THE UNIVERSITY OF CALGARY

Maturation of Human Cochlear Mechanisms as
Reflected in Distortion Product Emissions

by

David Kenneth Brown

A DISSERTATION
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE

DEGREE OF DOCTOR OF PHILOSOPHY

DEPARTMENT OF PSYCHOLOGY

CALGARY, ALBERTA
JANUARY, 1996

© David Kenneth Brown 1996

@ The University of Calgary Libraries and Cultural Resources supplies documents under
unvesary e Uhe fair dealing and library exceptions of the Copyright Act. The documents are for
CALGARY individual research purposes only, with any further reproduction prohibited.






ACKNOWLEDGMENTS

To Dr. Jos Eggermont, my teacher, mentor and supervisor, thank you for your
support throughout my degree. You have helped to form many of my concepts about
research but more importantly you have given me the tools to continue the development of
these concepts. Your assistance through the tough times and your excitement about this
project kept me going to its completion. I appreciated your openness and guidance, both of
which made this an enjoyable experience. Most of all, thank you for giving of your time,
whenever and wherever | needed it.

Thank you to Dr. Barry Kimberley for your encouragement, support and also for
allowing me to have full run of your laboratory and equipment for the past four years while
I was designing the project and collecting the data. To my committee members, Dr.
Elzbieta Slawinski and Dr. Ray Turner, thank you for your suggestions and helpful
comments. [ would like to give a special thank you to Dr. Ann Brown, External Examiner,
your constructive comments have given me “food for thought” and have made this a better
document.

I gratefully acknowledge the assistance of the nursing staff on Unit 42 and Leona
Boucier, Research Coordinator, for helping with volunteer recruitment in the nurseries. |
am indebted to the nursing staff in the Special Care Nursery and on Unit 42 for enduring
my disruptions and for teaching me so much about working with newborns both preterm
and term. Thanks also to Carol Green, Audiologist at Alberta Children’s Hospital, for
assisting me with some of the preterm infant data collection.

Finally to my wife, Dianne, thank you for your assistance in many aspects of this
project and for your support and understanding during my return to graduate school.

This research was supported by the Alberta Heritage Foundation for Medical

Research.

v



DEDICATION

To Dianne, Matthew and Melissa






























External Ear | Middle}  Inner Ear
i Ear |

‘scala
media

IHC

Basilar Membrane
Fibers

Figure 1.1 The Ear. (a) Schematic of the ear . (b) Cross-section of the cochlea.
(c) Close up view of the organ of Corti.
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Figure 1.2 (a) A representation of a cochlear traveling wave from a three-dimensional

model. (b) Diagram of the position of the BM at an instant in time during
wave propagation (adapted from Harrison, 1988).
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a) Cochlear Echo Model

. f 1,
travel time
<
travel time
Base Apex
round-trip travel time = 2 X travel time
b) Sutton & Wilson Model ;
: . 2 f
< acoustic compression wave | !
build-up time
. >
transport time
Base | Apex

round-trip travel time = transport time + build-up time + acoustic
compression wave (< 0.1 ms)

¢) Rutten/Hybrid Model

build-up time

<

transport time

Base Apex

round-trip travel time = 2 X transport time + build-up time

Figure 1.6 Models of round-trip travel times from Otoacoustic Emissions.



















































41

Intensity (dB)

2f) -f2

Base Apex
<4— Frequency

Figure 1.8 Schematic of a traveling wave on the BM for the primary tones, {| and {3
and the corresponding distortion product, 2f-f2. Note the over lap area of

the primary tones and the proximity to the {7 tone (adapted from Lonsbury-
Martin & Martin, 1990).
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Figure 2.3 The frequency response in an adult ear canal simulator (DB-100 coupler) of

the 1 volt chirp used in the calibration procedure.
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Figure 2.4 The frequency responses to the 1 volt chirp for both receivers in two
subjects. (a) is from Subject NT (34-37 wks.) and (b) is from Subject SM
(adult). The upper graphs are the responses to the chirp from both
receivers. The lower graphs are the difference between the subject’s ear
canal response and that of the response from the standard DB-100

(Zwislocki) coupler.
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Figure 3.3 Unwrapped DPE phase values plotted for their DPE frequencies for subject
RB. Power functions for each {7 frequency are shown.
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Figure 3.9
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Figure 3.9
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Figure 3.11  The mean round-trip travel times for each of the four groups.
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132
similarity of the exponents of the power function curve fits shown in Figure 3.6.

Mean optimum ratios for the three intensity groups are shown in Figure 3.17. The
results suggested a trend for lower optimum ratios for lower {7 intensities, except at 3.5
kHz where there was hardly any difference between the three intensity groups. Another
representation, with optimum ratio plotted against intensity for each of the six f2
frequencies is shown in Figure 3.18. Regression analysis showed that the slopes of these
lines were significantly different from zero at all frequencies except f3 = 3.4 kHz and 7.0

kHz (Appendix C).

Age Dependence of DPE Amplitude

For this study the DPE amplitude was measured at two different intensity levels
while the stimuli were swept across frequency for a fixed f2/f ratio of 1.2. As our
previous analysis showed this was in between the low and high ratios found for high and
low {7 frequencies. The intensity of {1 was kept at 65 dB SPL and that of {3 was either 55
dB or 50 dB SPL. Emissions were obtained at 12 frequencies, two per octave, and an
example from each age group is shown in Figure 3.19.

Mean DPE amplitudes and corresponding noise floors are plotted in Figure 3.20
together with the standard errors of the mean. The lowest three frequencies contained an
insufficient number of emission data that were 5 dB above the noise floor, so these three
frequencies were omitted from further analysis. There was little difference for DPE
amplitude for {2 = 50 dB or f2 = 55 dB SPL as shown in Table II1.5. Appendix B shows
results from grouped t-tests which show that there is no significant difference between the
two intensity levels at any of the nine frequencies.

Thus the data were collapsed across {2 intensities and the mean data as a function of
{5 frequency are shown in Figure 3.21. It is clear that, except for the youngest age group

at 10 kHz, the adult DPE amplitudes were much lower than those of the newborns. A






134

T Ll T L I T T T L] I L] T T T I L L] T T
% ----fF---- 10 khz -
--6--7.0kHz e
- —A— -4 9KkHz e 7
122+ —e— 3.4kHz L’ _
| —v —24kHz e v i
| - -e--17kHz o y |
8 I *— — -
® 120} \’/%0 |
t:\l_ i o . }/ J
“— 5 ~ A
£ —~T
=1 - // — .
= 1.18 F s -
O - ]
X o i
o ’——_—f """ D -4
116 |- o-—————="" o T _
- B.-" .
i " i
| 1 1
Low Medium High

intensity Group

Figure 3.18  Optimum f5\fq ratio at each of the six f2 frequencies grouped according to
the three intensity groups.



135

w
o
|
Qo

DPE amplitude (dB SPL)

2000 3000 4000 6000 8000
f» frequency (Hz)

DPE amplitude (dB SPL)

1000

Figure 3.19

2000 3000 4000 6000 8000
fo frequency (Hz)

Examples of emissions from a subject in each group. Panel (a) is Subject
SC from Group 1 (30-33 wks.), Panel (b) 1s Subject AF from Group 2 (34-
37 wks.), Panel (c) is Subject SB from Group 3 (38-42 wks.) and Panel (d)
is Subject CT from Group 4 (Adult). The solid line is the DPE amplitude
and the dashed line is the noise floor.






137

T T T T T T T T I
30 [ 4 —m— mean DPE (50/65) |
i —&— mean noise (50/65)
——— mean DPE (55/65) |
~ 20 —— mean noise (55/65)
T X
n -
o 10 i
z
o Or
© L
2
5 -10
= i
© 20
30 - 7
I ' I L L 'l I I L 1 I 1 1 'l l 1 AL l l-l
2000 4000 6000 8000 10000
f> frequency (Hz)
T I T L 1 I ¥ L T I L T T I T Y‘I_I' J
0l b — = mean DPE (50/65) |
. —®— mean noise (50/65) -
~ 20 —&— mean DPE (55/65) -
(05 - = —¥— mean noise (55/65)
10 - ==
@ i
o
o OfF
© L
2
5 -10F
E =
(] 20 F
-30 + —
i 1 L 1 1 H l 1 L L l L 'l H I 1 1 l l-l
2000 4000 6000 8000 10000
fo frequency (Hz)
Figure 3.20 Mean DPE amplitude results for L1-L2 = 10 and 15 dB and their

corresponding noise floors. (a) the 30-33 wks. group, (b) the 34-37 wks.
group, (c) the 38-42 wks. group, and (d) the adult group. Dashed lines
indicate standard error of the mean.



138

Ll ] L) ) T I L T T I L l 1 T T I T
ok ¢ —m— mean DPE (50/65) |
i —e@— mean noise (50/65)
i —a— mean DPE (55/65) |
5 207 2 —v— mean noise (55/65)
n -
b 10 i
S
o Of
5 -
= -10
E b
T 20
-30 + -
I -l l ke N i l — i 1 l (| 1 A J L 1 i l l-
2000 4000 6000 8000 10000
f, frequency (Hz)
T I T L] T ' 1 T T ' L ‘ 1 L lfl L4
B T
30 d —=— mean DPE (55/65) ]
- —&— mean noise (55/65) 1
—~ 20 N
.
o - ]
0 10 :‘ .
o
o Of
© L
2
5 -10F
E -
(4] 20
-30 -
I . . I N '} 'l l L 1 - l I L L J '} 1l J ]
2000 4000 6000 8000 10000
f> frequency (Hz)
Figure 3.20 Mean DPE amplitude results for L1-L2 = 10 and 15 dB and their

corresponding noise floors. (a) the 30-33 wks. group, (b) the 34-37 wks.
group, (c) the 38-42 wks. group, and (d) the adult group. Dashed lines
indicate standard error of the mean.



139

‘l L L T I T T T I T T T I T T 1 l
30 ----i&%---- 30-33 wk. means -
--@-- 34-37 wk. means
i —&— 38-42 wk. means
20 —¥— - adult means -
j B -
o
%)
m
o
()
©
2
g -10 -
@ i ]
20 -
30 F .
| 1 1 L 1 1 1 N 1 1 1 PR IR S W |
2000 4000 6000 8000 10000

f, frequency (Hz)

Figure 3.21  Mean DPE amplitude results for all four groups. Note that the adult group
has a lower amplitude than all other groups.









142

12 -
5 '
& 10 .
m 5 i
A=
¢ 8f -
o
2 - .
a
E 6 -
©
% L .
O
@ 4+ -
S
g I \ ]
o -------- 30-33 wks.
e 2 --e-- 34-37 wks. .
o — 4— - 38-42 wks. 1
o \
5 o
I o
l L L l L L l i 1 l 1 Il l i A l 1.1 I 11 l 11 l 11
2 3 4 5 6 7 8 9 10
f> frequency (kHz)
Figure 3.22  The differences between the adult amplitude and the young groups Note the

significant differences (solid symbols are significant, open symbols are not
significant) between the young groups and the adult groups.












DPE travel time (ms)

—— Kimberley et al. (1993)
—— Stover et al. (1994) -
- -A-- Gtover et al. (1994)"
—&— Whitehead et al. (1994) A
—v—— Brown et al. (1995)
—&— Brown (this study) 7

{ | | |

Figure 4.1

L1 1
2 3 4 5 6 7 8 9

fo frequency (kHz)

Comparison of adult DPE round-trip travel times from different studies.

146



147

i T ‘[ L] I ) |
-k _
6 i
5r i
/‘}’\ - -
E 4t -
()]
g - -
g .
o
a | ]
'é Py —A— - 30-33 wk (this study) T3 tt\é\ — ~,§ N
3 - -B-- 34-37 wk (this study) 3.
= - -©6-- 38-42 wK (this study) AN §
—a— 33-37 wk (Brown et al., 1995)
-  —e— 38-43 wk (Brown et al., 1995) 1
L il AL e l '} l 1. J; 1
2 4 6 8 10

fo frequency (kHz)

Figure 4.2 Comparison of neonate DPE round-trip travel times from different studies.
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Figure 47  Anapical shift of the region of overlap between {2 and ['; for decreasing
stimulus intensity may contribute to the need for a change in optimal ratio.
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Appendicies
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Unpaired t-Test X3: Age 1/4 Y3: 3k - 1/4
DF: Unpaired t Value: Prob. (2-tail):
60 4.804 .0001
Group: Count: Mean: Std. Dev.: Std. Error:
1 23 3.275 679 142
4 39 2.664 32 .051
Unpaired t-Test X4: Age 2/3 Y4: 3k - 2/3
DF: Unpaired t Value: Prob. (2-tail):
78 .206 .837
Group: Count: Mean: Std. Dev.: Std. Error:
2 40 2.965 465 .074
3 40 2.944 488 .077
Unpaired t-Test Xg: Age 2/4 Ys: 3k - 2/4
DF: Unpaired t Value: Prob. (2-tail):
77 3.345 .0013
Group: Count: Mean: Std. Dev.: Std. Error:
2 40 2.965 465 .074
4 39 2.664 .32 .051
Unpaired t-Test Xg: Age 3/4 Ye: 3k - 3/4
DF: Unpaired t Value: Prob. (2-tail):
77 2.999 .0037
Group: Count: Mean: Std. Dev.: Std. Error:
3 40 2.944 .488 .077
4 39 2.664 .32 .051






















A group contains no values for 1074.22 Hz. This statistic

can not be computed for Column X(1)-Column Y(12).

Group: Lount; viedil. DLU. LTV, CUlu. Lirw
Group 1 29 4.961 6.256 1.162
Group 2 23 5.546 6.493 1.354

Unpaired t-Test Xi: Level diff Y3: 6738.28

DF: Unpaired t Value: Prob. (2-tail):

50 .253 .8009
Group: Count: Mean: Std. Dev.: Std. Error:
Group 1 29 8.862 4.857 .902
Group 2 23 8.527 4.591 .957
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A group contains no values for 1074.22 Hz. This statistic
can not be computed for Column X(1)-Column Y(12).
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Unpaired t-Test Xq: Level diff Yg: 2441.41

DF: Unpaired t Value: Prob. (2-tail):

47 -.355 .7244
Group: Count: Mean: Std. Dev.: Std. Error:
Group 1 28 7.495 6.016 1.137
Group 2 21 8.064 4.872 1.063

Unpaired t-Test Xj: Level diff Yg: 2001.95

DF: Unpaired t Value: Prob. (2-tail):

46 .095 .9245
Group: Count: Mean: Std. Dev.: Std. Error:
Group 1 28 11.489 6.957 1.315
Group 2 20 11.303 6.286 1.406

Unpaired t-Test Xq1: Level diff Y10: 1660.16

DF: Unpaired t Value: Prob. (2-tail):

38 1.701 .0971
Group: Count: Mean: Std. Dev.: Std. Error:
Group 1 21 14.828 7.25 1.582
Group 2 19 11.669 3.771 .865

Unpaired t-Test X1: Level diff Y11: 1318.36

DF: Unpaired t Value: Prob. (2-tail):

19 2.712 .0138
Group: Count: Mean: Std. Dev.: Std. Error:
Group 1 13 14.428 5.006 1.388
Group 2 8 9.103 2.98 1.053



























