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ABSTRACT Objective: The frequency following response is a neuro-
phonic auditory evoked potential that is an important tool for understanding
auditory, speech and language processing mechanisms and disorders, as it
provides information about the neural representation of speech stimuli. This
study aimed to contribute to the literature by analyzing the latency and am-
plitude values of the V-A-C-D-E-F and O waveforms and the VA complex
(slope) which are the time domain components of the frequency following
response in Turkish-speaking children with typical hearing. Material and
Methods: Participants consisted of forty children aged 7-9 years with bi-
lateral typical hearing, bilateral type A tympanograms, ipsilateral-con-
tralateral acoustic reflexes. Participants were evaluated in a soundproof
room using an Intelligent Hearing Systems device.The 40 ms /da/ speech
stimulus was presented to the right ear via an insert earphone and the re-
sponses were recorded from electrodes placed at the centre of the head
(Fz:non-inverting/active), the ipsilateral earlobe (inverting/reference) and
the contralateral earlobe (ground). Results: When the seven characteristic
peaks (V-A-C-D-E-F and O), which are the time domain components of the
frequency following response, were analyzed; V:6.49, A:7.52, C:18.46,
D:22.15, E:30.62, F:39.16 and 0:48.06 ms.The mean amplitude measures of
the waves were V:0.15, A:-0.17, C:-0.10, D:-0.14, E:-0.22, F:-0.21 and O:-
0.16 uV. The mean slope value was 0.31. Conclusion: The findings con-
tribute to the literature by providing information on the latency, amplitude
and slope values of the frequency following response which can be used in
a wide range of areas regarding auditory,speech and language processing
disorders in Turkish speaking children with typical hearing.

Keywords: Time domain analysis; frequency following response;
speech stimulus

OZET Amag: Frekans takip yaniti, konusma uyaranlarinin néral temsili
hakkinda bilgi sagladigi i¢in isitsel, konusma ve dil islemleme mekanizma-
larini ve bozukluklarini anlamak i¢in 6nemli bir aragtir. Bu ¢caligmada, tipik
isitmeye sahip Tiirk¢e konusan ¢ocuklarda frekans takip yanitinin zaman
alani bilesenleri olan V-A-C-D-E-F ve O dalga formlarinin latans ve am-
plitiid degerleri ile VA kompleksinin (egim) analizi yapilarak literatiire katki
saglanmasi amaglanmistir. Gereg¢ ve Yontemler: Katilimcilar, bilateral tipik
isitmeye sahip, tip A timpanogramlari, ipsilateral-kontralateral akustik ref-
leksleri olan, 7-9 yaslar1 arasinda, tek dilli, anadili Tiirk¢e olan ve sag elini
kullanan 40 ¢ocuktan olusuyordu. Katilimcilar, ses ge¢irmez odada, Intelli-
gent Hearing Systems cihazi kullanilarak degerlendirildi. Frekans takip ya-
nitinin zaman alani analizi igin konugma uyarani 40 ms /da/, insert kulaklik
araciligiyla sag kulaga sunuldu ve yanitlar, basin ortasma (Fz: non-inver-
ting/aktif), ipsilateral kulak memesi inverting/referans) ve kontralateral
kulak memesi {izerine yerlestirilen elektrotlardan kaydedildi (ground). Bul-
gular: Frekans takip yanitinin zaman alan1 komponentleri olan yedi karak-
teristik zirvesi (V-A-C-D-E-F ve O) analiz edildiginde; FFR bilesenlerinin
ortalama latans degerleri; V: 6,49, A: 7,52, C:18,46, D: 22,15, E: 30,62, F:
39,16 ve O: 48,06 ms iken ortalama amplitiid degerleri; V: 0,15, A: -0,17,
C:-0,10,D:-0,14, E: -0,22, F: -0,21 ve O: -0,16 pV idi. Ortalama VA kom-
pleks (egim) degeri ise 0,3 1olarak elde edildi. Sonug¢: Bulgular, isitsel, ko-
nusma ve dil islemleme bozukluklarma iligkin genis bir alanda kullanilan
frekans takip yanitinin tipik isitmeye sahip Tiirk¢e konusan ¢ocuklardaki
latans, amplitiid ve egim degerleri hakkinda fikir vererek literatiire katkida
bulunmuslardir.

Anahtar Kelimeler: Zaman alan analizi; frekans takip yaniti;
konusma uyarani
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Frequency following response (FFR) is a neuro-
phonic and steady state auditory evoked potential that
reflects synchronous neural phase locking to the spec-
tral and temporal components of the auditory signal.!
FFR reflects auditory neuronal processing responses
in auditory subcortical structures from the cochlear
nucleus to the inferior colliculus.? Although the
sources are mainly brainstem and subcortical, recent
studies show that FFR can be reliably recorded from
the scalp and that there may also be some cortical
contributions.® Understanding auditory neural pro-
cessing at the brainstem, subcortical and cortical lev-
els may help to understand processing abnormalities
in different populations with speech and language
disorders, hearing loss, auditory processing disorders,
and learning deficits.** A variety of complex speech
stimuli can be used to evoke the FFR. Although there
are many speech stimuli used to evoke FFR, the /da/
syllable seems to be frequently used. Research report
that this can be stop consonants have phonetic knowl-
edge and therefore provide robust and reliable traces.>

In recent years, speech stimuli evoked FFR is
used as a valid and reliable tool to examine brainstem
and subcortical coding of speech stimulus.®” The FFR
evoked by the speech stimulus /da/ is characterized
by seven characteristic peaks, labeled V, A, C, D, E,
F and O, when analyzed in the time domain. These
peaks represent the time domain component of the
FFR.? The response to the beginning of the speech
stimulus involves a positive peak called as wave V
followed by a negative peak called as wave A. Fol-
lowing waves V and A, wave C is transient response,
waves D, E, and F are steady-state responses and
wave O is the offset response.! Investigating FFR
with speech stimuli allows the observation of audi-
tory system reaction to speech stimuli, which is not
possible with stimuli such as clicks due to the non-
linearity of the auditory system.' The potential of
FFR to represent speech stimuli and its use in exam-
ining spectral and temporal acoustic components that
are critical for speech and language development
makes FFR an important tool in understanding
speech and language development and disorders
(speech delay, apraxia, stuttering, phonological dis-
orders, etc.).*>® Moreover, it may also used in many
areas such as examining the auditory system, audi-
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tory processing disorders, evaluation of auditory-
based cognitive skills, and evaluation of the neural
representation of speech sounds processed by differ-
ent strategies used by hearing aid and cochlear im-
plant users.® The FFR, which has a wide range of
applications, does not yet have clear normative values
like the traditional auditory evoked potential tests
(ABR, P300 e.t.c). The FFR, which starts before 10 ms
and lasts up to 50 ms, can be influenced by factors that
affect speech and language processing strategies. It is
therefore very important to carry out large-scale FFR
studies. In addition to hearing, speech and language
disorders, FFR results from people with different eth-
nic backgrounds, individual differences and different
languages are reported in the literature.”!'! All these
reports are very valuable in providing us with knowl-
edge about FFR that can be used in many areas.

FFR, which provides an idea about the neuro-
plastic structure of the central auditory system, is an
important potential biomarker that can be used in
many areas such as monitoring the nature, develop-
ment and disorders of central auditory, speech and
language processing.”!? For this reason, examining
children with auditory, language and speech process-
ing problems with FFR has an important place in de-
termining early and effective intervention strategies.
However, there are few studies analyzing all compo-
nents of this important biomarker, especially for the
pediatric group. Therefore, the FFR findings of chil-
dren with typical hearing whose native language is
Turkish should be examined in detail. In this context,
this descriptive study aimed to contributing literature
by analyzing the latency and amplitude values of the
V,A,C,D,E,F, and O waveforms and the VA com-
plex (slope), which are the time domain components
of the FFR in Turkish-speaking children with typical
hearing.

I MATERIAL AND METHODS

The present study was deemed ethically appropriate
by the Ethics Committee of Marmara University Fac-
ulty of Medicine. It has been carried out in accor-
dance with the Declaration of Helsinki. Informed
consent was obtained from all participants and their
parents.
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The research was conducted on forty children
(20 female and 20 male) in the age range of 7-9 years.
The lower age limit for the participant group was set
at 7 years old, coinciding with the recommended age
for reliable auditory processing assessment.!* The
upper limit was set at 9 years old, preceding the ini-
tiation of formal foreign language (English) instruc-
tion in public schools. This ensures participants are
assessed before potential confounding effects from
recent language learning can influence test results.
All participants were recruited from public schools
where English language acquisition, considered a for-
eign language in this context, commences in the third
grade (approximately 9 years old) of primary school.
In addition, the age range was also kept small to min-
imise the influence of maturation on the test results.

In order to ensure participant homogeneity, par-
ticipants were composed of monolinguals, native
Turkish speakers, and right-handed. The participants
had typical bilateral peripheral hearing and normal
middle ear function, no history of ear surgery and no
history of developmental, genetic, neurological or
psychiatric disorders. The participants’ peripheral
hearing was assessed by conventional audiological
evaluation (pure-tone audiometry with the AC 40
Clinical Audiometer, Interacoustics/Denmark) and
immittance evaluation (probe tone of 226 Hz with
GSI TympStar V.2 Middle-Ear Analyzer, Grason-
stadler Inc. Tiger/USA); they had bilateral type A
timpanograms, ipsilateral-contralateral acoustic re-
flexes and normal hearing thresholds between 125 Hz
and 8 kHz (<20 dB HL). Participants whose results of
peripheral hearing assessment was within normal
limits were considered to have typical hearing.

FREQUENCY FOLLOWING RESPONSE (FFR)

FFR data were collected in a soundproof room while
participants were comfortably seated in an examina-
tion chair and watching a silent cartoon film. They
were asked to remain relaxed and motionless. After
cleaning the skin with an exfoliating gel, Ag-AgCl
surface electrodes were applied with electrolytic
paste to the centre of the head (Fz: non-inverting/ac-
tive), the ipsilateral earlobe (inverting/reference) and
the contralateral earlobe (ground), which were fixed
with adhesive tape for ensuring the impedance be-
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tween the electrodes was less than 5 kQ. FFR was
recorded using Intelligent Hearing System (IHS)
smart-evoked potentials (Smart-EPs). The 40
ms/da/stimuli was presented to right ear via an Ety-
motic Research-3A (ER-3A) insert earphone at a
stimulus rate of 11.1 Hz at 80 dB HL with alternating
polarity. The total sweeps number was 1024 and the
bandpass filter was 100-3000 Hz that was recorded
over 60 ms post-stimulus time period. Artifact rejec-
tion of £20-pV was applied to reject epochs that con-
tained myogenic artifacts. The gain factor was
100,000. The initial part of the /da/ stimulus, the re-
sponse to the onset response corresponding to the ex-
plosive consonant /d/, includes a positive peak called
as wave V followed by a negative peak called as
wave A. The transition from consonant to vowel /a/
begins with negative peak called as wave C (transient
response), which is followed by negative peaks as
called waves D, E, and F (steady-state responses).
FFR is completed by the negative peak trough final
response called as wave O (offset response). Time
domain analysis of FFR data were performed on the
resulting signal profile. Seven specific peaks (V, A,
C, D, E, F, and O) were determined. Latencies and
amplitudes of FFR components were viewed and
marked manually by two audiologists blinded to the
study to avoid influencing the findings. If there was
a difference in marking, a third blinded audiologist
analysed the results and retained the mark that
matched two equal analyses.

In addition to latency and amplitude values, VA
complex (the slope) was also calculated. This calcu-
lation was based on the formula: (amplitude of V-am-
plitude of A) / (latency of A-latency of V).!

DATAANALYSIS

In sample size calculation of the research, power was
calculated by taking at least 80% and a Type-1 error
of 5% for each variable. Shapiro-Wilk (n<50) and
Skewness-Kurtosis test was applied to assess the nor-
mality of the data distribution. The “Mann-Whitney
U” test was used to compare categorical groups, as
the measures were not normally distributed. Statisti-
cal analysis was performed using the Statistical Pack-
age Program (SPSS for Windows, ver.26, IBM), and
the significance level was set at p<0.05.
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I RESULTS

The study analyzed the measurements, obtained from
the FFR investigation using 40 ms /da/ speech stim-
ulus of forty typically hearing children. The mean age
of the participants was 8.1 years (minimum of 7.2
years and maximum of 8.11 years).

The test was carried out without difficulties, and
collection lasted roughly 20 min. Seven characteris-
tic peaks of the FFR as V, A, C, D, E, F, and O, were
obtained from all participants (Figure 1).

Table 1
values of the FFR components as well as the slope

indicates the descriptive latency

value. Descriptive amplitude measurements of V,
A, C, D, E, F, and O waves are also presented in
Table 2.

In addition, when latency and amplitude values
of FFR components are analyzed according to gen-
der; there were no statistically significant differences
between the genders (p>0.05) (Table 3).

Amplitude (V)

T
40

Latency (ms)

FIGURE 1: Waveform model of the FFR with 40 ms/da/ speech stimulus eliciting
seven characteristic response peaks highlighted V, A, C, D, E, F, and O (black and
red point).

TABLE 1: Descriptive latency values of the time domain FFR.
Latency (ms) Minimum X+SD Maximum
V 6.14 6.49+0.26 6.96
A 7.25 7.52+0.31 8.10
c 16.20 18.46+0.39 19.01
D 21.90 22.1540.32 23.75
E 29.80 30.62+0.54 33.60
F 38.60 39.16+0.30 40.85
(¢} 47.90 48.06+0.65 48.60
Slope VA (uV/ms) 0.29 0.31+0.09 0.33

SD: Standard deviation.
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TABLE 2: Descriptive amplitude values of the time domain FFR.
Amplitude (uV) Minimum X+SD Maximum
V 0.09 0.15+0.08 0.28
A -0.23 -0.17+0.06 -0.10
c -0.32 -0.10£0.11 -0.07
D -0.28 -0.14+0.13 -0.04
E -0.24 -0.22+0.05 -0.12
F -0.34 -0.21+0.07 -0.11
(¢} -0.35 -0.16+0.09 -0.06
SD: Standard deviation.
I DISCUSSION

This descriptive study aimed to characterize time do-
main analysis of FFR to speech stimulus in Turkish
speaking pediatric population without hearing com-
plaints. This aim is also valuable in terms of present-
ing the first data on latencies and amplitudes of FFR
test for Turkish speaking children, which does not have
clear norm values like traditional auditory evoked po-
tential tests (ABR, P300 e.t.c) and can be affected by
many factors. FFR test, which reflects the response
generated at the brainstem, subcortical and cortical lev-
els to speech stimuli; it can be used as a potential
biomarker for many conditions including auditory pro-
cessing disorders, learning disorders, dyslexia, hear-
ing loss, language disorders and phonological
disorders.** It can also be used to monitor the effec-
tiveness of the device and speech and language devel-
opment in people using hearing aids or cochlear
implants."> This non-invasive test can be applied to
very large areas and can be performed comfortably in
a short time. In our study it took about 20 minutes for
the pediatric group. Many studies have reported that
FFR variability in the test and retest and good intra-
and intra-subject reproducibility.'*!> Since the present
study was a cross-sectional study, re-test was not per-
formed, but inter-subject reproducibility was con-
firmed. We obtained all the components of time
domain FFR, which represents the spectral and tem-
poral processing of speech stimuli at the brainstem and
subcortical levels; waves V and A were the onset re-
sponse to the speech stimulus /da/, and wave C was the
transient response which corresponds to the plosive
consonant /d/ and the consonant-to-vowel transition
/a/, waves D, E, F were the steady state responses, and



Fatma YURDAKUL CINAR et al.

Turkiye Klinikleri J Health Sci. 2025;10(1):138-44

TABLE 3: Comparison of latencies and amplitudes (meanszstandard deviations) of time domain FFR in male and female participants.

Female (n=20) Male (n=20)
FFR Components Latency (ms) Latency (ms)
\ 6.470.24 6.51£0.21
A 7.51+0.31 7.53+0.29
(] 18.52+0.26 18.49+0.32
D 22.30+0.24 22.55+0.19
E 30.23+0.42 30.36+0.36
F 39.20+0.52 39.18+0.54
0 48.10+0.21 48.360.1

Female (n=20) Male (n=20)

p value Amplitude (V) Amplitude (uV) p value
0.64 0.014+0.06 0.13+0.08 0.56
0.84 -0.16+0.07 -0.15+0.08 0.06*
0.14 -0.11£0.10 -0.12+0.09 0.07*
0.28 -0.14+0.08 -0.13+0.07 0.48
0.09* -0.240.07 -0.19£0.11 0.36
0.62 -0.18+0.07 -0.16+0.010 0.64
0.89 -0.16+0.08 -0.18+0.07 0.61

Mann-Whitney U test, *p<0.05

wave O was the offset response. When the values we
obtained were compared with the FFR values obtained
from typically hearing children in the literature, it was
observed that they were mathematically similar.'*!
While analysing FFR data, some researchers prefer to
exclude labelling the wave C component due to a per-
ceived lack of representativeness. However, the wave
C, which is the transient response, is important to rep-
resent because it is a particularly emphasized compo-
nent in representing auditory processing, speech
processing, and experience-driven neuroplasticity.’

In the present study the existence of this com-
ponent was demonstrated with 100% latency and am-
plitude values. Comprehensive representation of all
FFR components is crucial for elucidating atypical
conditions. Establishing normative data is essential
for identifying these deviations. When compared to
normative values, prolonged latencies and reduced
amplitudes may be associated with abnormal speech
coding, slow neural transmission and/or neural asyn-
chrony in the central auditory system at brainstem
and subcortical levels.!”!® Furthermore, comparing
FFR data obtained before and after intervention and
auditory/speech rehabilitation provides valuable in-
sights into the trajectory of auditory/speech process-
ing.? For example, a reduction in prolonged latencies
and an increase in reduced amplitudes of FFR com-
ponents can indicate positive treatment outcomes.
This information can be used to guide ongoing treat-
ment decisions and optimize individual auditory ther-
apy/rehabilitation plans. FFR test, which is a method
that can be used to objectively evaluate auditory,
speech and language processing skills in all age
groups, from neonates to the geriatric population, al-
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lows both the evaluation of the maturation of these
skills and the evaluation of auditory, speech and lan-
guage processing skills of children who unable to co-

operate with subjective tests.!>

In this regard, studies aimed at establishing FFR
norms are warranted. The present study, which pre-
sents FFR data obtained from typically developing,
homogeneous participants, may inspire normalization
studies and contribute to the examination of the mat-
uration effect. This descriptive study also provides a
comparison opportunity for the colleagues who will
use FFR in children in their studies.

Furthermore, the presentation of such study data
from different parts of the world will provide insight
into the processing of speech stimuli at the brainstem,
subcortical and cortical levels of individuals with dif-
ferent languages, different ethnic origins, different
climatic conditions and different socio-cultural struc-
tures. Collecting data on a national basis and creat-
ing study protocols that can be evaluated on an
international basis can provide insight into our un-
derstanding of the foundations of speech and lan-
guage development. Our results were obtained from
monolingual, Turkish-speaking, right-handed and
typically developing children aged 7-9 years. In this
respect, present study was one of the first studies re-
porting the results of FFR applied to Turkish-speak-
ing children. Sanfins and colleagues reported their
study in which they performed FFR with a 40 ms /da/
stimulus in monolingual, Italian speaking, right-
handed Italian children aged 9-14 years.!* In the re-
sults of Sanfins et al., they reported that there were
differences in latencies and amplitudes compared to
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adults, as expected from the literature.'* They also re-
ported gender differences for the latency of wave O.
Although we cannot make comparisons due to the
different age ranges and protocol differences, na-
tional reports are important to provide insight. There
were no significant differences between the genders
in our results.

While some studies found no difference between
the genders, others reported only a few prolongations
of latency of FFR components.?!** This issue, which
is inconclusive, should be investigated by increasing
the number of participants. The present study, in
which we report data from the FFR test, which is a
potential biomarker for investigating auditory, speech
and language processing skills in typically develop-
ing children, is very important in terms of providing
ideas for researchers in these fields. Moving forward,
we aim to expand our participant pool and conduct a
normalization study utilizing FFR data collected from
children and adolescents, additionally investigating
the maturational effect on spectral and temporal pro-
cessing of speech stimulus at brainstem, subcortical
and cortical levels.

I CONCLUSION

This study is one of the first studies examining the
time domain analysis of the FFR in typically devel-

oping monolingual Turkish-speaking children. The
results of the study are important in terms of their po-
tential to serve as a reference level for studies using
FFR in children and to contribute to research on au-
ditory, language and speech processing using FFR
test.
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