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Abstract

Behavioral research has produced little evidence on sound feature discrimination in neonates. Sensory processes underlying sound
perception can be studied using the mismatch negativity (MMN) component of auditory event-related potentials (ERPs), which is not
contingent on conscious perception and response. Thus, MMN is suitable for studying newborns, who are difficult to obtain behavioral
responses from. The present study thus utilized spectrally rich sounds, known to elicit the most replicable MMN in adults, to investigate
newborns’ preattentive analysis of sound duration and frequency changes. An attempt was also made to control for the obligatory ERP
effects on the MMN. Three-partial harmonic tones were presented in Duration and in Frequency oddball conditions to 55 newborns. In the
other two, Equiprobable duration and Equiprobable frequency, conditions frequency and duration deviants of the oddball paradigms were
presented with equal probabilities among sounds of other durations and frequencies. MMN was elicited in 81% of newborns in Frequency
oddball condition and in 78% of newborns in Duration oddball condition. No significant amplitude differences between the duration and
frequency MMNs were found, but MMN latency was delayed in Duration condition. The obligatory components seemed to contribute
significantly to the deviant-standard difference in Duration but not in Frequency condition. The majority of neonates appear to possess
effective sound frequency and duration discrimination mechanisms. Their preattentive sound discrimination is facilitated by spectrally rich
sound content. The present findings support a change-detection nature of MMN in neonates; however, sound duration-related obligatory
effects need to be taken into account in infant MMN studies.  2002 Elsevier Science B.V. All rights reserved.
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21. Introduction component of brain event-related potentials (ERPs) that
can be used to investigate the afore-mentioned ASM

Auditory sensory memory (ASM) is the earliest memory functions [45,46,52]. An MMN is elicited when stream of
buffer where preconscious sound feature analysis, integra- identical, ‘standard’ sounds is violated by a different,
tion, and discrimination occur [45,52,53]. This memory ‘deviant’ sound. It was therefore suggested [52,56,60] that
module provides a database for an information read out to when sounds are repeated, a short-lived neural representa-
further, including conscious, information processing mech- tion of the repeating (invariant) sound feature(s) is formed,
anisms [17,45]. Mismatch negativity (MMN) [47] is a and the real-time auditory input is compared to this

representation. The deviant sound apparently triggers a
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neural processing of change from this established short- nation approached significance. Further, using a physiolog-
term memory trace of invariance [56,60]. The output of ical method of fetal cardiac rate registration, Lecanuet et
this neuronal calculation is reflected in ERPs as a negative al. [36] found that 90% of 36–39-week-old fetuses detect
voltage difference (the MMN) between the deviant and pitch differences between two piano notes of fundamental
standard stimulus responses. In adults, a change in acous- frequencies 292 and 518 Hz. Just slightly older,1-month-
tic, phonetic, or relational sound features commonly elicits old, infants were found to reliably increase their sucking
the MMN if this change can also be perceptually discrimi- rate when the 200-Hz test tone was replaced by a 500-Hz
nated [51,62,68]. The MMN can be elicited without tone, and vice versa [71].
attention to the stimuli, that is, preconsciously; nonethe- Studies of sound duration discrimination in newborns
less, MMN elicitation and amplitude have been shown to [14,15] have found that they require rather long sound
correlate with conscious sound discrimination performance duration (at least 1 s) to orient to the sound. No evidence
in adults [35,48,62,68] and, at a group level, in children for sound duration discrimination on a millisecond scale
[4,29]. has been obtained. Infants aged 1 month and older were

The MMN phenomenon is valuable when investigating found to discriminate syllables and complex tones differing
subject populations whose behavioral responses are un- in voice-onset time (VOT) by 15–55 ms [21,26,27].
available or unreliable, such as human infants. In new- However, these findings were explained in terms of
borns, an MMN peaking at 200–400 ms after sound categorical perception of stimuli used in those studies. We
change onset has been elicited by sinusoidal tone fre- are not aware of any comparable findings in newborns.
quency change [1,12,32,38], phonemic vowel change [11], Behavioral responding, though, is contingent on many
and duration change of fricative consonant in a pseudo- non-sensory factors such as the infant’s state, motor
word [34]. On the basis of the afore-mentioned studies and abilities, and attention, which make it difficult to interpret
those performed on older infants [6,8,39] it has been the performance and to isolate sensory factors. Therefore
concluded that the MMN is one of the ontogenetically direct measures of central sensory processing, such as
earliest perception-related responses that can be recorded obligatory ERPs and MMN, might be expected to be more
at the scalp (for a review, see Ref. [32]). However, accurate than the behavioral measures Still, the lower
elicitability of MMN in infants is somewhat lower than in MMN elicitability in neonates indicates that sensory sound
adults. In studies that used sinusoidal tones the MMN was discrimination is poorer at birth than later in life. We
reported in six out of eight [1], 75% [32], and 50% [38] of wondered whether there were factors other than immaturity
newborns. of the MMN generating system that might contribute to

Lower MMN elicitation in neonates might be caused by this result.
3several factors. First, it is possible that sensory auditory It has been demonstrated that obligatory components of

processing in newborns is less accurate, and discrimination newborn ERPs are sensitive to sound intensity [54] as well
poorer, than in older infants and children. This would be as VOT and place of articulation cues in CV syllables
accounted for by the functional immaturity of the neonatal [31,42]. They may even display changes consistent with
auditory system. Even though it has been shown that the categorical VOT boundaries [63]. Further, DeRegnier et al.
newborn’s cochlea matures structurally prior to birth [69], [19] reported increased amplitude and shorter latency in
it continues to develop functionally until ca. 3 years of age the newborn ERP peak, called P2 in their study, in
[20]. Similarly, sound transmission in the brainstem, as response to the voice of the mother (as compared to that of
indicated by evoked brainstem potentials, reaches mature a stranger). Based on the aforementioned findings, it
parameters at 1–2 years of age [44,58]. No data is appears that newborns possess an ability to form sound
available on early neuro-functional development of the feature representations at the level of neural processes that
human auditory cortex, such as, e.g., synaptic efficacy or are indexed by obligatory responses. However, in adults
tonotopicity. Structural data indicate that synaptic density obligatory responses either do not correlate with auditory
in the auditory cortex is maximal at 3 months post natum perception or correlate only poorly. This might be ex-
[23] and decreases thereafter. At birth, intracortical con- pected to be the case in infants as well.
nectivity is deeply immature, especially in the superficial Even at birth, infant obligatory responses display robust
layers [59]. In these layers, adult-like connectivity de- refractoriness effects. Vaughan and Kurtzberg [70] reported
velops only by 11 years of age, and fiber myelination a remarkable increase in the obligatory positivity in
progresses even longer [22]. response to deviant sounds in both newborns and older

Behavioral studies on newborns’ sound feature discrimi- infants. This might influence the deviant-standard ERP
nation partially support the notion that neonates have
immature perceptual abilities. Leventhal and Lipsitt [40]

3Exogenous, or obligatory, ERP components are those that are obligatori-and Trehub [67] found no evidence for newborns dis-
ly elicited by the occurrence of stimulus, are determined by the physical

criminating frequency contrasts of 100 vs. 200 Hz, 200 vs. stimulus characteristics, and change their properties only in relation to
500 Hz, or even 1000 vs. 2000 Hz. However, in Leventhal stimulus features. In contrast, endogenous components can be elicited
and Lipsitt’s study [40] the 200 vs.1000 Hz tone discrimi- without exogenous stimuli.
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difference, and thus the researchers’ interpretation of of MMN in newborns have been addressed by only a
sound discrimination abilities. Some other studies also handful of studies [9,32,38].

¨support this possibility. In the study by Leppanen et al. In school-age children [5] and in adults [65], spectrally
[38], the grand-mean response to an 1100-Hz deviant tone rich tones were found to elicit larger MMN responses and
was more positive than to an 1000-Hz standard tone, even (in adults) to render the behavioral discrimination more
though deviance-related negativities were present in half of accurate, compared with single-frequency sinusoidal tones.
the 28 newborns studied. When the frequency difference It was therefore inferred that spectrally rich sound content
between the deviant and the standard stimuli was increased facilitates preattentive discrimination of pitch in both
by using 1300 Hz as the deviant tone, it was found that the children and adults. Further, in adults it was shown that
ERP for the 1300-Hz deviant tone was negative relative to MMN replicability was better when deviant sounds were
that elicited by 1100-Hz deviant tone. The authors of this shorter in duration (by 66%), than when analogous fre-
study concluded that the deviant sounds evoke a positivity quency or intensity changes were used [66].
greater than the standard because they excite new afferent The present study therefore aimed to investigate pre-
elements (which confirms earlier findings in Ref. [70]). attentive (as reflected by MMN) sound frequency and
They also suggested that in newborns the MMN might duration discrimination in newborns, using harmonically
often appear as a reduction of the obligatory positivity in rich, though acoustically not too complex stimuli (har-
the deviant response. It can be further inferred that in order monic tones), with the purpose of clarifying whether
to appear as negativity in the deviant-standard difference, similar facilitation of sensory auditory processing is al-
the newborn MMN has to be of a larger voltage than the ready present at birth. An important parallel goal was to
increase in the positive obligatory response. examine the reflectance of sound duration and frequency in

The exogenous components contribute to the deviant obligatory ERPs in newborns, and to separate the dis-
response also in adults [50,62]. However, it has been criminative responses from these obligatory effects.
shown that in adults, even deviant sounds that are known
to elicit a smaller obligatory N1 wave than the corre-
sponding standards (e.g., lower intensity tones as compared 2. Materials and methods
to higher intensity tones) in an oddball paradigm evoke a
negativity (the MMN) exceeding that in the standards 2.1. Experimental design and stimuli
[49,55]. It therefore appears that the obligatory effects
differ significantly between infants and adults. Two main (oddball) and two control (equiprobable)

An alternative explanation for why the deviant sounds experimental conditions were carried out in healthy full-
evoke positivities in infants would be that their discrimina- term newborns.
tion response is positive in polarity. Two recent studies
[37,57] have investigated sound duration discrimination, as 2.1.1. Oddball conditions
indexed by MMN, in newborns. The authors presented the In the Duration condition, the standard stimulus was a
CV syllables /kaa / (standard, duration 250 ms), and /ka / 200-ms harmonic tone consisting of three lowest partials of
(deviant, duration 110 ms) with a short stimulus onset the 500-Hz fundamental frequency (i.e., 500, 1000, and
asynchrony (SOA, onset-to-onset) of 425 ms to 32 new- 1500 Hz sinusoidals), the second and third components
borns, and with a longer SOA of 855 ms to 11 newborns, being lower in intensity than the first one by 3 and 6 dB,
all in quiet sleep state. In these studies, the ERPs to the respectively. The deviant tone was otherwise identical but
deviant sounds were mostly positive in relation to those 100 ms in duration.
elicited by the standards. The authors [37,57] concluded In the Frequency condition, the standard tone was 100
that a positive difference obtained in response to the ms in duration and of the same spectral content as the
deviant syllable in infants could not be entirely accounted standard tone in the Duration condition. The deviant tone
for by enhancement of the obligatory response, and thus in this condition was a 100-ms harmonic tone consisting of
might represent a genuine infantile discriminative re- three lowest partials of the 750-Hz fundamental frequency
sponse. However, before conforming to such a view one (i.e., the 750, 1500, and 2250 Hz sinusoidals), the second
would need to systematically investigate whether, and and third components being lower in intensity by 3 and 6
how, sound features such as duration and frequency are dB, respectively.
reflected in obligatory positivity in newborns. Further, one In both conditions, the standard stimulus occurred with a
would need to look for a way to eliminate such effects probability of 85%, while the deviant stimulus occurred
from the deviant-standard difference waveforms in order to with a probability of 15%. The stimulus onset asynchrony
be able to assess a genuine discriminative response. (SOA, onset-to-onset) was set at 800 ms. Three to four

The newborn MMN studies mentioned earlier in the stimulus blocks of 400 events each were presented to every
paper have demonstrated that neonates are able to preatten- newborn during the active sleep state. This resulted in
tively discriminate several acoustic contrasts. However, the 110–324 (mean 156) accepted deviant and 503–1847
characteristics of sensory processes underlying generation (mean 900) accepted standard events.
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2.1.2. Equiprobable conditions experimental time in quiet sleep stage were not included in
Two control conditions with tones of three durations and the present analyses. All newborns included in the present

three frequencies (in separate blocks, probability of each study passed a peripheral hearing screening by evoked
tone being 33%) were also carried out. The rationale otoacoustic emissions (EOAE).
behind the control conditions was to equalize, as much as Out of the remaining 43 newborns (17 males), negativity
possible, the contribution of the obligatory ERP com- in response to the deviant stimuli was elicited in 33 (77%).
ponents in the waveforms entering the subtraction pro- We regarded the negativity as MMN when it exceeded
cedure. The deviant-sound ERP may incorporate both the 21.0 mV in at least two out of four fronto-central
MMN and the enhancement of the obligatory ERP peaks, electrodes. Since the goals of this study were to compare
the latter resulting from the activity of neurons excited by MMNs elicited by changes in different sound features and
the novel afferent input of the deviant sound. When the to evaluate the obligatory-response influences on MMN,
standard ERP is replaced in the subtraction by one only those infants showing MMN were included in the
obtained in the condition when the ‘deviant’ sound is comparisons between conditions.
presented with 100% probability and at the same rate as Out of 41 newborns (20 males) participating in the
the standard, this does not eliminate the contribution of the Duration condition, 26 (79%) showed MMN in the active
obligatory enhancement to the difference wave, since the sleep state and thus were accepted for further analysis. Out
refractoriness level of such a ‘deviant’ response equals that of 26 newborns (seven males) participating in the Fre-
of the standard-, not the deviant-stimulus ERP. Such a quency condition, 17 (81%) showed an MMN in active
manipulation eliminates only those obligatory differences sleep. Eleven of these newborns also participated in the
that are present in the refracted responses, and therefore Duration condition.
are small in amplitude. One way to reduce the effects The Equiprobable-duration condition was presented to
produced by new afferent elements is to present the 16 newborns (7 males). Thirteen of these infants partici-
‘deviant’ sound with a probability close to that of an pated in the oddball Duration condition as well. The
oddball paradigm but among several other sounds having Equiprobable-frequency condition was presented to 13
the same probabilities and varying along the same feature newborns (4 males). All of these newborns also partici-
as the deviant. In such a case, the ERP to the sound of pated in the oddball Frequency condition. Eight infants
interest (the ‘deviant’) will not contain the MMN but will participated in both Equiprobable-duration and Equip-
contain a nearly full obligatory response of the ‘new’ robable-frequency conditions.
afferent elements, since their refractoriness level will be
low due to the infrequent repetition. Subsequently, when
the standard ERP is replaced in the subtraction by such a 2.3. EEG recording and averaging
‘deviant’ ERP, it cancels out most of the obligatory effects
contained in the oddball-deviant ERP. Experiments were conducted in a silent room at the

Therefore, in the Equiprobable-duration condition, har- Hospital for Children and Adolescents of the Helsinki
monic tones of duration 100-, 200-, and 300-ms (500-Hz University Central Hospital. Sounds were presented
fundamental frequency) were presented with an SOA of through two loudspeakers placed 20 cm from either side of
800 ms and with probabilities of 33% each. In the the recumbent newborn’s head.
Equiprobable-frequency condition, 100-ms three-partial Continuous EEG was recorded (bandpass 0.1–30 Hz,
harmonic tones of fundamental frequencies 500-, 625-, and sampling rate 250 Hz) using NeuroScan 3.0 software.
750-Hz were presented with the same 33% probabilities. Single-use electrodes were attached to eight scalp sites:
Two to three blocks of 420 events each were delivered to F3–F4, C3–C4, P3–P4, and T3–T4, according to the
every newborn that participated in these conditions. International 10–20 system. Off-line, the data was epoched

The rise / fall time of all the stimuli used in the study into 900-ms stimulus-onset-locked intervals, including 100
was 10 ms. All sounds had intensity of 70 dB SPL ms pre-stimulus and 800 ms post-stimulus time. Epochs
(sound-pressure level) at the infant’s head. were filtered by a bandpass 1.0–15-Hz filter and baseline

corrected with respect to the mean 100-ms pre-stimulus
2.2. Subjects and selection criteria voltage. The first three epochs of each block and those

with an absolute EEG voltage in any channel exceeding
Healthy full-term infants, delivered at the Department of 6150 mV were discarded from averaging. Eye movements

Obstetrics and Gynecology, Helsinki University Central were monitored with two electrodes, placed below and at
Hospital, were enrolled in the study with the written the outer corner of the right eye. During recordings, all
consent of their parents. The study was approved by the electrodes were referenced to the right mastoid. Offline the
Ethics Committee of the hospital. data were re-referenced to the average of left and right

In total, 55 newborns aged 1–3 days (birth weight mastoid recordings. Epochs containing responses to the
3060–4280 g, gestational age 36–42 weeks) were enrolled standard and deviant stimuli were averaged separately.
in the study. Data of 12 infants who spent most of the The recordings lasted 1–2 h, including electrode place-



ˇ ~R. Ceponiene et al. / Cognitive Brain Research 13 (2002) 101 –113 105

ment and necessary breaks. One or both parents were described above, from within 100–400 ms after stimulus
present during the recording if they so wished. onset.

Two-tailed t-tests for dependent samples were used to
test whether the mean MMN and LDN amplitudes sig-

2.4. Sleep stage classification
nificantly differed from 0 mV, for each condition and
subtraction type. Unless mentioned otherwise, data from

Sleep was classified on the basis of infant’s behavior,
F3, F4, C3, C4, P3, and P4 recordings were used in

respiratory activity, eye and limb movements, and continu-
ANOVA analyses. The electrode effects were tested by

ous EEG patterns. Active sleep was characterized by
one-way ANOVA, and the amplitude and latency differ-

closed eyes, irregular respiration, rapid eye movements,
ences between the components, conditions, and subtraction

and occasional body movements. The EEG showed mixed
types were tested with two-way ANOVAs (Component3

patterns (high voltage in u–d frequency ranges) or low-
Electrode, Condition3Electrode or Subtraction type3

voltage irregular (u–b ranges) continuous patterns [64].
Electrode). The sources of significant main ANOVA effects

Closed eyes, absence of rapid eye movements and presence
were clarified using a LSD (least significant difference)

of slow eye movements, regular, low-amplitude respira-
post hoc test. Greenhouse–Geisser adjustments were per-

tion, occasional startles, and chin clonuses characterized
formed when applicable.

´the quiet sleep. The EEG displayed discontinuous trace-
alternant (TA) and continuous high-voltage slow (HVS)
patterns.

3. Results

2.5. Data analysis 3.1. Standard-tone ERPs

In this study, MMN was determined in two different In the Duration condition, the newborn ERP to the
ways, by applying two different types of subtraction to frequently repeated, 200-ms standard tone was polyphasic
construct the difference waveforms. First, the ERP to the (Fig. 1, top, dashed lines). At short latencies (ca. 50 ms), a
standard stimulus was subtracted from the ERP to the small but consistent negativity was elicited by both
deviant stimulus. In an alternative procedure, the ERP standard and deviant tones (Fig. 1). At longer latencies, the
elicited by the stimulus, identical to either duration or standard ERP was dominated by positivity, lasting from
frequency deviant but obtained in the corresponding 200 to 500 ms. A small, negatively directed deflection
Equiprobable (duration or frequency) conditions (the ‘de- overlapped this positivity at ca. 350 ms in the fronto-
viant’), was used instead of the standard-stimulus ERP. central tracings. The closing component of the standard
That is, the ERP to the 100-ms 500-Hz fundamental- ERP was a rather slow negativity with onset latency
frequency harmonic tone from the Equiprobable-duration exceeding 500 ms.
condition (P533%) was subtracted from the identical-tone The waveform structure of the standard-tone ERP in the
ERP obtained when it was a deviant in the Duration Frequency condition (Fig. 1, bottom, dashed lines) did not
oddball condition (P515%). Likewise, the ERP to the differ from that obtained in the Duration condition. How-
750-Hz fundamental-frequency tone from the Equiprobab- ever, the obligatory positivity at 200–500 ms was larger in
le-frequency condition (P533%) was subtracted from the the Frequency than in the Duration condition (F(1,125)5
ERP elicited by the 750-Hz fundamental-frequency tone 4.15, P,0.03; Fig. 2).
when it was a deviant in the Frequency oddball paradigm.

Similarly as in our previous studies [2,3,34], two peaks 3.2. Difference negativities
were seen in the deviant-minus-standard difference waves
(Fig. 3). They were identified as MMN and LDN (the late 3.2.1. Duration condition
discriminative negativity of childhood [2,34]). Hence, two In the Duration condition, the deviant-minus-standard
corresponding latency windows were set for the latency difference wave revealed two negative components peak-
and amplitude measurements of these components. The ing at 250 and 450 ms — the MMN and LDN, respectively
earlier component was measured from within 100–350 ms, (Fig. 3, dashed line). Their corresponding latencies were
and the latter from within 350–750 ms. These time 150 and 350 ms, as calculated from stimulus-change onset.
windows were defined by the distribution of the MMN The MMN in this condition was significant at all recording
peak latencies in the individual infants’ average waveforms sites, whereas the LDN was significant at all but the right
across the conditions. Mean MMN amplitudes were then temporal electrode (Table 1). One-way ANOVAs revealed
calculated as a mean voltage of 40-ms intervals, centered significant Electrode effects for both peaks. For MMN, it
on each infant’s MMN peak latency at the F3 (applied to was significant at F(5,125)52.41, P,0.04, whereas for
the F3, C3, and P3 tracings), and the F4 (applied to the F4, LDN at F(5,125)54.17, P,0.0015. The post hoc test
C4, and P4 tracings) electrodes. The largest positive showed that these effects originated from both the MMN
deflection of the standard-tone ERP was measured as and LDN being larger at right and left frontal than at right



ˇ ~106 R. Ceponiene et al. / Cognitive Brain Research 13 (2002) 101 –113

Fig. 2. Sound duration effects in the standard-tone ERPs. Overlaid are the
100-ms standard tone ERP obtained in the Frequency condition (dashed
line) and the 200-ms standard tone ERP obtained in the Duration
condition (solid line).

calculated across all the electrodes, was 257 ms, and that
of LDN was 496 ms (see also Table 3).

3.2.2. Frequency condition
In the Frequency condition the MMN, as determined

from the deviant-minus-standard difference waves, was
significant at the frontal and central electrodes (Table 2).
The LDN, in addition, was significant at the left parietal
electrode. The Electrode effect for the frequency-MMN
was significant at F(5,80)54.32, P,0.0016, again show-
ing the largest MMN amplitudes at the frontal, as com-
pared with the parietal and even the left central electrode
(P,0.0002–0.02). For the LDN, the Electrode effect was
also significant, F(5,80)55.86, P,0.0001, originating
from the LDN at both frontal electrodes being larger than
that at both the parietal and right central electrode.

A two-way ANOVA (Component3Electrode) revealed
no significant amplitude effects involving component.

The mean latency of the frequency-change MMN across
the frontal electrodes was 171 ms, and that of the
frequency-change LDN was 643 ms (see also Table 3).

Fig. 1. Newborn ERPs to standard and deviant tones in the Duration
Two-way (Gender3Electrode) ANOVAs were per-(top) and Frequency (bottom) oddball conditions. In the Duration

formed in order to test for possible gender effects on thecondition, both tones were three-partial harmonics of 500 Hz fundamental
MMN magnitude or latency. None of these analysesfrequency. The standard tone was 200 ms long, and the deviant tone was

100 ms long. In the Frequency condition, both tones were 100 ms long. yielded significant results.
The standard tone was a three-partial harmonic of 500 Hz fundamental
frequency, and the deviant tone was a three-partial harmonic of 750 Hz
fundamental frequency. The F3–C4 refer to the electrode sites according 3.3. Between-condition comparisons
to the International 10–20 system.

There were no significant amplitude differences between
the Duration and Frequency conditions for either the MMN

and left parietal electrodes (P,0.005–0.06 and P, or LDN (Tables 1 and 2). However, latencies differed
0.0003–0.03, respectively). significantly between the conditions (Table 3). In the

A two-way ANOVA (Component3Electrode) revealed Duration condition, the MMN peaked on average 85 ms
no significant Component or Component3Electrode inter- later than that in the Frequency condition (F(1,9)515.94,
actions and only repeated the main Electrode effects found P,0.003). In contrast, the mean latency of the LDN was
separately for the MMN and LDN, as described above. longer in the Frequency than in the Duration condition

The mean latency of the duration-decrement MMN, (F(1,10)555.29, P,0.00002).
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Fig. 3. Deviant-minus-standard ERP difference waves obtained in the Duration and Frequency oddball conditions. The MMN refers to the mismatch
negativity; the LDN refers to the late discriminative negativity. The F3–P4 refer to the electrode sites according to the International 10–20 system.

3.4. Effects of subtraction type
Table 1
The MMN and LDN amplitudes (6S.D.) in the Duration condition 3.4.1. Duration condition

The difference waveform, obtained by subtracting theElectrode MMN LDN
‘deviant’-tone ERP, obtained in the Equiprobable-durationF3 21.5761.79** 22.1861.40**
condition, from the deviant-tone ERP obtained in theF4 21.5361.94** 21.8861.19***
oddball condition, differed significantly from that con-C3 21.1662.28* 21.6661.81***

C4 21.2861.96** 21.2161.48** structed using traditional, deviant-ERP minus standard-
ERP, procedure (Fig. 4 and Table 4). The MMN, peaking*P,0.05, **P,0.005, ***P,0.0001.
at 250 ms, was enhanced (F(1,12)57.44, P,0.018), while
the LDN was reduced (F(1,12)58.83, P,0.01) in the
deviant-minus-equiprobable waveform as compared to the
deviant-minus-standard waveform. (In this analysis, the

Table 2 components were measured as the mean amplitudes over
The MMN and LDN amplitudes (6S.D.) in the Frequency condition 40 ms at 250 and 435 ms for each infant.) The Electrode
Electrode MMN LDN effect in this analysis was significant for the MMN only,

repeating the pattern described above. Interestingly, for theF3 22.9861.76*** 22.6261.56***
MMN the Electrode3Subtraction Type interaction alsoF4 22.3761.25*** 22.3561.31***

C3 21.5462.16* 21.8961.88** approached significance (F(5,60)52.12, P,0.07). This
C4 21.4861.68** 21.4561.54** tendency was produced by the MMN being larger over the
*P,0.01, **P,0.005, ***P,0.0001. frontal, as compared to the central, electrodes in the
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Table 3
Mean latencies in ms (S.D.) of the MMN and the LDN peaks at F3 and F4 electrodes

Subtraction Frequency condition Duration condition
type

MMN LDN MMN LDN

F3 F4 F3 F4 F3 F4 F3 F4

Deviant-minus- 168 174 634 653 256 257 493 499
standard (49) (60) (105) (103) (48) (49) (102) (101)
Deviant-minus- 166 159 569 559 240 242 482 469
equiprobable (50) (44) (37) (32) (67) (66) (81) (79)

deviant-minus-equiprobable difference wave, while in the
deviant-minus-standard difference wave only the frontal
and parietal electrode comparison yielded significant dif-
ference.

3.4.2. Frequency condition
The subtraction type did not significantly affect either

frequency MMN or frequency LDN.

4. Discussion

This study investigated newborns’ preattentive discrimi-
nation of the duration decrement and frequency increase in
spectrally rich sounds, as reflected by the MMN. In
addition, it examined obligatory tone frequency and dura-
tion effects on the deviant-standard difference.

Two discriminative negativities, MMN and LDN, were
obtained in 77% of the 43 newborns studied in an active
sleep state (Fig. 3). Both MMN and LDN were preponder-
ant over the frontal scalp areas, as previously reported in
children and adults [2,18,55]. The overall number of
newborns (81%) who displayed an MMN-type response in
the Frequency condition was larger than the highest (75%)
reported so far [32] in a sufficiently large number of
newborns. This was despite the fact that the criterion for
‘MMN present’ in the present study was somewhat higher,

Fig. 4. Effects of the subtraction type. Deviant-minus-standard tone ERP 21.0 mV, as compared with the 20.75 mV, applied [32].
difference waves are superimposed on the deviant-minus-equiprobable

The tighter filter settings of the present study in additiontone ERP difference waves. The MMN refers to the mismatch negativity;
could have produced lower ERP amplitudes. However, thisThe LDN refers to the late discriminative negativity. The F4–P4 refer to

the electrode sites according to the International 10–20 system. was not the case: the frequency-MMN amplitudes in the

Table 4
Subtraction type effects on the MMN and LDN amplitudes (6S.D.) in the Duration condition

Electrode MMN LDN

Deviant-minus- Deviant-minus- Deviant-minus- Deviant-minus-
standard equiprobable standard equiprobable

F3 20.8361.84 21.9162.59* 21.5961.99* 20.8262.26
F4 21.2962.26 22.5263.14* 21.2761.65* 20.6261.99
C3 20.1062.40 20.9762.75 21.1462.11 20.4362.23
C4 21.0062.36 21.7862.71* 21.5662.00* 20.8961.94

*P,0.05. The significance refers to the MMN and LDN amplitude differences between the subtraction types.
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present study appeared to be larger, at the left frontal of the newborns, the voltage relation between the positive-
electrode approaching 23 mV (Table 2), than in the polarity obligatory ERP peaks and the negative-polarity
aforementioned study by Kurtzberg et. al [32] (22 mV). MMN component possibly was in favour of the former,
(In both studies, the amplitudes refer only to those cases which did not permit detecting the MMN at the scalp
where the MMN was present.) In addition, the peak latency surface. This would be in agreement with those ERP
of the frequency-change elicited MMN was 171 ms in the studies that found the deviant-standard ERP difference to
present study, which is significantly earlier than 220–240 be positive in polarity [37,38,57,70]. Accordingly, the
ms reported in studies in which simple tones were used deviant-tone ERP of the nine infants showing no MMN in
[1,32,38]. Similar MMN amplitude and latency differences the present study was positive relative to the standard-tone
between harmonic and sinusoidal tones were reported in ERP (Fig. 5). The deviant-ERP waveform of these infants
school-age children [5] and in adults [65]. Furthermore, in resembled that commonly recorded in response to the rare
the present study responses to the standard stimuli were sounds [3,38,70], that is, as if the standard-sound context
also robust (Fig. 1) despite the relatively fast stimulus were not taken into account.
pace. In previous newborn studies [1,7] using similar It is also possible that a small proportion of infants
stimulus presentation rates, rather flat ERPs to standard showing no MMN at birth are suffering from a central
stimuli were obtained. It therefore appears that spectrally auditory disability. Molfese [41] and Molfese and Molfese
rich sounds facilitate central sound encoding and preatten- [42,43] have found that the waveform morphology and
tive sound discrimination in newborns, as they do in amplitude of the cortical ERPs recorded at birth can be
school-age children and in adults. correlated with levels of language performance at 3 and

This is an important conclusion because it indicates that even at 5 years of age. Therefore, one would need to
the negative behavioral results previously obtained in re-test the newborns showing no MMN, and continue
newborns [14,15,40,67] can be at least partially accounted retesting those infants who did not develop a reliable
for by the factors other than sensory. In accordance with response for an even longer period. This would allow
this, the autonomic reactions which are automatic (such as determination of the normal age range for developmental
cardiac pulse rate) were found to respond reliably in sensory and ERP variability, during which the MMN
newborns to changes in synthetic vowels [13] or piano should emerge in vast majority of healthy infants. It would
notes [36]. Furthermore, the magnitude of the cardiac also have practical consequences, namely in clarifying
response was larger for more complex sounds [13], which when absence of the MMN response should raise concerns
is in agreement with the present findings. about a possible central auditory dysfunction in an infant.

The duration-decrement condition also yielded signifi- The present study found definite sound duration effects
cant MMN and LDN components. In this condition, on obligatory (standard-tone) ERPs in neonates (Fig. 2).
responses were distributed more widely over the scalp than The 200-ms standard-ERP (Duration condition) was more
in the Frequency condition (Fig. 3, Tables 1 and 2). This negative during the 100–350 ms, but more positive during
pattern resembles that obtained in children [5] and in the 350–500 ms, than the standard-ERP elicited by an
adults [24], where duration-MMN was found distributed otherwise identical 100-ms duration tone (Frequency con-
posteriorly to the frequency-MMN. These findings might dition). This finding indicates that sound duration is
suggest differences in the configuration of frequency and represented in the central auditory system shortly after
duration MMN generators in newborns, and thus their birth. When in subtraction the standard-tone ERP was
functional specialization. Also the latency of the duration- replaced by the ‘deviant’-tone ERP, obtained in the Equip-
MMN in the present study was significantly longer than robable-duration condition, the duration-MMN significant-
that of the frequency-MMN, which indicates that the ly increased in amplitude, while the duration-LDN sig-
processes generating MMN cannot start until the offset of nificantly decreased (Fig. 4 and Table 4). This effect
the duration deviant. To sum up, the findings of typical apparently was caused by the fact that the ‘deviant’-ERP
frontocentral MMN scalp distribution, together with typi- contained obligatory sound duration effects similar in
cal duration-MMN latency delay, both resembling those in magnitude to the deviant-tone ERP obtained in the oddball
adults [24,25,66], support the change-detection nature of paradigm (see also Section 2.1.2). Consequently, most of
the MMN in newborns. this obligatory effect was cancelled out during the subtrac-

However, nearly 20% of newborns displayed no tion. The differences in the standard-tone ERPs presented
negativity in response to the deviant tones regardless of in Fig. 2 illustrate why the MMN was enhanced and the
their intact peripheral hearing status, as indexed by the LDN was diminished in this alternative type of subtraction.
EOAE screening. We suggest that some of these newborns There are several lines of evidence that the subtraction
were indeed probably unable to accurately discriminate type effects found in this study could not have been caused
between the standard and deviant tones. This could be by the differences in the background EEG or by other
explained by the immaturity of the auditory system in general effects. First, there were two opposite effects,
some of them, since a developmental variation between which were confined to rather short time intervals, that is
individuals at this age is large [30]. Alternatively, in some 150–350 and 350–450 ms after stimulus onset (Fig. 4).
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Fig. 5. Standard-tone and deviant-tone ERPs of the nine newborns showing no MMN in the present study. In this figure, responses to both types of the
standard stimuli were averaged together, as well as the responses to both types of the deviant stimuli. The F3–P4 refer to the electrode sites according to
the International 10–20 system.

¨These time intervals almost exactly matched those in Leppanen et al. [37] and Pihko et al. [57] studies con-
which the duration-specific effects were evident in obligat- tributed to the difficulty of discerning the MMN in their
ory responses (Fig. 2). In addition, at the frontocentral experiments. However, as our anonymous referee pointed
electrodes the ERP waveform segments preceding and out, the difference between the duration contrasts in these
following these time windows nearly replicated each other and the present study (140 vs. 100 ms) might be consid-
across the two subtraction types. Such replicability elimi- ered too small to fully account for the discrepancy between
nates the possibility of any significant bias in the data. the results. On one hand, there is behavioral evidence

The present findings partially support the hypothesis indicating that young infants (but not neonates) can
¨advanced by Leppanen et al. [38] that considerable en- discriminate VOT contrasts ranging from 15 to 55 ms

hancement of obligatory responses inherent in the deviant- [21,26,27]. Thus, the 40-ms difference between the dura-
sound ERPs can significantly affect the deviant-standard tion contrasts might have influenced the ERP results as
ERP difference in infants. This is especially the case when well. On the other hand, there were also other differences
duration contrasts are used to elicit MMN in newborns. between the present study and those mentioned above,
Thus obligatory effects need to be controlled for, since at such as the nature of the stimuli (harmonic tones versus
least in those cases where the deviant is shorter than the CV syllables), their absolute duration, recording and
standard, the overall standard-deviant difference can appar- averaging parameters, and sleep states (active versus
ently be significantly diminished. quiet), any of which might have contributed to the

However, our findings are at variance with the general differences in results.
notion that neonatal auditory discriminative response is For the frequency MMN, the Subtraction type effect was
positive in polarity, since as many as 81% newborns in the much smaller (not significant, although in the same direc-
present study displayed the (negative) MMN. tion) as in the Duration condition. These cross-stimulus

It appears that that the 140-ms duration decrement in feature differences might imply that sound frequency and
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