0.72). Additionally, age of adoption was 
marginally correlated with speech tone discrimina-
tion (r = 0.63, p = 0.068), but was not related to dis-
crimination of sinewave tones (p = 0.42). 

 
  
Figure 2: Accuracy discriminating Mandarin speech and 

sinewave tones, by group. 

3.3. Auditory Stroop task performance 

Table 2 shows the amount of interference by group 
and language condition when the word meaning and 
vocal pitch were incongruent (i.e., “high” said with a 
low-pitched voice) compared to when they were con-
gruent (i.e., “high” said with a high-pitched voice). 
 

 Mandarin 
Controls 

International 
Adoptees 

Native 
English 

Mandarin  55 ±110 31 ± 72 16 ± 73 
Cantonese 67 ± 103 –7 ± 46 –13 ± 70 
English 79 ± 176 54 ± 73 102 ± 79 
 
Table 2: Response time (RT) differences (mean ± 
s.d. in ms) in the incongruent vs. congruent trials in 
each language condition and participant group.  
 

 
 
Figure 3: Semantic interference in each language condi-
tion by group. Auditory Stroop effect: (mean incongruent 

RT – mean congruent RT) ÷ mean congruent RT. 
 

We performed a separate linear mixed-effects 
model on RT for incongruent vs. congruent trials for 
each language condition and each participant group 
(Fig. 3). When identifying the voice pitch of Manda-
rin words, Mandarin controls were significantly 
slower to respond to incongruent vs. congruent trials 
(t772 = 3.36, p < 0.001), but no significant interference 
(Stroop effect) was found in the other two groups 
(both p ≥ 0.23). Likewise for the Cantonese words, 
only Mandarin controls exhibited a significant Stroop 
effect (t771 = 3.30, p = 0.001). In the English condition, 
all groups exhibited significant Stroop effects (Man-
darin controls: t748 = 2.42, p = 0.02; Adoptees: t331 = 
2.56, p = 0.01, native English: t777 = 5.13, p < 0.0001). 
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