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The intelligibility of speech stimuli recorded within the uterus of a pregnant sheep was determined
perceptually using a group of untrained judges. The intrauterine sound environment of the ewe was
intended to simulate that of a pregnant woman. Two separate lists, one of meaningful and one of
nonmeaningful speech stimuli, were delivered through a loudspeaker to the side of the ewe and were
simultaneously recorded with an air microphone located 15 cm from the flank and with a
hydrophone previously sutured to the neck of the fetus. Perceptual test tapes generated from these
recordings were played to 102 julges. The intelligibility of the phonemes recorded in the air was
significantly greater than the intelligibility of phonemes recorded from the uterus. A male talker’s
voice was more intelligible than ¢ female talker’s voice when recorded from within the uterus, but
not so when recorded in the air. A analysis of the feature information transmission from recordings
inside and outside the uterus revcaled that voicing information is better transmitted in utero than

place or manner information.

PACS numbers: 43.71.Gv, 43.71.Es, 43.80.Jz

INTRODUCTION

The fetus is a dynamic organism which responds to and
is influenced by the many acoustic signals generated both
inside and outside its mother. The characterization of endog-
enous and externally generated sounds in the maternal abdo-
men and the influence that these sounds have on the fetus
have been the subjects of recent research (Armitage et al.,
1980; Querleu et al., 1981; Gelman et al., 1982; Vince et al.,
1982; Abrams et al., 1989; Gagnon, 198¢; Granier-Deferre
and Abrams, 1989; Gerhardt et al., 1990). For example, the
human fetus responds to sound during th: last trimester of
gestation (Birnholz and Benacerraf, 1983; Querleu et al.,
1988), and may possess the ability to discriminate prosodic
and segmental differences in speech stuauli and develop
memories for speech (Fifer and Moon, 1¢88). Moreover, it
has been suggested that the fetus responds to changes in the
intrauterine environment, learns by association, and retains
prenatal experiences into postnatal life 'Smotherman and
Robinson, 1987).

It is clear from research on sheep and humans that the
fetus is exposed to sounds from the external environment,
especially low-frequency noise. Very little 1eduction in sound
pressure is provided by the tissues and fluils of the maternal
abdomen and uterus as external signals pass to the fetal head
(Querleu et al., 1981; Vince et al., 1982; Gerhardt et al.,
1990).

The fetus receives sensory informaticn generated from
the maternal organism and from the mother’s external envi-
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ronment. Querleu er al. (1981) reported that the auditory en-
vironment consists of: (1) a low-level basal noise, including
maternal and placental vascular sounds with incidental ma-
ternal intestinal noises; (2) exterior noises which are partially
absorbed; and (3) exterior voices and the mother’s voice
which are also partially absorbed and altered. Furthermore,
when Querleu and his colleagues (1988) had their subjects
reproduce what they could hear when listening to the voices
of the pregnant woman and other male and female speakers
recorded in utero, these subjects were able to recognize only
30% of 3120 tokens of French phonemes. The authors re-
ported no significant differences between the perception of
external male and female voices, and although internal, the
mother’s voice was not significantly more intelligible.

It is during the latter stages of fetal development, when
the hearing mechanism is intact, that the human fetus may be
most influenced by the sound environment inside and outside
its mother (Spence and DeCasper, 1987). Maternal vocaliza-
tions are easily transmitted to the amniotic fluid and repre-
sent the most intense sound normally present in the uterus
(Querleu ef al., 1981; Vince er al., 1985; Gerhardt, 1989).
Cues inherent in the speech of both the mother and external
talkers may be perceived by the fetus, thus forming the basis
for language acquisition (Kuhl, 1976; DeCasper and Fifer,
1980). Indeed, the newborn is not totally insensitive to dif-
ferent speech sounds. Eimas et al. (1971) were the first to
show that human infants, as young as 1 month old, demon-
strate categorical perception of synthetic stop consonant-
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vowel (CV) syllables differing in voice onset time. Electro-
physiologic studies in neonates less than 24-h old have
shown distinct patterns in the averaged bioelectric response
which corresponded to categorical differences in consonant
voicing (Molfese, 1977).

Little is known about the extent to which speech sounds,
emitted by external talkers, may be distorted as the sound is
transmitted into the fetal environment. The purpose of this
study was to evaluate the intelligibility of externally gener-
ated speech utterances transmitted to and recorded at the fe-
tal head in utero. A pregnant ewe was used to process the
speech stimuli because the transmissibility of sound in this
animal model (Armitage et al.. 1980; Vince et al., 1982) is
similar to that of humans during pregnancy (Querleu et al.,
1981).

Il. METHODS
A. Surgery

A pregnant ewe carrying a fetus at 140 days gestational
age was fasted for 24 h and anesthetized with halothane
(2.5%) in oxygen (97.5%). After sterile preparation, the fetal
head was delivered through a midline abdominal incision
and a hysterotomy according to procedures detailed by
Abrams et al. (1984) for long-term chronic preparation. A
miniature hydrophone (Bruel and Kjaer model 8103, Marl-
borough, MA), used to detect intrauterine sound-pressure
levels (dB SPL re: 20 pPa), was sutured to the neck just
below the pinna on one side of the fetal head. The hydro-
phone had previously been calibrated with a pistonphone
(Bruel and Kjaer model 4223) and gas sterilized.

Ampicillin, 500 mg, was introduced into both the amni-
otic fluid and the peritoneal cavity. The fetal head was repo-
sitioned in the intrauterine cavity and the uterus and abdomi-
nal wall were closed. The hydrophone cable was tunneled
subcutaneously, exited at the maternal flank, and was stored
in a pouch sutured to the skin. The midline abdominal skin
wound was closed with clips and the ewe was taken off
anesthesia, extubated, placed back in her pen, and observed
until awake. Surgery and subsequent care of animals con-
formed to the guidelines approved by the University of
Florida.

After a recovery period of several days, the ewe was led
into a cart and positioned 1.8 m from a loudspeaker (Peavey
HDH-2). The center of the loudspeaker was adjusted to the
same height as the center of the ewe’s flank. The sides of the
cart were open from the ventral surface of the abdomen to
above the back, thus minimizing sound interference. The
acoustic signal produced by an electronic artificial larynx
applied to the ewe’s abdomen was used to locate the position
of the hydrophone. This location was determined by moni-
toring for the maximum output of the hydrophone with an
oscilloscope while moving the artificial larynx along the ab-
domen (Gerhardt et al., 1988). The fetus was in a position
such that the hydrophone was closer to one flank of the ewe,
which was positioned toward the loudspeaker.

A calibrated air microphone (Bruel and Kjaer type 4165)
was positioned 15 cm from the ewe’s flank and in-line with
the center of the loudspeaker. Speech stimuli from the loud-
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speaker were recorded with both the microphone and hydro-
phone.

B. Speech stimuli

The speech utterances were based on the Griffiths
(1967) lists and nonsense items. Each stimulus item was pre-
sented in a carrier phrase, “Say the word ____.” Three lists
of 50 consonant-vowel-consonant (CVC) words from the
Griffiths lists and 14 vowel-consonant-vowel (VCV) non-
sense items were spoken by either a male or a female talker.
The mean fundamental frequencies were 136 and 186 Hz for
the male and female talkers, respectively. Six lists of 64
words each were recorded, three different lists by the male
talker and three by the female talker.

Each list (64 items per list), spoken by both male and
female talkers, was played through the loudspeaker via a
cassette tape recorder at three different airborne levels mea-
sured at the maternal flank: 85, 75, and 65 dB SPL (dB re: 20
uPa). These levels were selected to represent loud and con-
versational speech levels. The outputs from the hydrophone
and the air microphone were recorded on separate channels
of an FM tape recorder (Bruel and Kjaer type 7006).

C. Perceptual testing

The recordings were used to construct a perceptual test
of speech intelligibility. The test required groups of judges to
listen to the utterances in the carrier phrase and mark on a
paper what they heard. The judges’ responses thus provided
the basis for determining intelligibility scores (percent cor-
rect) associated with the CVC words and the VCV nonsense
items.

For the 50 CVC words, each judge selected his or her
response from a closed set of six one-syllable words which
differed in either the initial or final consonant (see the Ap-
pendix). For example, one stimulus item was “Say the word
bite” and the response list included “right, kite, bite, height,
spite, night.” To be correct, the judge would have to mark the
word “bite.”

For the 14 VCV nonsense items, the judges filled in a
blank in a V____ V frame with the vowel set to /a/. For
example, if a judge heard, “Say the word /apa/,” he or she
would have to write a “p” in the blank to be correct.

Four different perceptual tapes were developed. Each
tape contained recordings from a single talker (the male or
the female) using different transducers (microphone or hy-

" drophone) at three stimulus levels (see Table I). Each group

of judges heard only one perceptual tape and, thus, only one
talker speaking three lists. Each tape consisted of three dif-
ferent sets of 64 utterances from a single talker in descending
order of sound-pressure level (one set of 64 utterances at 85
dB, one set at 75 dB, and one set at 65 dB). Two groups of
judges heard tapes with a hydrophone recording first (tapes A
and C), and two groups heard tapes with a microphone re-
cording first (tapes B and D). For example, one group of 29
judges heard the male talker’s voice recorded with the mi-
crophone at 85 dB, then with the hydrophone at 75 dB, and
finally with the microphone at 65 dB (tape B). No judge ever
heard the same stimulus more than once.
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TABLE I. Design of perceptual tapes indicating sequence of recording site
and level of presentation. Each judge heard only on¢ of the four perceptual
tapes.

No. of
Tape  Talker Sequence judges
A male  hydrophone  microphone  h sdrophone 20
85 dB 75 dB 6> dB
B male  microphone  hydrophone  microphone 29
85 dB 75 dB 67 dB
C female hydrophone  microphone  hdrophone 26
85 dB 75 dB 65 dB
D female microphone  hydrophone  microphone 27
85 dB 75 dB 65 dB

Perceptual testing was completed by 102 judges, with
between 20 and 29 judges auditing each perceptual tape. All
testing was conducted in a specially desigied listening labo-
ratory which accommodated up to 30 peoy le at one time. All
of the perceptual tapes were played over ludspeakers in the
free field at an output level set to be heard comfortably by all
judges.

In order to meet the variance assump ions for statistical
analysis the percent intelligibility data for both the CVC and
VCV stimuli were transformed using an arc-sine function
prior to further analysis (Winer, 1971). Th: transformed data
for each syllable position (initial, medial, final) were sub-
jected to a three-way analysis of variance (ANOVA) (SPSS,
Inc., 1988) for the effects of transducer sie (at the maternal
flank versus in utero), talker gender, and :timulus level (85,
75, and 65 dB SPL at the maternal flank). Post hoc analyses
of the significant main effects and interzctions were com-
pleted using Duncan’s multiple range test.

Finally, error matrices were developed for the VCV non-
sense stimuli. Sequential Information .\nalysis (SINFA;
Wang, 1976) was applied to the error matrices to evaluate the
amount of feature information received. SINFA allows for
the partitioning of the contingent informatin transmitted and
received for particular features of the stinwli (e.g., voicing,
manner, place). From these results a relati e measure of per-
formance may be calculated (the ratio of the bits of informa-
tion received to the bits sent, with the effect of other features
held constant). Although SINFA was designed for the analy-
sis of closed set data (subjects here performed in a free-
response mode), its application here doe; yield contingent
performance measures which can be compared across stimu-
lus conditions. Only the data from the 85-dB stimuli (the first
block from each perceptual tape) wer: analyzed using
SINFA.

Il. RESULTS
A. Intelligibility

The speech intelligibility scores (pe-cent correct) de-
rived from the judges’ responses to the pcrceptual tapes for
the CVC words and VCV utterances by gender and trans-
ducer site are displayed in Figs. 1 and 2, respectively. Sum-
maries of the means and standard deviaticns for intelligibil-
ity by transducer site, talker gender, and stimulus level are
presented in Tables II and III. The resul's of the ANOVA
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1001  CVCStmuli

Male - Flank
Female - Flank
Male - in Utero
Female - in Utero

N[ [ ]

Percent Intelligibtlity

Stimulus Level (dB SPL)

FIG. 1. Mean percent intelligibility of CVC words spoken by a male and a
female talker recorded at the flank and within the uterus of a sheep at three
airborne stimulus levels.

indicated significant main effects (p <0.001) for each of the
three factors: transducer site (F=3400.01; df=1, 294),
talker gender (F=56.34; df=1, 294), and level (F=133.8;
df=2, 294). Although intelligibility scores were directly re-
lated to stimulus levels when recorded at the flank, the dif-
ferences among the scores were slight. Moreover, there was
no significant difference between the male and female talker,
regardless of stimulus type when recordings were made at
the flank.

Similarly, intelligibility scores recorded in utero im-
proved with stimulus level for both stimulus types and both
talkers. As can be seen in Figs. 1 and 2, these scores were
significantly lower than those recorded at the flank. The data
in these figures also reveal that the male talker was more
intelligible than the female talker at all stimulus levels for
both types of stimulus (by 21.6% on average). Thus, the
male voice was more intelligible than the female voice when
recorded in utero even though the intelligibility scores for
both talkers were equivalent when recorded at the flank.

The mean intelligibility scores recorded in utero, aver-
aged across the three levels and stimulus types (CVC and
VCV) for the male and female voices, were 55.1% and
33.5%, respectively. At the flank, scores were approximately

100 VCV Stimuli

Mule - Flank
Female - Flank
Mule -0 Utero
Female - in Utern

ST

Percent Inielligibility

%

N

Sdmulus Level (dB SPL)
FIG. 2. Mean percent intelligibility of VCV nonsense stimuli spoken by a

male and a female talker recorded at the flank and within the uterus of a
sheep at three airborne stimulus levels.
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TABLE II. CVC word intelligibility scores for each talker, transducer site,
and stimulus level.

Male talker, CVC 85 dB 75 dB 65 dB
Microphone at flank

Mean intelligibility 86.0% 853% 73.4%
No. correct/50 43 42.65 36.724
Standard deviation 2.104 2.084 2.776
No. of judges 29 20 29
Hydrophone in utero

Mean intelligibility 60.7% 47.2% 40.9%
No. correct/50 30.35 23.586 20.45
Standard deviation 3.15 3.822 4419
No. of judges 20 29 20
Female talker, CVC

Microphone at flank

Mean intelligibility 87.9% 82.5% 79.1%
No. correct/50 43.926 41.231 39.556
Standard deviation 1.73 2.355 2979
No. judges 27 26 27
Hydrophone in utero

Mean intelligibility 45.6% 34.7% 34.0%
No. correct/50 22.808 17.37 17
Standard deviation 2315 2.256 3.464
No. of judges 26 27 26

83% for both the male and female talkers. Thus the reduction
in intelligibility of recordings made from the flank site to
recordings made in utero was 28.5% for the male speaker
and 49.5% for the female speaker.

B. Effects of syllable position

A further analysis was completed on the target conso-
nant sounds according to their position in the syllable: initial,

TABLE III. VCV stimulus intelligibility scores for each talker, transducer
site, and stimulus level.

Male talker, VCV 85 dB 75 dB 65 dB
Microphene at flank

Mean intelligibility 94.3% 90.7% 71.9%
No. correct/14 13.207 12.7 10.069
Standard deviation 1.114 0.865 1.223
No. of judges 29 20 29
Hydrophone in utero

Mean intelligibility 76.1% 56.4% 49.3%
No. correct/14 10.65 7.897 6.9
Standard deviation 1.496 1.372 2.222
No. of judges 20 29 20
Female talker, VCV

Microphone at flank

Mean intelligibility 90.7% 83.8% 73.8%
No. correct/14 12.704 11.371 10.333
Standard deviation 1.103 0.874 1.664
No. of judges 27 26 27
Hydrophene in utero

Mean intelligibility 35.7% 32.5% 18.4%
No. correct/14 4.962 4.556 2.577
Standard deviation 1.685 1.502 0.987
No. of judges 26 27 26
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medial, or final. Perception of all consonants in all positions
was significantly (p<<0.01) affected by stimulus level (F
from 4.16 to 20.05; df =2, 612) and transducer site (F from
91.26 to 214.01; df =1, 612) with the 85-dB level exhibiting
higher scores than the 75- and 65-dB levels. The overall
intelligibility scores for the word final phonemes did not dif-
fer significantly from those for the medial phonemes. The
scores for the word initial phonemes were significantly lower
than the scores for phonemes in the other two positions (F
=7.69; df=2, 610). This finding is consistent with the re-
sults of Griffiths (1967) in the moderately poor signal-to-
noise ratio conditions (—4, —8 dB S/N). Griffiths suggested
that these differences were spurious and should be ignored.
While the intelligibility of word initial consonants was unaf-
fected by talker gender, final consonants were correctly per-
ceived significantly less often for the female than the male
talker (F=5.292; df =1, 136). This effect was largely due to
the poorer scores found for the in utero recordings of the
female talker, as is demonstrated by the significant interac-
tion between talker gender and transducer site (F=10.756,
df=1,136).

C. VCV feature transmission

Consonant confusion matrices derived from the intervo-
calic (nonsense) stimuli for both talker genders and trans-
ducer sites for each of three levels are presented in Tables
IV-VI. The open set nature of the nonsense item portion of
the perceptual task allowed for more potential responses than
there were stimulus items and for the possibility of the
judges not responding. Because responses were written in
English orthographics, it was impossible to know whether
judges who wrote “th” intended the voiced or unvoiced lin-
guadental fricative. For similar reasons judges were not able
to uniquely indicate the voiced palatal fricative, /Z/, if they
thought they perceived such a sound.

Given these limitations, several patterns still emerge
from the sequential information analysis (SINFA). Table VII
contains the percentage of contingent voicing, manner, and
place information received (bits received/bits sent) for each
talker and transducer site for the 85-dB stimuli.

A number of observations can be made from inspection
of Table VII. Voicing information appeared to be well trans-
mitted in recordings made at the flank regardless of talker
gender. Voicing information received from in utero record-
ings was reduced for the female talker but not for the male
talker. The place information lost by going from the flank to
within the uterus was marked, especially for the female
talker. Place information appeared to be better preserved for
the male talker in utero (only dropping to 71% vs 34% for
the female talker). Less information regarding manner of ar-
ticulation was received in utero than in air with a larger
reduction for the female speaker than the male.

lil. DISCUSSION

Previous research on the transmission of sound pressure
into the maternal abdomen and uterus has generated a con-
sistent set of filter characteristics for external sounds at the
ear of the fetus (Vince et al., 1982; Gerhardt et al., 1990).
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TABLE V. Consonant confusion matrices for 85-d1} stimuli.

MALE SPEAKER recorded AT FLANK FEMALE SPEAKER recorded AT FLANK
IR“E&'%!%: plb|t|d|k|g]|s|z|!|cd|[f]v]m|[n ResSOAULUS: :U blt|ldlk|g|s|z|/|d]|f|lv]|m|n
1. . 3 rig L -
t 25 -
L d
d . X . T 3 Yd 3
g T - 3 g 17 rid
4 vil s 28 3
3 =% z [ Z7
7 = T 27 3
3 ril i) 7%
! S - ¥ B
v 4 I x -y
m 1 28] | 77
n i 1] 78] 3
3 R
1 0 _Res) Se.
'No Response:
MALE SPEAKER recorded IN UTERO FEMALE SPEAKER recorded IN UTERO
In EE!.%NS: plble|ld|k|g|ls|z]|f|tt]|f]v|m|n Ea&.\&l“‘: plblt|d|lkja]|s|z]|/ |t |f[v|afn
£s 7 % P [ 16 [ F4 7T ]
v 7 b 112 5 v
T7 3 t Z [ 13 0 51 3
% T d [ 1 1
T 3 T7 T K [ T . [] o 11 Z
) i L4 3 2 ! T
z z
T 8% ! 1
g ik 7 :
¥ 3 T3 i T b 2l ST %
v T -7 v T -]
» 20 m T 3 [0 %]
N =01 n 1 . T & 2]
. ! 32 ST 2 1 L
LI 1 1 ) z 327
|Ne Response: T o Res; e: 3 418 J
TABLE V. Consonant confusion matrices for 75-dB stimuli,
MALE SPEAKER recorded AT FLANK FEMALE SPEAKER recorded AT FLANK
|R Stimulus: ([ plb|t|d|k|g|s]z]|/|td]f]v|m]|]n Stimulus: | p|b|t]|d|k|g|s|z]/ |t |f]v]m|n
(3] i Res) e
D 17| pons P 12 % 7
1] 12 b ] T &
t 8 2 2
5 1 25
1 2 25 T
- 20 1 28 Z
20 - T T 2% - T
19 7%
3 v 3 23
¥ 1 i [ [ 12 ™
v T -] o — v T 22 |
n mi n 78,
T Z
T 1 1
i
1 T
[]
o Response: [No Response: T
MALE SPEAKER recorded IN UTERO FEMALE SPEAKER recorded IN UTERO
Stimulus: [ p|b|t|d]|k|g|s|z|f |t/ |[Ff]v]m|[n Stimulus: [ p|b|t|d|k|[og|s|z]|/ [t |f|[v]m|n
Res| se: Res) HH
— p |2 T 3 4 oeRonee [ L Z[ 3
13 ol [ 3 T Fil L 3 12 317
t Z 19 1 1 [ 2 3 T 1 2
g 2 Z 7
: T p4] ] 1 v 13 3 T
17 18 | 3 14 13 b1
1T 10| [3 3 T0] 3T T3] T2] 7
z 7 1 21 1
> Z -] Z T 2 1 5 2
il 2 (3] 3 T 51
¥ 2 T 4 ¥ 1 Z 14 T 3] 14
v 1 1 v 3 T [ 1 4
Fal m T 1 i) 3| 2% 17]
n T T 31 10
3 3 rd Z 1 1 T
22 b
1
[No Response: G Response: S O O O 711
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TABLE VI. Consonant confusion matrices for 65-dB stimuli.

MALE SPEAKER recorded AT FLANK

Mlm: plb|lt]|d|k|lg|s]z|f |t |[f|v]|m]|n
p {3 bl ]
b 23 ¢ 20 1
t 3 8 1
d 18 3 T
k 20 F+d
g T 10 i 17 5
S 28
z R
T 29
t] ril
T 1 h[1
v 3 T z B ]
m 2| 28]
n T [ 23]
-] T 2
h T
|
4
1
No Response: 1

MALE SPEAKER recorded IN UTERO

Resaﬂ-w!u“ plb|lt|d|k]|ag|s|z|!/ || t|v]|m]|n
[ 14 F 2 1T 7
b 20 2 4 3 & 5] 5T &
t 2 g T -] 7
d T 10 &4 1
k 9 17 v 3
-] 12 1T 1 1 rd
s T 3 1 T
z [
12
t] [3
¥ T 7
v 1
m 14| 2
n T ikl
2 Y4 1
2
No Response: 2

Sound pressures below 200 Hz pass through to the fetus
unattenuated, and, in some cases, are enhanced. Above this
frequency, sound is increasingly attenuated by up to 20 dB.

Sample spectrographic displays of one stimulus item re-
corded in four conditions (male and female talkers recorded
in air and in utero) are shown in Fig. 3. The phrase spoken in
each of the four spectrograms is “Say the word batch.” The
input gain of the spectrographic analysis equipment was in-
creased for the in utero recordings; one can observe that the
speech signal, while still detectable, is much closer in level
to the ambient noise. The contrast between voiced and un-
voiced portions of the phrase is apparent to some degree in
all four spectrograms. The high-frequency noise associated
with the release of the affricate, /c/, is undetectable in the in
utero spectrograms for both talkers, consistent with the low-
pass filtering of the maternal tissues and fluids.

Miller and Nicely (1955) reported that low-pass filtering
of speech signals resulted in a greater loss of manner and
place information than of voicing information. The authors
concluded that the higher frequency information in the

TABLE VII. Conditional percentage of voicing, manner, and place informa-
tion received (of bits sent) for both talkers and transducer sites in the 85-dB
condition.

Talker: Male Female

Site: in air in utero in air in utero
Information

Voicing 95.5 100 95.8 79.5
Place 92.8 70.6 95.3 343
Manner 87.6 66.4 ) 81.1 393

2060 J. Acoust. Soc. Am., Vol. 96, No. 4, October 1994

FEMALE SPEAKER recorded AT FLANK
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3 41 13
[
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[ 1
1 2%
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¥ 3 12
v T v
27
rid
15
I
[No Response: T T T

FEMALE SPEAKER recorded IN UTERO

EMNS: plboft|d|k|ag|s]z]|l |t |[f]v]|m|n
D S & 5 5] 1] 6 £ 7 <
D 2] 4] &[] 2 1 & 1 11
o 11T ] [3 0] 5
d b
8 B8] Y 3T & 2
2 11 3 Z
8 T 5 T
z
T
t 1 T
1 3 2 3 Z 1
v 1 1 5 T
m 4 3 7 TP 117 18] &
n T 0 2 1 1 1 4] 19
& 21 3] & 71 31 7 YT 313 2
T 3 T 1
[N Response: T : T 11

speech signal is critical for accurate identification of manner
and place of articulation. In the current study, SINFA results
indicated that the judges accurately perceived the voicing
information in utero. Manner and place information were not
transmitted as well as voicing information in the intrauterine
recordings. These results could be predicted from the find-
ings of Miller and Nicely given that transmission into the
uterus can be modeled as a low-pass filter (Gerhardt et al.,
1990; Peters et al., 1993). The poorer in utero reception of
place and manner information associated with higher fre-
quency sound pressures is consistent with the greater high-
frequency attenuation.

Voicing information from the male talker, which is car-
ried by low frequencies, was largely preserved in utero. In
fact, the judges perceived the male talker’s voice equally
well regardless of transducer site. Voicing information from
the female carried less well into the uterus. The fundamental
frequency of the female talker was approximately one half-
octave higher than that of the male talker. Thus it is under-
standable that voicing information from the male talker
would carry better into the uterus than that from the female
talker.

Transmitted place and manner of articulation informa-
tion from both talkers was significantly lower for the in utero
site than at the flank. In general, for the in utero site, the
judges made more errors on consonants that are considered
to have greater concentrations of higher frequency energy
(Miller and Nicely, 1955). This trend may be seen in com-
paring the in utero error patterns for fricative sounds to those
for the nasal sounds in Tables IV—VI. This finding also re-
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FIG. 3. Spectrographic recordings of “Say the word batch” spoken by: (a) the male talker recorded in air; (b) the female talker recorded in air; (c) the male

talker recorded in utero; and (d) the female talker recorded in utero.

inforces the low-pass filtering of the meternal tissues and
intrauterine fluids.

The design selected for this study dil not include ran-
domization of stimulus levels, although it did include ran-
domization of the speaker and recording «ite conditions. All
judges heard the 85-dB level first and, consequently, any
learning effects were likely to be established at this level.
Because the potential exists for judges to benefit from listen-
ing experience with the higher level stimuli, perceptual
scores at the lower levels might be higher than if the stimulis
levels were completely randomized. If stimulus levels h:d
been randomized, some judges would have heard the 85-dB
level first and potentially learned from that, while other
judges would have heard a more difficult istening level first
and learning may not have occurred unt 1 a later stimulus
level.

The present findings represent better intelligibility for
speech in utero than has been previously found (Querleu
et al., 1988). This difference occurs in sp te of the fact that
both sets of data were obtained using a combination of
meaningful CVCs and nonmeaningful stimuli spoken by
male and female talkers. A potential explaation for this dis-

2061 J. Acoust. Soc. Am., Vol. 96, No. 4, Octc ber 1994

crepancy is a difference in the location of the transducer. The
transducer in Querleu’s study was positioned at the crown of
the fetal head, potentially closer to vascular beds and there-
fore better able to pick up maternal heart sounds. D. J. Ri-
chards (personal communication) found no heart sounds
when the transducer is passed beyond the crown of the hu-
man fetal head. The present study used a hydrophone sutured
to the fetal neck. The absence of detectable heart sounds in
the present recordings supports the report that this placement
results in less vascular noise.

The implications of prenatal auditory discrimination and
learning have attracted the attention of language scientists
who have hypothesized that infants upon birth are equipped
with either general sensory or specific linguistic mechanisms
designed for the perception of speech (Jusczyk, 1993; Eimas
et al., 1971). Some theorists hold that human infants are born
with a “speech module” (Liberman, 1982; Fodor, 1983), a
mechanism designed specifically for processing the complex
and intricate acoustic signals needed by humans to commu-
nicate with one another. An alternative theory of the neo-
nate’s initial state suggests that infants enter the world with-
out specialized mechanisms dedicated to speech and
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