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Table of results obtainedfrom comparing the slopes of lines
produced by auditoty threshold data for each frequency

Frequency
Frequency 100 250 500 1000 3000

100 - t=0-37 t=110 t=9-40 t=8-58
df=264 df=265 df= 131 df= 100
NS NS p<0-0001 p<0-0001

250 - - t=1-42 t=4-69 t=5-34
df=288 df=131 df=100
NS p<0-0001 p<0-01

500 - - - t=6-83 t=7-31
df=131 df=100
p<0-0001 p<O-OOOl

1000 - - - - t=3-32
df=100
p<0-Ol

3000 - - - - -

confirmed observations made from the graph.
The decline in intensity level required to elicit
a response for the three lower frequencies (100
Hz, 250 Hz, and 500 Hz) was not significantly
different from one another but for all three fre-
quencies was significantly different from the
decline in intensity level required to elicit a

response for the two higher frequencies (1000
Hz and 3000 Hz). Furthermore, there was a

difference in the slopes of the decline in
intensity level required to elicit a response for
the two higher frequencies (1000 Hz and
3000 Hz). These results suggest that intensity
differences are not solely responsible for the
difference in the onset of responsiveness
observed to different frequencies.

In summary, although the maternal
abdomen will differentially attenuate different
frequencies, the developmental differences
observed in responsiveness to these frequencies
may represent true differences in their matura-
tion. The range of frequencies responded to
widens as the fetus ages. The intensity level
required to elicit a response decreases with
advancing gestation. When sound intensity is
measured ex utero the fetus is most responsive
to the 500 Hz tone and below. When using
intensity assessed in utero, the fetus may be
more sensitive to 500 Hz tones and above. The
results indicate that fetal response to sound
commences in the lower parts of the adult
frequency range and expands its frequency
range and increases in sensitivity as the fetus
matures.

IMPLICATIONS FOR THE DEVELOPMENT OF THE
FETAL AUDITORY SYSTEM
As mentioned previously examination of fetal
auditory abilities may only proceed indirectly
at present, via the observations of behavioural
responsiveness to sound. After birth auditory
threshold levels obtained by observations of
behavioural responding are higher than those
obtained by more direct means, for example,
auditory evoked brainstem responses.'8 Thus
the findings obtained here cannot be used to
assess absolute thresholds. However, the
observations of behavioural responding may
provide information regarding the develop-
ment of auditory function.4
The responses of fetuses of different gesta-

tional ages to the acoustic stimuli used in this
experiment indicate two aspects of auditory

fumction which develop from 19-35 weeks of
gestation. First, the fetus begins hearing in a
restricted range of the adult's frequency range,
around 500 Hz and this range expands during
the course of development. Second, the initial
responses elicited by a particular frequency
require an acoustic stimulus of greater inten-
sity than later during gestation, indicating that
fetal hearing becomes more sensitive during
development. The intensity levels of stimuli
required to elicit a response at 35 weeks of age
is 20-30 dB less than when the fetus first starts
to respond. Observations of premature infants
reveal a 20 dB decrease in the intensity level
required to elicit an auditory evoked brainstem
response from 28-34 weeks' gestational age to
term.42

This development of auditory responsive-
ness suggests a parallel development in the
auditory system. The cochlea commences
development around 10-12 weeks of age and it
has been estimated that the mechanical func-
tioning of the cochlea, except for the most
basal part, is mature by 30-35 weeks of gesta-
tional age.43 The developmental changes
observed here thus reflect underlying changes
in the auditory system occurring between
20-35 weeks of gestation.
One important development around this

time is the innervation and completion of the
outer hair cells which are responsible for turn-
ing the basilar membrane into an active trans-
ducer of acoustic stimuli rather than simply a
passive one. The possible role of this for the
development of the hearing frequency range,
or the increase in sensitivity, is unknown.
While it is undoubtedly true that the

periphery sets the limits on what can be
processed, the development of fetal hearing
must also be affected by the development of
the auditory nervous system and this too
may influence the increased responsiveness
observed in this experiment. For example, the
development of the ventral cochlear nucleus
accelerates between 18-33 weeks of gestational
age44 and this may play a part in the develop-
ment of auditory responsiveness.
The changes in behavioural responsiveness

observed in this study correlate with changes
observed in auditory brain stem responses
from premature infants of similar ages. From
the initial reliable recordings of the auditory
evoked brainstem response in premature
infants at 28 weeks' gestational age, wave
amplitude increases, wave latency decreases
and interwave interval decreases with advanc-
ing age, until approximately 2-4 years of age
when 'mature' values are recorded.45 Of par-
ticular interest is the observation of a rapid
reduction in interwave response latency
between 28-36 weeks of gestation, a reduction
which slows over the next 1-2 years. The
underlying mediation of this, argued to be the
result ofmaturation ofthe brainstem leading to
decreased brainstem conduction times,
possibly due to greater synaptic efficiency, may
play a part in the observed changes in fetal
responsiveness.
The finding of initial low frequency respon-

siveness corresponds to other behavioural and
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physiological findings which indicate that the
developing auditory system responds first to
low frequency sounds.46 48 The frequencies
used in this experiment, with the exception of
the 3000 Hz tone, would in adults be encoded
by the volley principle, that is, the firing rate of
the auditory nerves would match that of the
stimulus. The 3000 Hz tone falls in the region
where both the volley and place principle
would operate and thus both mechanisms may
account for encoding this frequency. However,
whether, at this early developmental stage, the
place and volley principle work at the same
frequencies as observed in adults is unknown.

Given that the frequencies used are, in
adults, encoded in the firing pattern of the
auditory nerves, the developments in respon-
siveness may be a result of the development of
the auditory nerves and their firing rate. Of
particular interest is the apparent difference
between the 100 Hz, 250 Hz, 500 Hz tones
and 1000 Hz and 3000 Hz tones in the gesta-
tional age at which the fetus first responds and
their different rates of sensitivity change. The
firing rate of auditory nerves is about 1000
impulses per second, set by the refractory rate
of the nerves. Thus tones below this may be
encoded in the firing pattern of a single nerve,
but above this nerve fibres have to act together,
phase locked firing to encode the stimulus.41 It
may be that the difference observed here
between tones below 1000 Hz (100 Hz, 250
Hz, 500 Hz) and tones 1000 Hz and above is
due to the development of the volley principle
and phase locked firing enabling groups of
nerves to act together.

There are thus a number of maturational
developments of the fetus's auditory system
which may account for the increased range and
sensitivity of hearing observed in these experi-
ments, although the actual mechanism remains
unknown at this stage.

FUNCTIONALIMPLICATIONS
The behavioural response of the fetus develops
first to frequencies around 500 Hz and lower
and the fetus is more responsive to these fre-
quencies than to high frequencies. This will
have implications for the fetus's response to
auditory stimuli generated in the external
environment. The sensitivity of the fetus to low
frequency sounds means that the fetus will be
exposed to sounds of speech and language.
The fundamental frequency of the human
voice is around 225 Hz for females and 128 Hz
for males and thus the voice will form a salient
auditory stimulus for the fetus. It is known that
the fetus recognises its mother's voice from
prenatal exposure5>52 and is able to discrimi-
nate between different speech sounds in
utero.53-55 This exposure to speech may be
important for the development of language3
and for recognition of the mother and develop-
ment of attachment.56 The frequencies to
which the fetus first responds are those which
are relatively unattenuated by the maternal
abdomen and thus will perhaps be 'loudest' in
the womb, increasing their saliency.
The increased responsiveness of the fetus to

low frequency sounds is also of importance
when considering the possible harmful effects
of sounds on hearing.1 For a broad band sound
of equal intensity ex utero the low frequencies
will pass relatively unattenuated into the
womb. As these sounds correspond to the fre-
quency range in which the fetus first responds
to sound, low frequencies may be potentially
more harmful to the developing ear of the
fetus than high frequency sound.I Care should
be taken to avoid intense exposure to low
frequency sounds.
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