(ARDIFF

UNIVERSITY

PRIFYSGOL

(AFRDYD

Psychoacoustic Measurements of Bone Conducted
Sound

Robert William John McLeod

Thesis submitted to Cardiff University
for the degree of Doctor of Philosophy

October 2016



il



Declaration

This work has not previously been accepted in substance for any degree and is not

concurrently submitted in candidature for any degree.

Statement 1

This thesis is being submitted in partial fulfilment of the requirements for the degree of

PhD.

Statement 2

This thesis is the result of my own independent work / investigation, except where

otherwise stated. Other sources are acknowledged by explicit reference.

Statement 3

I hereby give consent for my thesis, if accepted, to be available for photocopying and
for inter-library loan, and for the title and summary to be made available to other

outside organisations.

Statement 4:

I hereby give consent for my thesis, if accepted, to be available for photocopying and
for inter-library loans after expiry of a bar on access previously approved by the

Graduate Development Committee.

il



v



Contents

Thesis submitted to Cardiff University........ccccoeecuvereeciieeeniiiieeeiiee e, 1
DECIATAION ... e 111
STATEIMNENT L.t et e e e e e e e aee e e e eeaans 111
STATEIMNENT 2. e e e e et e e e eee e e e eaeeeeeeanns 111
STATEIMNENT 3. e e e et e e e e e e e e e e e e e eeanans 111
STATEIMNENT 4: ..o e et e e e e e e e e e e e e eeaans 111
LISt OF FIGUIES ...vvieeeiiiee ettt et e e e e e e ene X
LISt OF TADIES ..ot e e aees X111
List Of SYMDBOIS ...ooiiiiiiieiiie e X1v
ACKNOWIEAZEMENLS.....cciiiiieeeiiieeciiee e e e XVvi
SUMMATY .. e e e e e s e saaeeeeeees XVvil
I INETOAUCTION e e e e e e e e e e e aeaees 1
1.1 BONE CONAUCTION .ttt et e e et e e e e e e er e e e e e e e eraeeeennnns 1
1.2 Mechanisms of Bone CONAUCTION ......cuueeeeiiiiiiieeeceeeeee et ee e 2
1.2.1 Y e T=T =Y [ 1 (V1T IR 3
1.2.2 1Yo Lo | T=IN =T N 5
1.2.3 R TN VT (=Y =T 1 T 5
1.2.3.1 Occlusion effect @aNd the OULEE @A .....uuueeeii ittt e et e e e e e ees 6

1.3 Summary of relative contribUtioNS.........ccccviiiiiiiiiiiiiee e, 7
1.4  Transcranial attenuation and interaural level difference......cccccoovvvvivieeernennnnnn. 7
1.5 Advantages of hearing With tWo €ars ........cccccevviiiiiiiii e 8
15.1 Yo 014 Lo I Lo ot | [1-F=1 1 e o I 9
1.5.2 (R I=ETe I o F= o LoV A =Y i 1= o1 O RPN 10
1.5.3 BinNaural SUMMATION c..iiee ettt e et e e et e e e b e esaaneeees 10
154 BiNAural SQUEICH .. ... 11
1.5.5 Binaural UNMASKING .......ueeiiiiiiiiiiiiieeeee et e e e e e s e s e e aanes 11

1.6 Spatial release from Masking.......occcuuiiiiiiiiiiiiei e 11
16.1 ENErgetic MasKiNg .....uuviiiiiiiiiii ittt e s et e e e e e e e e s s e ssaanes 12
1.6.2 INformational MAaSKiNG......c..vvviiiiiiiie e e e 12



O A o 1= T4 o =3 (o 1SRRI 13

1.8  Bone Conduction Hearing Aid........ccuuveeiiiiiiiiiee et e e 13
1.8.1 DEVIiCE COMPONENTS..cceiieieeeeeieeeeeeeeeeeeeeeeete et s e e e e e e e e e e e eeeeeeeeeeeeeeeene 14
1.8.2 CliNical INAICATIONS ..eeiiiiiieee ettt e e s s eeee s 14
1.8.3 Clinical indication for Children .......ccoceioriiiiii e 15

1.9 BCHA in single sided deafNess ......cccuviiiiiiiiiiiee e 15

1.10 Bilateral BCHAS. ... ..eiiiieeee ettt 19
1.10.1  SUDJECTIVE OULCOMES ..ciiiiiiiiieiiiiiiiiteeee ettt e e e e e e e s s sbbberee e e e e e e s e s sssaaannes 19
1.10.2  Listening PreferenCeS ..ooouviiii ittt e st e e s aaae e e e saaaeeeean 20
1.10.3  Audiometric MeaSUrEMENTS .......utiiiiiiieee et e et e e st e e e s e e s eeneeeessnnneeeeas 20

1.11 CrOSSTAIK. ...ttt e 22
1.11.1  Ideal crosstalk cancellation .........ccooviiiiiiiiiiiie e 24

1.12 Bilateral BCHA and limitations due to crosstalk........ccccceevviieiiniieeniniieenns 25

2 Pilot Study investigating the use of a scanning laser Doppler vibrometry

of the cranium when stimulated by a B71 bone transducer........................ 27
2.0 SUMIMIAIY ittt s e e s e s e e e e e e e e et ettt e et e et s e e e e e e e aaeaeeeeeetetane s anan 27
P2 AN [ 111 ¢ o To [F] o1 { T o FU PP PP UPSTTRPPPPPP 27
2.3 Materials and Methods ..........coooiiiiiiiiiini e 29

2.3.1 Ethical APProval..... .. it e e e e e s 29
2.3.2 ParTICIPANT e e e e e e e e e e e e e e e e eeeeeeeeeeee 29
233 Laser VIDrOmMETErs ......eiiiiiiiieeeeeee ettt 29
234 Data CORCTION ...ciiiiiiee e s e 30
2.3.5 DAata ANAIYSIS cieieiiiiiiiiiieeee et e e e e s e et e e e e e e e s e e saane 31
2.4 RESUIES ceiieiiieee ettt ettt e s e e enes 32
2.5 DISCUSSION .ttt ettt et e e e e s s e e e e e e e e e e e e e eas 34
2.5.1 Effects Of FrEQUENCY....uviiiiiiee e e 34
2.5.2 LIMItatiONS coeieieiei e 35
253 Potential APPlICAtioNS ....cciiiiiiiiiiiieee e 36
2.6 CONCIUSION ittt e st e st e e b e e e e 37

3 Measurements of transcranial attenuation and phase of bone-conducted

SOUNA. ettt et e e e e et e e e e et e e e e e e e as 38
3.1 SUMIMIAIY ittt e e e e e et ettt ettt s e e e e e e eeeeeeeeeeeeberasas b eeeeeeens 38
3.2 TaY e Yo IF ot 4 [o] o WUTERUURTR RO PPPRPR 38
3.3 1Y) o g Yo Yo [OOSR 41

3.3.1 APPAIATUS Lot e e e e s e e e e e e e eeeenes 41



3.3.2 (0111 o1 =1 1 e Y o IR 41

333 Exclusion and inCluSIiON Criteria ......ceovieeeeeeiiiiiire e 42
3.34 P A I PANES e e e e e e e e e e e e e eeeeeeeeeaeaane 42
3.35 TESTING PrOCEAUIE ...ttt et e e e e e e e s s s saaabrbeeeeeeeeseeanns 42
3.3.6 EXPEIIMENT L oo e e e e e e e e e e e e e e e e e e e eeeeeeaeeene 45
3.3.7 EXPEIIMENT 2 oo e e e e e e e e e e e e e e e e eeeeeeeeeaee 46
Bi4  RESUILS ceeieiiiee ettt st e e e st e s e nan e e eanes 46
341 Experiment 1 data @XClUSION ..ooveeeiiiiiiiiiieie et 46
3.4.2 Experiment 1 phase data.....ccooeviiiiiiiiiie e 47
343 EXperiment 1 Level Data. ..ottt 47
344 Transcranial Attenuation and Transcranial Delay.......cccccccevviiiiiiiiciiiiiiiieeeeeeeen, 48
3.45 Experiment 2 Across-sitting variability .........oovveiiiiiiiiiiiii e 49
3.4.6 Experiment 2 Grade Data .....coovveeeiiiiiieiieeeee ettt e e e e e 51
S T B 1 1Y of 1] o] IO P PP PPPPPPPPP 51
3.5.1 Cancellation Phase change with frequency......ccccccevvcciiiei e 51
3.5.2 Cancellation Level changes with frequency ........cccovvevieeiiicciee e 52
3.5.3 Test re-test standard deviation .........occueieiiiiiiie i 52
354 LGl Yo 110V TP PP PP PRSPPI 53
355 FUTUFE rS@ATCR .eeiiiiiie ettt e e e 54
3.6 CONCIUSION L.ttt et et e et e s st eseabe e e e enes 55

4 Psychoacoustic measurement of phase and level necessary for cross-talk

cancellation using bilateral bone transducers. ...........cccceveeviiieeercieeeencieenns 56
A1 SUMIMAIY ittt ere s e s e e e et et ettt eeteeebsba b s eeeeeeeeeeteneeerernrasassnnnnneeeaeaens 56
A 1 ) { (oo [0 4 o] o H PRSP PP P OTPPPPPPRTN 56
4.3 IMETNOM .. s e e e e e 59

43.1 APPAIATUS Lot e e et e e e e ra e eeeeeanes 59
4.3.2 P A I PANES e e e e e e e e e e e e e e e eeeeeeeaeeene 59
43.3 TESTING PrOCEAUIE ...ttt et e e e e e e e s s s aabbrbeeeeeeeeeeeanas 59
434 (6] [T - | 4 1o o PSP P U PPPUPPOPPPPPROt 62
4.3.5 Data comparison MethodolOgY .........uueiiiiiiiiiiiiiiiiiiiiie e 64
B4 RESUILS «eeeieeiitie ettt st e e s b e e st e s e bt e e e saneeeeaa 65
44.1 Number of attempts needed at each freqUeNCy .......ccceecvieeieeiciiee e, 65
4.4.2 Level difference between techniqUES .......cocccuviiiiiiiiei e 65
443 Phase difference between teChNIQUES .......ccccuviiiiiiiiiiee e 66
4.5 DISCUSSION .eeeeiiiiiiiiiitiiie ittt et e e e e e e s e e s e e e e e e e e e e e e e s s e s e nnnnnnes 67
45.1 Ipsilateral level and Phase ......ooooeeiiiiiiiiiiii e 67



4.5.2 Contralateral level and phase.......ii i 69
I o 1o [ol [V 1] o o TSP 70

5 Unilateral Cross-talk cancellation in normal hearing participants using

Bilateral Bone TranSduCers..........ccccvvveeiciiieieiiieeeeiiee e 71
5.1 INtrOAUCTION .ottt e 71
5.2 IMEETNOM ..o s 73

521 AP PATATUS Lot e e e e e e e e e e e e e eeeenes 73
5.2.2 P A G PANES e e e e e e e e e e e e e e eeeeeeeaeeane 74
5.2.3 Experiment A: Initial Phase and Level Prediction and data fitting ..................... 74
5.2.4 Experiment A: Secondary Phase and Level Prediction and data fitting in

preparation for tone and speech reception thresholds ..........cccceeeeiieiiiiiiiiiiieeee e, 75
5.2.5 Experiment A: Cross-talk cancellation data collection method.......................... 76

5.2.6 Experiment B: Tone Reception Thresholds (TRT) with and without cross-talk

(o1 g 1ol ]| - To ] o RO PP PPPTPPPPPPPP 77
5.2.6.1 SEMUIE CrEatioN cioeeiiie et ree e e st e e e st e e e s nee e e saneeeessnraeeeennns 77
5.2.6.2 [ oYl T LU T PSR 78

5.2.7 Experiment C: Use of cross-talk cancellation results in order to improve speech

reception thresholds. ... e 78
5.2.7.1 SEMUI CrEatioN cooeeieie et e s st e e e st e e e s ree e e saaeeeessnraeeeennes 78
5.2.7.2 PrOCEAUIE «..eiieiiiee ettt et e e ettt e e sate e e e et te e e essbaeeesnsaeeessseeeeennneeeessneeenns 78

5.3 RESUILS e e e e e e e e e e e e e nabataeeeeenan 79

531 EXPEriMENT A FESUILS ..oviiiiiiiiiiiiiiiiteeee ettt e e e e e e s s s saanes 79

5.3.2 EXPeriment B rESUIS ...cccovuiiiie ittt e e e 83

533 EXPEIIMENT C e e e e e e e e e e e e e e e e e e eeeeeeeeeeeeene 84

5.4 DISCUSSION ..cceiiieiiiiiiiititiierere s e e e e e ettt ettt e s e e e e eeeeeeeeeeteneessassnnaaaeseeeaeas 85

541 Experiment A Cancellation reSUILS.......ccvvii it 85

5.4.2 EXPEIIMENT B oo s e e e e e e e e e e e e e e e e e eeeeeeeeeane 86

543 EXPEIIMENT C oo e e e e e e e e e e e e e e e e e e e e eeeeeeaeeene 86

5.5 CONCIUSION oottt ettt e e e e e e s aae e e e s sssraeeeeeeeenans 87

6 The relative benefits of interaural time and level differences when sound

1s presented via air or bone condUCHION. .........eeeereiiireeriiieeeciiiee e 88
70 R ' o Yo [V 4 o PSPPSR 88
S22 Y/ =1 o Vo o [PPSR 90

6.2.1 APPATATUS .ottt e et e e e e ee e e eeeenes 90
6.2.2 P A G PANES e e e e e e e e e e e e eeeeeeeeaeeene 90
6.2.3 STIMUIT .t e e e e st e e e e e e e e s s s e s ababeaeeeeas 91



6.2.4 SEIMUTT L e e e s s e e e s e e e e s s anreeeeenanee 91

6.2.5 Spatial release from mMasking ........ccuveiiiiiiiii i 92
6.2.6 Prediction Method. ... 93
6.2.7 DAt @NAIYSIS ciiiiiiiiiiiiiteeee et e e e e e s et e e e e e e e e e e aane 95
6.3 RESUILS ettt s s 96
6.4 DISCUSSION .ttt ettt et e e e e s e e e e e e e e e e e e e 97
6.5  CONCIUSION L.eiiniiiiieee et e st e s e e e e 97
7  General Discussion and Future Work...........cccceviiiiniiiiniiiniieneee 98
7.1 The “Take-HOmE” MESSAZE ....cuuvviiieeiiiiieeeeeeciiteteee e esireee e e e e e e e s e sasaraeeeeennes 98
7.2 SUMMArY Of FINAINGS ..coouiiiiiiiiiece e 98
7.3  Opportunities for further research.........ccccoveciieii i 99
7.3.1 Phase and level MeasuremMent ........cooiiiieiiiiiire e 99
73.11 Data collection SPEEd aNd EASE ......c.eeveeiuiireeeiiie e ettt e s e e e e e 99
7.3.1.2 Real time bilateral cross-talk cancellation .........ccooveeiieriiiinien i 100
7.3.2 Potential limitations of the technNiqUEe.........ccveiiiiiiiiii e, 101
73.21 Processing liMItations ......coueeiiieiieenii et 101
7.3.2.2 [\ oY T [T =T Y PSS 102
7.3.2.3 e L= Tol =YY T o T U o TS 102
7.3.3 Technological reSEArCh .. ..iiii i 103
7331 Audio streaming Capability .....cooovoieiieiiie e 103
7.33.2 BCHA Orientation .....cooioiiiiiiiiiiie e 104
734 FIN@l REMAIKS ...eeeiiieie e e 104
RETEIENCES ...ccutiiiiiieiiie et 105

iX



List of Figures

Figure 1 Schematic of the relative contributions of bone conduction hearing and
how this can interact with air conduction. A box represents an anatomical part of the head.
An intact line represents a transmission of energy. A long dashed line represents
stimulation from of tactile sensors in the skin and bone. A dotted line represents nerve

impulses. Reproduced from Stenfelt and Goode (2005).......ccceeeerieiinieninninienieieene 3

Figure 2 Ear canal pressure of BC sound with an open and closed ear canal averaged
over 9 ears. Error bars indicate the standard deviation from 61 measurements as

reproduced from Stenfelt and Goode, (2005). ....cccvieiiieiiieiiiiiieieee e 7

Figure 3 Panel depicts a sound source presented at 45° from the listener. Panel B
shows the impulse response from the left (thin line) right (thick line). Panel C shows the
spectra of the amplitude for the same sound source (Litovsky 2012) .......cceecvveeveennennen. 9

Figure 4 (a) Image depicting lack of head shadow effect at low frequency (b)
Showing head shadow at high frequencies (Figure reproduced from Shannan, (2010)).

Figure 5 Average sound localisation results from 12 participants with a single
BCHA placed on the best and shadowed side as well as a bilateral fitting (reproduced
from Priwin €t @l 2004) ......ooviiiieeiieiieeie et ettt enreen 22

Figure 6 Showing acoustic transfer functions between two loudspeakers and a

participant (Reproduced from Liao, 2010) ......ccceeviiieiiiiiiieiieeieeiecieeee e 22

Figure 7 Block diagram of crosstalk cancellation algorithm (reproduced from Liao,

Figure 8 Three PolytecTM PSV-500 vibrometers focusing on participants right

temporoparietal region (contralateral to the B71 bone transducer). ..........cccccevevvennenne. 30

Figure 9 (a) showing relative transverse displacement at 250 Hz when the ipsilateral
temporoparietal region is at maximum positive displacement (b) maximal contralateral
displacement at temporoparietal region at 250 Hz (c) showing relative transverse

X



displacement at 500 Hz when the ipsilateral temporoparietal region is at maximum
positive displacement (d) maximal contralateral displacement at temporoparietal region
at 500 Hz (e) showing relative transverse displacement at 1000 Hz when the ipsilateral
temporoparietal region is at maximum positive displacement (f) maximal contralateral
displacement at temporoparietal region at 1000 Hz (g) showing relative transverse
displacement at 2000 Hz when the ipsilateral temporoparietal region is at maximum
positive displacement (h) maximal contralateral displacement at temporoparietal region

AL 2000 HZ. ..o 33

Figure 10 Visual representation of rigid-body motion (a) and mass-spring motion

(b). Tllustrations based on Stenfelt (2011).....cccuieviireiieiieriieieee e 35

Figure 11 Overview of primary sound pathways via bone conduction, adapted from

(Stenfelt, 20T 1). cueoiiiiieie et 39

Figure 12 Illustration of the psychophysical procedure for cancelling a bone-

conducted sound at both ears and providing an effectiveness rating...............c.cceveeunenn. 43

Figure 13 The raw cancellation phase (unwrapped) and level results from ER2
earphones needed at different frequencies to cancel a single B71W BT tone in 3

PATTICIPANES. ..eevviieiiieiieetieetie et et e et e etteeteeseaeeseessaeesseessseesseessseenseessseenseessseenseesnseeseennns 47

Figure 14 Mean inter-cochlear phase and inter-cochlear level data, Zwislocki
(1953) phase data (using a loud tone at one ear rather than a BT), and Stenfelt & Goode
(2005a) inter-cochlear phase and inter-cochlear level difference (derived from

accelerometer measurements of cadaver heads). ..........cocveeeiiiiieiiiicie e, 49

Figure 15 The standard deviation of the inter-trial cancellation level and phase for

each of the participants. Results from 8 different testing sessions. ..........cccceeeeveereveennnns 50

Figure 16 The mean cancellation grade (n==8) for each of the participants. Error bars

ShOW 0NE StANAATA AEVIATION. .o e e e e e e e e e e e eeaeeeeeeeaeaeaeaaaaaeaaaaaaaas 50

Figure 17 Panels (a) and (b) illustrates sound cancellation at the cochlea by
interaction of the two BTs by destructive interference (black arrows). Panel (a) showing

cancellation at the left cochlea and (b) at the right cochlea. The resultant signal of the two

xi



BT signals (grey arrows) is then cancelled with ER2 earphones at the opposite ear. Panels
(c) and (d) illustrate cancellation of sound at the cochlea from a left sided (c) and right

sided (d) bone transducer using ER2 €arphones. .........c.ccceeeevieriieeiienieeciienieeieeeie e 58

Figure 18 Image of lens-less glasses with attached B71 bone transducers. .......... 60

Figure 19 Illustrations of cross-talk cancellation modified from Rowan and Gray
(2008) and Zurek (1986). (a) Model of cross talk cancellation using two BTs (see text
for details). (b) Model of left-BT stimulation with cancellation at the left and right ear.
(c) Model of right-BT stimulation with cancellation at the left and right ear. (d) Model of
two-BT stimulation with cancellation at the left cochlea and the two signals interacting

to give a phase and level at the contralateral (right) cochlea.............cccoevvirciieniennennen. 64

Figure 20 Difference between the predicted level and phase using the one- and two-
BT techniques for each participant. Error bars show the standard deviation of the

differences between the two techniques (n=6 per frequency result)..........ccceeeveerveennnnns 66

Figure 21 Outline of the experimental order............cccceevevieiinienenninieeeiene 74

Figure 22 Showing two conditions a) shows pure tone on one BT and noise on the

contralateral BT b) shows the addition of cancellation noise at the BT with the tone. .. 78

Figure 23 Showing the phase difference needed between bilaterally placed bone
transducers to cancel perceived sound at the left and right cochlea on 5 different sittings

in three different participants. Line of best fit created using spline fitting method........ 81

Figure 24 Showing the level difference needed between bilaterally placed bone
transducers to cancel perceived sound at the left and right cochlea on 5 different sittings

in three different PartiCiPantS. ..........coveeiieriieriiieiieeie et ere et e e essaeenreens 82

Figure 25 Tone reception threshold with an without cross-talk cancellation in three

participants (n=3 per condition) error bars show standard deviation. .........c..cccceevueneene. 83

Figure 26 Mean tone reception thresholds with and without cross-talk cancellation

(n=9 per condition) error bars show standard deviation. .........c..cceceeveeverienennenieneenne. 83

xii



Figure 27 Box plot showing the SRT with and without the use of cross-talk

cancellation in three PartiCIPANES. ..........ceecieriierieniieeiieeree ettt eaeeseeeereeseeeenseens 84

Figure 28 HRIR impulse responses that were convolved with the speech sentences

to simulate €ach CONAILION. ..........ociuiiiiiiiiieiie e et e 92
Figure 29 Schematic of the Lavandier and Culling (2010) model. ....................... 94

Figure 30 SRM for noise at 0° vs. 90° (n=8). Error bars show standard deviation.
Predicted values are produced using Lavandier and Culling, 2010 binaural speech

INtEllIbility MOAEL......oioiiiiiieiiece e 96

List of Tables

Table 1 Summary of study findings investing the use of BCHA for SSD treatment
*Benefits only when noise front and speech lateralised to bad ear, Benefits were found
however HINT only performed with speech from deaf side, {Study was of SSD patients
with contralateral hearing loss. HINT = Hearing in noise testing, SRT = Speech reception
threshold, SL = Source localisation APHAB = Abbreviated Profile of hearing aid benefit,
SSDQ = Single-sided deafness questionnaire, GHABP = Glasgow hearing aid benefit
profile, SSQ = Speech, spatial and qualities of hearing scale, GBI = Glasgow benefit

TIIVEIEOTY 1.itievtieeiieette et et e et eteeeeteeteessseesbeessaeesseessaeenseensseenseensseanseensaeensaesseenseenssesnseens 18
Table 2 Glasgow Benefit inventory from Janssen et al. (2012) ........ccccccvvervvennenne 19

Table 3 Showing Tone and speech thresholds in quiet as adapted from Janssen et

al., (2012) * Speech Reception Thresholds (SRT) .....cceeviieiiiiiiieiiiiieeieeieeeeiee e 21

Table 4 Difference in tone thresholds in quiet between bilateral and unilateral

BCHA as sourced from Janssen et al., 2012 . ..ccooumeiiiiiiiiiiieiieee e 21

Table 5 Grading system post attempted cancellation...........c.cccceeveiverieeiiienieennnns 45

xiii



List of Symbols

AC

APHAB

BAHA

BC

BCHA

BMLD

BT

CI

CROS

DSP

EM

FIR

GBI

GHABP

HINT

HRIR

ICLD

ICP

ICPD

ILD

IM

IPD

ITD

JIND

LDV

Air Conduction

Abbreviated Profile of hearing aid benefit
Bone Anchored Hearing Aid

Bone Conduction

Bone Conduction Hearing Aids
Binaural Masking Level Differences
Bone Transducer

Cochlear Implant

Contralateral Routing of Signals
Digital Singal Processor

Energetic Masking

Finite Impulse Response

Glasgow benefit inventory
Glasgow hearing aid benefit profile
Hearing in Noise Test

Head Related Impulse Response
Inter-Cochlear Level difference
Intracranial Pressure
Inter-Cochlear Phase Difference
Interaural Level difference
Informational Masking

Interaural Phase Difference
Interaural Time Difference

Just Noticeable Difference

laser Doppler vibrometer

X1V

13

12

16

11

10

86

15

15

13

87

51

84

23



MAA
MRI
PTA
QOL
SD
SL
SNR
SRM
SRT
SSD
SSQ
TA
™

TRT

Minimum Audible Angle
Magnetic Reasonance Imaging
Pure Tone Audiogram

Quality of Life

Standard Deviation

Source Localisation

Signal to Noise Ratio

Spatial Release from Masking
Speech Reception Threshold
Single Sided Deafness

Speech, spatial and qualities of hearing scale
Transcranial Attenuation
Tympanic Membrane

Tone Reception Thresholds

XV

84

22

17

16

42

15

10

72



Acknowledgements

This thesis would not have been possible without the support of many
colleagues and friends. First and foremost, I would like to thank John Culling
for his supervision and suggestions. Thank you, John for your patience and
insights over the past three years. I couldn’t have wished for a more
knowledgeable, supportive and committed supervisor. In addition, I would

also like to thank:

e Cath and my Parents for encouraging me to pursue a doctorate.

e Cochlear Bone Anchored Solutions for supporting and funding this
research project.

e Steven Backhouse and David Owens for help in securing funding as
well as support and advise in pursuing a join clinical and academic
career path.

e Jacque for helping me get started with Matlab programming.

e Annie, Alice, Laura, Jacque, Barry, for sharing an office with me and
all the fun times over the past three years.

e The participants for taking part in some long and sometimes

repetitive experiments.

Xvi



Summary

Bone-conduction hearing aids (BCHAs) are a widely used method of
treating conductive hearing loss, but the benefit of bilateral implantation is
severely limited due to interaural cross-talk. In theory two BCHAs could
deliver improved stereo separation using cross-talk cancellation. Sound
vibrations from each BCHA would be cancelled at the contralateral cochlea

by an out-of-phase signal of the same level from the ipsilateral BCHA.

In order to achieve this the phase and level of sound at each cochlea
needs to be known. A method to measure the level and phase required for
these cancellation signals was developed and cross-validated with a second
technique that combines air- and bone-conducted sound in normal hearing
subjects. Levels measured with each method differed by <1 dB between 3-5
kHz. The phase results also corresponded well for the cancelled ear (11°
mean difference). The newly developed method using only bone transducers

is potentially transferable to a clinical population.

To demonstrate cross-talk cancellation tone and speech reception
thresholds (TRT and SRT) were investigated with and without unilateral
cross-talk cancellation. Band limited noise was emitted from one BT whilst
signal +/- cancellation signal was produced by the other. Benefits of cross-
talk cancellation under this atypical listening situation were found to be

12.08 and 13.7 dB for TRT and SRT thresholds.

In order to estimate the potential benefits of cross-talk cancellation in
spatially realistic environments, phase and level elements of impulse
responses from a BAHA 4 were convolved with speech. This found that
cross-talk cancellation had the potential to lower SRTs in a clinical
population by approximately 4.4 dB. Future work will focus on real-time

processing and examine using a clinical population.
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1 Introduction

1.1 Bone Conduction

Bone conduction (BC) is broadly defined as the process by which vibration of skull
bones result in a sound percept (Stenfelt, 2013). However, this description can be
misleading, since BC sound also involves the transmission of vibrations through cartilage
and soft tissue. For example, when a Bone Transducer (BT) is placed on the mastoid over
intact skin for audiological testing, the vibration also has to pass through that skin.
Stenfelt, (2013) states that transmission may be more accurately referred to as “body

conduction” as this would take account of the addition of soft tissues.

The concept of BC has been known for several centuries (Stenfelt & Hakansson
2002). It was utilised in the Weber and Rinne test in the nineteenth century in order to
distinguish between a sensorineural and conductive hearing loss (Turner 1990). These
tests are still taught within medical school and utilised when formal audiological
assessment is unavailable. The Weber test uses a tuning fork placed firmly on the centre
of the forehead whilst vibrating. Patients with conductive hearing impairment such as
otitis media with effusion (glue ear), experience lateralisation towards the affected ear,
whilst those with a sensorineural defect experience lateralisation away from the affected
ear. Although the pathological ear is generally known, often previous hearing loss is not.
Thus, if lateralisation was experienced, then the Rinne test is also required in order to
differentiate pathology at either ear, since lateralisation towards one ear could indicate a
conductive loss at that ear or a sensorineural loss at the contralateral ear (Turner 1990).
This is performed by placing a tuning fork firmly on both mastoids and comparing the
level experienced when the fork is held 2.5 cm away from the ear canal. If the level
experienced was greater when placed on the mastoid as well as the Weber test lateralising
towards the ear then a conductive loss can be diagnosed. When these tests were devised

the mechanism by which they stimulated the cochlea was not understood.

Von Békésy was the first to address the fundamental question of BC hearing (von
Békésy 1960). He hypothesised that the basilar membrane could be stimulated by either
Air Conduction (AC), which is to say through the movement of the tympanic membrane,
or by BC. That is, that both sensations resulted from stimulation of the cochlea. If this
hypothesis was correct, then he reasoned it would be possible to cancel a BC tone with
an out-of-phase AC tone of the same amplitude so that they did not hear anything in the

target ear. He was able to achieve this in one subject at 400 Hz (Stenfelt & Hakansson



2002). This approach of cancelling one sound with another is used extensively in this

thesis.

1.2 Mechanisms of Bone Conduction

Following von Békésy’s studies, research was driven primarily by the growth of
otological surgery as well as the need to be able to predict success rates of surgery for
conditions such as tympanic membrane (ear drum) perforations and destructive middle
ear conditions such as cholesteatoma. Early studies by Wever and Lawrence (1954) and
von Békésy indicated the primary method of energy transfer was via an osseous route due
to a transverse waves being conducted along the skull. Later, Allen and Fernandez (1960)
theorised (incorrectly) that BC sound was entirely due to the vibrations in the cochlear
fluids and that the middle ear ossicles (malleolus, incus and stapes) were not involved.
Soon after, Tonndorf and Tabor (1962) showed energy may also be conducted via soft
tissues as a pressure wave before being transferred to an osseous or fluid route. Brinkman
et al. (1965) suggested that the inertia of the cochlear fluid and ossicular chain could also
affect BC thresholds. Since then it has become clear that there is no one mechanism
which allows BC transmission. Instead, it is comprised of a number of pathways each
having a differential effect depending on frequency, BT position and anatomical
differences (Stenfelt & Goode 2005a). One method of categorising the different
contributory factors is by anatomical vectors such as the outer ear canal, middle ear
ossicles and inner ear fluid (Stenfelt & Goode 2005a). These vectors can be involved in
multiple conduction routes (as shown in Figure 1) the different vectors and their

associated conduction routes will be discussed in turn.
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Figure 1 Schematic of the relative contributions of bone conduction hearing and how this
can interact with air conduction. A box represents an anatomical part of the head. An
intact line represents a transmission of energy. A long dashed line represents stimulation
from of tactile sensors in the skin and bone. A dotted line represents nerve impulses.
Reproduced from Stenfelt and Goode (2005).

1.2.1 Inner ear fluid
The cochlear is divided along its length into three fluid compartments: the scala

media, scala vestibuli and scala tympani. The scala tympani and scala vestibuli are
separated by the scala media throughout most of the length of the cochlea, but are joined
at the apex by a small opening called the helicotrema. At the base of the scala tympani is
the round window and at the base of the scala vestibuli is the oval window where the
stapes is attached. The two windows are needed within a bony labyrinth in order to allow
fluid movement. This happens reciprocally, i.e. if the oval window is compressed via the
stapes then it causes the round window to bulge. The fluid movement in the cochlear
generates a travelling wave along the scala media within which the organ of Corti is
located. This is the receptor organ of hearing and is tonotopically organised. Receptors
on the organ of Corti close to the oval window (at the base) are stimulated by high
frequency sounds whilst receptors closer to the helicotrema (at the apex) of the cochlear

are stimulated by low frequency sounds.

Although pressure waves are primarily transferred via the reciprocal movement of
the oval and round windows there are a number of other pathways by which fluid pressure

waves may be introduced into the cochlear. These are collectively referred to as third
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window structures (Stenfelt & Goode 2005a). These third window pathways include the
vestibular and cochlear aqueducts as well as veins and nerve fibres (Kiiciik et al. 1991).
Tonndorf et al.'s (1966), investigated these pathways in cats finding that the cochlear

aqueduct acts as a third window in the transmission of BC but not for AC signals.

The importance of third window structures as well as cochlear fluid movement has
been aided by research into otosclerosis. This is an inherited disease in which there are
areas of bony remodelling that primarily affect the stapes footplate, impairing its
movement. The round window can also be affected, thus further impairing the mechanism
of AC conduction. These two pathologies can cause a significant deterioration in AC
hearing thresholds by up to 60 dB (Garcia-Iza et al. 2016). BC thresholds meanwhile are
relatively unaffected with maximal loss usually diagnosed of 15 to 25 dB at 2 kHz. Since
there is little or no transmission from the outer or middle ear to the cochlear this means
that the BC stimulation must primarily act directly on the cochlear (Stenfelt & Goode
2005a).

A further route by which the inner ear fluid can be affected is by compression and
expansion of the cochlear walls. When the cochlear is compressed it causes the round
and oval windows to bulge. Since the round window is 20 times more compliant than the
oval window the round window is the main point of displacement (Kirikae 1959). This
method of moving inner ear fluid is different to that of AC where the primary driving
force is from the stapes footplate at the oval window. Stimulation of the organ of Corti is
also aided by differences in volume ratio of 5:3 between the scala vestibuli and scala
tympani (Tonndorf et al. 1966). This results in more fluid being displaced from the scala

vestibuli than tympani, thus aiding the stimulation of hair cells in the organ of Corti.



1.2.2 Middle ear

The ossicles, which consist of the malleus, incus and stapes, are suspended in the
middle ear cavity by ligaments. In addition to the ligamentous attachments there are also
muscular ones. These comprise of the tensor tympani, which attaches to the malleus, and
the stapedius muscle, which attaches to the stapes. These muscles function, firstly, to
protect the cochlear from loud sounds by contracting and thus limiting the movement of
the ossicles, and secondly, to reduce perceived level of sounds such as an individual’s

own voice as well as actions such as chewing (Bance et al. 2013).

At low frequencies the ossicles move in phase with the skull vibrations, so there is
no relative motion (Stenfelt & Goode 2005a). However, at higher frequencies the inertia
of the ossicles becomes greater than the stiffness of the ligaments and muscles attached
to them. This causes the ossicles to move independently from the skull, and induces
motion at the stapes footplate. Displacement of the footplate becomes very complex,
primarily due the axis of rotation of each of the ossicles being different. At some
frequencies the ossicles can vibrate in phase thus constructively interfering and increasing
perceived level. In addition, the ossicles and the vibrations of the skull can vibrate in
phase further increasing the level at the cochlear (Stenfelt et al. 2000). This complex
relationship means that the ossicles can have a significant impact on level which is highly
BT-placement and frequency specific. This is potentially one of the reasons why there are

large differences in BC threshold between individuals (Walker et al. 2005).

1.2.3 The outer ear
During BC the skull vibrates producing a relative motion when compared to the

surrounding air. This causes the air in the outer ear canal to produce a pressure wave, both
due to the deformation of the canal walls as well as movement of the skull as a whole.
This wave can act on the tympanic membrane and produces a sound percept via the same
route as AC sound. Jaw motion has a potential impact upon this radiated sound. This is
due to the close proximity of the tempomandibular (Jaw) joint to the auditory canal. When
the jaw moves, the elasticity of the ear canal tissue and canal shape is modified,
potentially changing the acoustic properties of the canal (Pinto 1962). Cadaveric studies
removing cartilaginous parts of the ear canal have found that it is the outer third of the
ear canal (made of soft tissues) that are primarily responsible for sound radiation rather

than the inner bony two-thirds of the canal (Stenfelt et al. 2003; Tonndorf et al. 1966).

The relative contribution of the outer ear canal varies significantly with frequency

as well as with occlusion of the ear canal (such as when using earphones for testing). For



frequencies below the first resonance of the skull (approximately 0.7 kHz), the skull
moves as a whole. This results in no radiated sound at these frequencies in an open ear
canal (Hékansson et al. 1994). Open ear studies comprising of patients with conductive
hearing loss due to otosclerosis have supported these findings identifying no change in
BC threshold at low frequencies, whilst up to 60 dB loss in AC threshold (Bagger-Sjobéack
et al. 2015). Since patients with otosclerosis have a fixed stapes it is not possible for sound
radiated from the ear canal to be transferred to the cochlea. This indicates low-frequency

BC sounds are not transferred via canal radiation.

However, the relative contributions of BC hearing are very different when the ear
canal is occluded. During ear canal occlusion sound radiation becomes the major
contributor to BC hearing (Stenfelt & Reinfeldt 2007). This is particularly clear at
frequencies below 1 kHz as shown by Stenfelt et al. (2003). This is also supported by
Khanna et al. (1976) using a closed ear canal, who found that, when a low-frequency BC
tone is subjectively cancelled by an earphone AC tone, there is a simultaneous significant
drop in sound level measured in the ear canal. This indicates destructive interference is
occurring both in the ear canal as well as at the cochlea, suggesting that at low frequencies
the majority of the contribution of BC sound is comprised of radiated sound from the ear

canal when the ear canal is closed.

1.2.3.1 Occlusion effect and the outer ear

In order to explain the occlusion effect Tonndorf et al., (1966) theorised that the
inertia and compliance of the air in the ear canal and tympanic membrane (TM) produce
a high pass filter. When the canal is closed this filter no longer functions resulting in
increased low-frequency sound. An alternative theory of the occlusion effect was given
by Huizing, (1960) who suggested that the effect was due to a change in resonance
properties of the ear canal when it is open and closed. Much akin to a change in resonance
when tube is open or closed. Tonndorf’s theory was later found to be true at low
frequencies where the mass effect and compliance of the ear canal is critical in
determining the acoustic properties. Whilst Huizing’s theory holds true at high
frequencies (above 2 kHz) where the resonance and antiresonance properties are key
(Stenfelt & Goode 2005a). Figure 2 shows the impact of an open and closed ear on sound

pressure level.
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Figure 2 Ear canal pressure of BC sound with an open and closed ear canal averaged over
9 ears. Error bars indicate the standard deviation from 61 measurements as reproduced
from Stenfelt and Goode, (2005).

1.3 Summary of relative contributions

Overall the inertia of fluid in the inner ear is the most important factor in BC
hearing, particularly at low frequencies (in the normal ear). However, it becomes less of
a factor at higher frequencies. The inertia of the middle ear is also of importance for BC
hearing at mid-frequencies. At higher frequencies the compression and expansion of the
cochlear is likely an important contributory factor. Whilst sound radiated from an open
outer ear canal has a limited contribution toward BC hearing in an open ear, in an
occluded ear, radiated sound from the outer canal dominates BC hearing at frequencies
of 1 kHz or less. The transmission of pressure waves via third window contact of
cerebrospinal fluid is thought to have a minimal effect on BC thresholds at all normal
hearing frequencies (Stenfelt & Goode 2005a). All the main contributory factors are

outlined in Figure 1.

1.4 Transcranial attenuation and interaural level difference

In addition to the complex interaction of the outer, middle and inner ear that occur

at the ipsilateral cochlea there is also a similar interaction at the contralateral cochlea.



However, due to the additional distance the sound waves travel, there is a degree of
attenuation, often referred to as Transcranial Attenuation (TA). Stenfelt, (2012) defined
TA as “the threshold difference between an ipsilaterally transmitted and contralaterally
transmitted BC sound when the stimulation is at a similar position at the two sides of the
cranium.” There is a high degree of variability of TA with frequency as well as between
participants (Nolan & Lyon 1981). Despite great variation mean TA over 28 subjects
found that at 0.5 kHz TA was approximately 4 dB, at 0.5-1.8 kHz attenuation was close

to 0 dB and at frequencies between 3-5 kHz attenuation was 10 dB.

The relatively low TA means that Bone Conduction Hearing Aids (BCHA) have
been widely used for patients with Single Sided Deafness (SSD) instead of a CROS aid
(which mixes sound from microphones on both sides of the head and presents them to the
patient’s one good ear). However, the relatively low attenuation which makes BCHAs an
ideal method for a CROS aid replacement causes significant problems when patients have
two functioning cochleae. This is because the crosstalk (defined by the signal reaching
the contralateral cochlea) limits signal separation from the left and right side. In those
with bilateral BCHAs and two functioning cochleae, signal transmitted from the left side
would combine at each cochlea with that from the right side. Mixing happens at both
cochleae but to differing amounts at each frequency and destroys many of the interaural
level and phase difference (ILD, IPD) cues which would normally provide many of the
signal processing benefits that binaural hearing provides. The underlying mechanisms of

binaural processing are outlined below.

1.5 Advantages of hearing with two ears
The major advantages of binaural hearing are primarily related to sound localisation
and to the detection and identification of sounds when there are competing sources. The

latter benefit can be subdivided into several distinct effects/processes:

e Head shadow effect
e Binaural summation
e Binaural squelch

e Binaural unmasking

When speech and noise are presented from different directions, the head-shadow
and unmasking processes operate in concert to improve intelligibility over a situation in

which they both lie in the same direction (Hawley et al., 2004).



1.5.1 Sound localisation
Sound localisation can both exploit monaural information from each individual ear

(Litovsky 2012) and it can compare the sound at both ears to give binaural cues. Figure
3 shows how a click from 45° to the left of the listener in the horizontal plane (panel A)

appears at the two ears (panels B and C).
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Figure 3 Panel depicts a sound source presented at 45° from the listener. Panel B shows
the impulse response from the left (thin line) right (thick line). Panel C shows the spectra
of the amplitude for the same sound source (Litovsky 2012)

Since the source is not equidistance from both ears (i.e. not 0° or 180°) there is a
time difference between the ears. These binaural clues are known as interaural time
differences (ITD) which can also be represented as IPD. The head also acts as an acoustic
obstacle to sound, resulting in interaural level differences (ILD). For nearby sounds, the
difference in distance to the source can also contribute to ILDs. Although the auditory
system uses both cues in order to predict the location of sound, it is thought that ITD
information is dominant in estimating direction over ILD (Witghman and Kistler,1998).
The auditory system is particularly sensitive to ITD cues below 1.5 kHz whilst above this,
ITD cues are of less use. ILD cues are of particular use above frequencies of 4 kHz. This
results in relatively poor sound localisation between pure tones of 2-4 kHz as both ITD

and ILD cues are relatively limited.

Although binaural cues give accurate discrimination between left and right, they do
not give information about the elevation of a sound source, nor about whether the sound
is from in front or behind. Movement of the head during presentation can help
discriminate front from back (Perrett & Noble 1997), although this process is much

slower than normal localisation, taking approximately 0.5 seconds.

Pinna cues can aid sound localisation by assisting elevation and front/back
discrimination. The pinna limits sound from behind the listener which results in a level

reduction of approximately 2-3 dB at frequencies above 2 kHz (Middlebrooks & Green
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1991). Not only this, but sound reflections from the pinna and ear canal, which are
dependent on the angle of sound, result in spectral changes which can aid in localisation

as shown in Figure 3, panel C (Musicant & Butler 1984).

1.5.2 Head shadow effect

The head shadow effect describes the reduction in level between ipsilateral and
contralateral ears when sound is presented from one side. However, there are additional
effects other than a purely level modification. These include a change in spectral pattern

and a change in phase, both caused by diffraction of the sound wave around the head.

High frequency sounds are predominately affected by the head shadow effect. This
is due to the relative wavelength size when compared to the head. This can resultina 15
dB ILD at high frequencies whilst at low frequencies the ILD can be negligible (as

demonstrated in Figure 4).
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Figure 4 (a) Image depicting lack of head shadow effect at low frequency (b) Showing
head shadow at high frequencies (Figure reproduced from Shannan, (2010)).
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1.5.3 Binaural Summation
Binaural summation is the effect of improved speech reception thresholds (SRT) in

noise when the same sound is presented to the two ears rather than just to one.
Comparisons of SRT using earphones with monaural and binaurally presented speech
found that there was a mean 5% improvement when sound was presented binaurally

(Lavandier and Culling, 2008).
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1.5.4 Binaural Squelch

A further phenomenon called binaural squelch is related to the central processing
ability of the brain to be able to use ILD and ITD signals as already outlined above.
However, instead of these signals being purely used to calculate directionality of sound it
can also be used in to separate noise and target sources (Carhart 1965). This is achieved
by central processing of the target and noise (Gray et al. 2009). Specifically “binaural
squelch describes an improvement in speech intelligibility in noise due to the addition of
a second acoustic input at the contralateral ear with a poorer SNR that in the first ear
”(Senn et al. 2005; Gray et al. 2009). In normally hearing listeners, binaural squelch is

probably largely caused by binaural unmasking.

1.5.5 Binaural unmasking
This describes the improvement in threshold of a signal in noise when either the

level or phase difference of the signal at the two ears are not the same as the noise signal.
A common experimental format includes finding the threshold when noise and signal are
presented without a phase difference between the two ears. The signal is then presented
out of phase between the ears (n-radian phase difference) whilst the noise remains
unchanged. The change in threshold that results, the binaural masking level difference
(BMLD), can be in the region of 15 dB when compared to the unchanged result. Similarly,
when the phase of the noise is changed then there is also significant improvement
(approximately 13 dB) although the change is not as great as that of the signal
modification (Moore 2003).

1.6 Spatial release from masking

Spatial release from masking (SRM) is broadly defined as improvement in the
ability to understand speech in noise, when the sound sources come from different
directions, rather than the same direction. In addition to understanding the fundamental
mechanisms in normal hearing individuals, the SRM has been researched specifically in
those with hearing impairment, including those with conductive hearing loss. SRM is
generally quantified in two ways. In the first method, the Signal to Noise Ratio (SNR) is
varied adaptively to a pre-set level of speech reception, usually for 50% words correct,
and the adapted level is defined as the speech reception threshold (SRT). The second
method uses the percentage correct at a fixed SNR in order to assess SRM. A series of
fixed SNRs can also be presented to give the full psychometric function. A common
experimental setup includes finding the difference in thresholds when target speech and

a masker are co-located from the front and comparing the relative difference in threshold
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when the target speech is moved (commonly 90°). This can result in an improvement in
threshold of up to 12 dB (Bronkhorst & Plomp 1988; Litovsky 2005). SRM may reflect

the release of at least two different types of masking: energetic and informational.

1.6.1 Energetic masking
Energetic masking (EM) is used to describe the reduction in audibility which occurs

to the target signal when the masking signal compete for representation over the same
peripheral neural units (Best et al. 2011). Signals can overlap peripherally both in time
and frequency. When the target and masker are separated more than half of the release
of EM comes from “better ear listening”. This occurs due to attenuation of the masker
caused by the listeners head, this results in one ear having an improved SNR compared

to the other The rest is attributable to binaural unmasking (Zurek 1993; Jelfs et al. 2011).

1.6.2 Informational masking
Informational masking (IM) is used to describe the interference that the masker

introduces which cannot easily be explained via peripheral auditory processing. This is
primarily associated with confusion between masker and target or the reduction in ability
to be able to focus attention on the target sound (Best et al. 2011). IM can be influenced
by factors such as the similarity of competing voices and uncertainty on where to direct
attention during speech (Kidd et al. 2005; Brungart et al. 2001). For example, if the target
was a male voice with a fundamental frequency of 125 Hz and masker was a female voice
with a fundamental frequency of 250 Hz then the SRT might be better than if both target
and masker were both males. Similarly, if the target and masker had similar speech

materials or carry similar meaning the task becomes more difficult to perform.

The extent of masking and the relative weighting of each of the EM and IM is
dependent on both target and masker. For example, speech mixtures will vary in how they
overlap in frequency and time, thus impacting upon the amount of EM that is present

(Best et al. 2011).
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1.7 Hearing loss

Hearing loss is an extremely common impairment, particularly in older adults.
Studies have found the prevalence of hearing loss (defined as >25 dB at 0.5-4 kHz) in the
better ear to be 47% in people between 57-89 years old (Moscicki et al. 1985). In a
paediatric population, conductive hearing loss makes up approximately 4% of the total
diagnoses of hearing loss (excluding otitis media), with an additional 5% of diagnoses
comprised of mixed sensorineural/conductive losses (Parving 1983). It is these two
groups of patients that are most likely to benefit from a Bone Conduction Hearing Aid
(BCHA). This is of great importance since patients with untreated hearing loss have been
shown to report higher rates of anxiety, depression as well as being less likely to
participate in organised social activities when compared to those people who wear hearing
aids (Hagr 2007; Kochkin & Rogin 2000; Seniors Research Group 1999). Hearing aid
use has been shown to significantly improve the ‘health triangle’ of social, physical and
mental health in those with all degrees of hearing loss (Kochkin & Rogin 2000; Seniors
Research Group 1999). However, traditional AC hearing aids are of limited effectiveness
in those with significant conductive loss. Air-borne hearing aids are also inappropriate in
some patients as they can cause recurrent attacks of otitis externa, so the use of a BCHA

is one potential option when aiming to treat such patients effectively.

1.8 Bone Conduction Hearing Aid

Branemark’s (1960) discovery that titanium could be reliably osseointergrated was
crucial in the development of dental implants, and also spawned the development of the
majority of modern BCHAs (Branemark et al. 1977). In 1977, a collaboration made up
of Sahlgrenska University Hospital, Chalmers University of Technology, and Branemark
Osseointegration Center started the design of the first BCHA (Hékansson et al. 1985).
This design consisted of a titanium screw, percutaneous abutment and transducer/sound
processor. It had many advantages over its predecessors, including improved transmission
of sound (particularly high frequencies) and elimination of discomfort occurring due to
pressure on the skin via Softband devices (von Békésy 1960). Between 1985 (when the
first 10 cases were reported by Hakansson (Hékansson et al. 1985)) and 2014, there have
been approximately 150,000 patients treated with osseointergrated devices, (Reinfeldt et
al. 2015) with 6000-7000 of those performed within the United Kingdom (Colquitt et al.
2011).
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1.8.1 Device Components
The ‘classical’ direct drive devices are broadly composed of three main parts.

Firstly, the titanium implant (3-4mm in length) which is usually placed 55 mm behind the
pinna into the mastoid, where it osseointergrates. Secondly, an abutment which connects
to the implant and protrudes through the skin in order to connect the sound processor and
transfers vibrations. Lastly, the sound processor comprises of a microphone, digital signal
processor (DSP), battery and force transducer. The processor can be detached from the
abutment when not in use by the patient. In some cases, where strong amplification is
required the microphone and transducer are separated so that the microphone is body

worn. This allows a more powerful transducer to be placed on the abutment without

feedback.

In addition to these core components modern bone-conduction hearing implants
commonly have the ability to connect to other devices in order to adjust settings and
stream sound from a device. One such example is the BAHA 5’s ability to connect to
Apple devices via 2.4 GHz wireless technology licenced from GN ReSound
(AudiologyOnline 2011).

1.8.2 Clinical Indications
When compared to traditional hearing aids BCHAs are a relatively expensive

method of restoring hearing. Thus, there must be good evidence for benefits in the quality
of life in selected patients (Arunachalam et al. 2001). Broadly, current indication criteria

include:

e Congenital malformations of the middle or external ear

e Chronically discharging ears or ears that prevent the use of traditional hearing aids such
as those which are highly susceptible to otitis externa (Hagr 2007)

o Patients with bilateral conductive hearing loss due to ossicular disease (not surgically

correctable) and not appropriate for traditional hearing devices (Berger 1976)

In addition to the traditional indications related to conductive hearing loss patients
are also being fitted with a BCHA for single sided deafness (Pfiffner et al. 2011). Chronic
suppurative otitis media and recurrent otitis externa are the most common indication for
BCHA fitting in adults, as they make the use of traditional hearing aids impractical
(Priwin & Granstrom 2005).
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1.8.3 Clinical indication for Children
The majority of the paediatric population fitted with a BCHA have a conductive

hearing loss related to craniofacial malformations (Priwin & Granstrom 2005), with the
most common indication due to Treacher Collins syndrome, where patients can suffer
from aural atresia or purely abnormalities in the ossicular chain (Yellon 2007; Papsin et
al. 1997). BCHAs within this group have been shown to be beneficial in a number of
different areas including the facilitation of normal language development (Verhagen et
al. 2008), improvements of >40 dB in pure tone audiometry (Nicholson et al. 2011), and
advantages in aesthetic outcomes (Granstrom & Tjellstrom 1997). They also deliver more
reliable audiological outcomes when compared to reconstructive surgery with can be
challenging (Marres et al. 1995). The major limiting factor is the relative thickness of the
paediatric skull which means shorter screw lengths are required. In addition to this
challenge is that patients who require such an intervention often have abnormal skull
contour or suboptimal bone quality which increases failure of osseointergration rates up
to 15% (Granstrom 2000; Tjellstrom & Granstrom 1995; Granstrom & Tjellstrom 1997).
Thus while it has been suggested that children as young as 3 can be fitted with a BCHA
(Colquitt et al. 2011) the devices are indicated for children aged >5 (Spitzer et al. 2002;
Davids et al. 2007). In addition to treatment of congenital atresia, children with Down’s
syndrome can also be successfully treated with a BCHA when traditional hearing aids

have failed (Sheehan & Hans 2006).

1.9 BCHA in single sided deafness

There are thought to be approximately 9,000 new diagnoses of Single Sided
Deafness (SSD) in the UK each year, with 24 % of sufferers having to give up work as a
result (Dimmelow et al. 2003). Commonly reported issues from SSD patients include:
social exclusion, associated with difficulties keeping up with group conversations;
dangers as a pedestrian; as well as increased problems at the workplace (Dimmelow et al.
2003). Since sufferers have only one working cochlea they cannot process any interaural
cues and so lack the ability to derive any of the normal benefits of binaural processing,
such as improved sound localisation and understanding of speech in background noise
(Wazen et al. 2003). Treatment options of SSD include education related to the best sitting
positions in noisy environments to make the most use of monaural cues as possible.
Hearing devices are also available in the form of a CROS (Contralateral Routing of
Signal) hearing aid and a BCHA. Several countries have also approved cochlear

implantation as a treatment option (Agterberg et al. 2014).
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In 2002 the FDA approved the use of BCHA for SSD. Since then, there has been
an increasing numbers of patients being treated with this method (Pai et al. 2012).
Although binaural hearing cannot be restored, the BCHA makes use of the relatively
limited transcranial attenuation to allow sound from the deaf side to be transferred to the
contralateral side. This aims to improve the detections of sound when the sound is

laterally projected to the deaf side (Bovo et al. 2011).

Patients with congenital SSD are an important subgroup, which are at greater risk
of learning problems at school when compared to those with normal hearing (Lieu 2013).
Prevalence rates of congenital SSD are estimated to be in the region of 0.1 % (Schmithorst
et al. 2014). It was theorised by Colburn, (1982) that patients with congenital SSD may
not benefit as much from treatment with either BCHA or CROS, because such patients
have always relied on a monaural strategy of processing pinna-induced spectral-shape
cues. However no evidence exists to support this, with Agterberg et al., (2014) finding
that there was no difference in localisation ability between those with congenital or
acquired SSD. Instead Agterberg et al. found that localisation ability was dependent on

high-frequency cues.

Despite much published literature, evidence for the benefit of BCHA in SSD is
inconsistent with most subjective studies showing benefit, while most objective studies
do not. A recent review concluded that there was a lack of high level evidence for both
BCHA and CROS (Peters et al. 2015). A summary of both subjective and objective

results is presented in Table 1.

In the subjective studies, measures such as the APHAB have been widely used.
Studies consistently found significant improvements in ease of communication and in the
background noise domains. In contrast, scores tended to be poorer in the assessment of
aversiveness to loud noise (Linstrom et al. 2009; Yuen et al. 2009; Dumper et al. 2009;
Gluth et al. 2010; Hol et al. 2010; Lin et al. 2006). The single-sided deafness questionnaire
is a further commonly used assessment tool which found that the majority of patients use
their devices between 4-7 hours a day and that there was a perceived benefit in quality of
life and in hearing (particularly in quiet) (Hol et al. 2010; Gluth et al. 2010; Linstrom et
al. 2009).

However, several objective studies have investigated BCHA via the use of the
hearing in noise testing (HINT), the majority of which have found benefits only when
speech is directed to the deaf ear. In this experimental configuration there is an

improvement in thresholds due to compensation of the head shadow effect. However in
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the converse condition where speech is directed to the hearing ear and noise the deaf ear,
the hearing threshold worsens due to head shadow being compensated for (Martin et al.
2010; Lin et al. 2006; Linstrom et al. 2009; Dumper et al. 2009; Yuen et al. 2009). Thus,
overall there is no benefit. Lin et al. 2006 reported that the increases in the beneficial
condition were greater than the decreases in the detrimental condition, but these
differences were not significant. One study of twenty-one patients with SSD and
contralateral hearing loss did find significant improvements in speech recognition in both
quiet and noise. Since the benefit in noise occurred regardless of a spatial separation
between speech and noise, this benefit must be related to improvement in the stimulus
audibility, and so might not be sustained if the stimulus were presented at a higher sound

level.

Future devices may be able to improve HINT in BCHA users via communication
with an additional microphone on the normal hearing side. Scene classification
technology, currently used to benefit cochlear implant users (Wolfe et al. 2015) could
then adaptively turn the BCHA on and off depending how favourable the signal to noise

ratio is on the deaf side.
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Objective Measures Subjective Measures Study
Authors Conclusi
i HINT | SRT | SL | APHAB | SSDQ | GHABP | SSQ | GBI | —orousion
s
Lin et al. (2006) x* x v Benefit
Linstrom et al
x* v v
(2009) Benefit
Yuen et al. (2009) xF v v Benefit
Arndt et al. (2011) X X No benefit
Dumper et al. Limited
X v X
(2009) benefit
Martin et al
X X
(2010) No benefit
Wazen et al
vt v

(2010) Benefit
Gluth et al. (2010) v v v Benefit
Hol et al. (2010) x 4 v v Benefit
Bovo et al. (2011) X No benefit
Pai et al. (2012) v Benefit

Table 1 Summary of study findings investing the use of BCHA for SSD treatment

*Benefits only when noise front and speech lateralised to bad ear, TBenefits were found

however HINT only performed with speech from deaf side, £Study was of SSD patients

with contralateral hearing loss. HINT = Hearing in noise testing, SRT = Speech reception

threshold, SL = Source localisation APHAB = Abbreviated Profile of hearing aid benefit,

SSDQ = Single-sided deafness questionnaire, GHABP = Glasgow hearing aid benefit

profile, SSQ = Speech, spatial and qualities of hearing scale, GBI = Glasgow benefit

inventory
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1.10 Bilateral BCHASs

There are relatively few studies investigating the benefits of bilateral BCHAs. A
literature review by Janssen et al (2012) identified eleven relevant studies. These studies’
findings regarding subjective outcomes, listening preferences and audiometric

measurements are outlined below.

1.10.1Subjective Outcomes
There are several significant benefits identified using different subjective quality of

life measures after the fitting of bilateral BCHAs. Dun et al., (2010) used the Glasgow
benefit inventory (GBI), finding that there were positive scores in all sections of the
Glasgow children’s inventory. The greatest subjective gains were in the emotion and
learning domains. Ho et al., (2009) also used the GBI in 93 bilateral-BCHA patients,
finding benefit scores were higher than those fitted with a unilateral BCHA and that
scores were close to those seen after cochlear implantation. Dutt et al., (2002) compared
the benefit in 15 patients after fitting of a second BCHA. Assessment was via a number
of different methods including the GBI which found that there was a significant increase
in quality of life (QOL) in patients after fitting with a unilateral BCHA and that QOL
further increased with bilateral fitting but the benefit was not so great as those seen after

the first fitting. Glasgow benefit inventory results are shown in Table 2.

Questionnaire Results of Bilateral Bone- Anchored

Study No Hearing Aid (BAHA)

Dun et al. (2010) 20 Glasgow Children’s Benefit Inventory
Overall score +38 (SD 18.2)
Learning score: +56 (SD 25.4)
Emotional score +45 (SD 24.4)
Physical score +17 (SD 12.5)
Vitality score +32 (SD 18.1)

Ho etal. (2009) 71 Glasgow Benefit Inventory
Overall benefit score +38 (95% CI, 33-44)
General domain +50 (95% CI, 43-57)
Physical health +18 (95% CI, 11-25)
Social support +14 (95% CI, 8-21)

Table 2 Glasgow Benefit inventory from Janssen et al. (2012)
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1.10.2 Listening Preferences
Dun et al., (2010) investigated bilateral BCHA usage in 20 children who found that

90% of children were using both BCHAs 7 days a week whilst the other subjects were
using the BCHA at least 5 days a week for the majority of the day. Children were found
to be more likely to remove their BCHAs in background noise or turn one BCHA off if
noise was coming from one side. Dutt et al., 2002b had comparable findings within 11
adult subjects who all used both aids for at least 8 hours a day, 7 days a week. Similarly
to the Dun et al., (2010), study, they also found that three participants preferred to only
use one aid in noisy situations. Nine (from twenty) patients thought that they could
localize sounds better with bilateral BCHAs over unilateral fitting. Snik et al., (1998)
tested three experienced bilateral BCHA users and found that correct identifications of

sound localization improved by 53% over the unilateral condition.

1.10.3 Audiometric measurements
Bilateral BCHAs were shown to produce improvements in Speech Reception

Thresholds (SRTs) (4-5.4 dB) in quiet when compared to unilateral fitting (Priwin et al.
2004; Priwin et al. 2007; Hamann et al. 1991; Bosman et al. 2001) as shown in Table
3.There was also evidence for improvement in pure tone audiogram (PTA) with bilateral
fitting of a BCHA under a number of different conditions (as shown in Table 4) (Priwin
et al. 2004; Priwin et al. 2007). Improvement in PTA when sound was presented in front
was 4 dB (consistent with SRT results). Evidence for benefits listening to speech in noise
were not clear, with patients with a unilateral BCHA benefiting from head shadow when
noise was from the unaided side. When this side was then aided the additional

amplification caused the head shadow advantage to be lost.

In addition to SRTs, Bosman et al., (2001) also measured Binaural Masking Level
Differences (BMLDs). Bosman et al., (2001) found that, in bilaterally fitted patients, there
was a significant release from masking at 125, 250 and 500 Hz of between 6-6.6 dB, but
there was no significant BMLD at higher frequencies. Priwin et al., (2004) also
investigated BMLD at 250, 500 and 1000 Hz, finding smaller changes in threshold of 3-
5 dB. Although it was not clear if these results were significant, as there was high
variation between the participants tested. BMLDs were much smaller than those usually
identified in participants with normal AC hearing, for whom BMLDs can be 11 dB +/- 2
dB (Jerger et al. 1984) in the 125-500 Hz frequency range. The deficit was thought to be
due to crosstalk limiting the ability for central binaural processing to make use of phase

difference cues.
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Mean Improvement in SRT with Bilateral

Study No versus Unilateral BCHA
Bosman et al. (2001) 25 4.0 dB (p <.001)
Hamann et al. (1991) 23 4.0 dB
Priwin et al. (2004) 12 5.4 dB (p=.001)

Table 3 Showing Tone and speech thresholds in quiet as adapted from Janssen et al.,
(2012) * Speech Reception Thresholds (SRT)

Mean Improvement in PTA with Bilateral versus

Study No Unilateral BCHA
2-7 dB with sound from front, all around, or to aided
Priwin et al. (2004) 12 side
5-15 dB with sound to unaided side
Priwin et al. (2007) 3 4 dB with sound from front

Table 4 Difference in tone thresholds in quiet between bilateral and unilateral BCHA as
sourced from Janssen et al., 2012

Lastly the benefit to sound localisation was investigated by Priwin et al (2004)
using a circular 12 speaker array set 30° apart (shown in Figure 5). Unilateral fitting
results were found to be close to chance level (8.3 % correct and 25 % correct £+ 30°) with
significant improvements with bilateral fittings at 0.5 and 2 kHz. Priwin suggested that
these improvements identified at low and high frequencies gave evidence that bilateral
fitting allowed use of ITD and ILD clues not available in unilateral fitting. Priwin later
performed a similar study comparing unilateral and bilateral BCHA fitting in children
(Priwin et al 2007). On this occasion finding an improvement in localisation in those with
bilateral severe conductive loss, however this was not significant. A significant
improvement in lateralisation ability was identified. Bosman et al., (2001) and Priwin et
al. (2004, 2007) both concluded that the improvements identified in BMLD and
localisation ability showed that bilaterally fitted BCHA patients do benefit (to some

extent) in binaural hearing but that these benefits were limited due to crosstalk.
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Chance level
+30°

Chance level
correct

Best side Shadow side Bilateral

=0.5 kHz correct -»-2.0 kHz correct 0.5 kHz +30° ~-2.0 kHz £30°

Figure 5 Average sound localisation results from 12 participants with a single BCHA
placed on the best and shadowed side as well as a bilateral fitting (reproduced from Priwin

et al 2004)
1.11Crosstalk

Crosstalk was originally described as problematic during production of binaural

signals with two loudspeakers. This is illustrated in Figure 6, where sound from the left

speaker (X1) has a path (CF) to the left ear (Z;) as well as a crosstalk path (Ck) to the

right ear (Zr). The same is true of the right speaker and ear.

Figure 6 Showing acoustic transfer functions between two loudspeakers and a participant
(Reproduced from Liao, 2010)
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In order to mitigate the effect of the crosstalk signal, crosstalk cancellation is
required. The ultimate aim is to be able to reproduce at listeners’ ears the individual
stereo channels in the recording. The crosstalk cancellation technique requires the
cancellation of crosstalk signals from each speaker to the opposite ear. This method was
initially proposed by Bauer in 1961 before Schroeder and Atal (1963) employed the
methodology. Later, Schroeder used the technique in comparative studies in reverberant
spaces as well as concert halls (Schroeder 1973; Schroeder 1969). The primary method
of constructing a cross talk cancellation filter is to invert the head responses obtained by
modelling or direct measurement of the crosstalk signal. This can be achieved either with
microphones in the ears of participants or via measurements from a KEMAR manikin or
similar (Gardner 1998). Schroeder used a dummy head microphone to construct an
inverse filter or crosstalk canceller. This was then convolved with impulse responses from
a concert hall and presented in an anechoic room with and without crosstalk cancellation.

He described the effect as “nothing less than amazing” (Schroeder 1973).

One of the primary problems in crosstalk cancellation is that sound waves coming
from two different sources produce interference patterns. Depending on the distance
between and from the ears, the distance between the loudspeakers as well as the
frequency, the interference patterns might cause the signal to be destructive,
complementary or constructive (Choueiri 2008). In a perfect crosstalk cancellation
system (defined by infinite crosstalk cancellation over the audio band) frequencies where
destructive interference happens to occur can be compensated. However this requires a
level boost at the loudspeakers not just to cause the crosstalk to be cancelled but also for
the frequency spectrum to be reconstructed perfectly at both ears with no spectral
coloration (Choueiri 2008). However at these frequencies, the level boosts are required
are very prone to small errors this causes small movements in head orientation/position
to not only loose crosstalk cancellation but to have the additional interference of undesired

acoustic artefacts (Nelson & Rose 2005; Takeuchi & Nelson 2002).

There are several different methods of crosstalk cancellation including: ideal,
adaptive, recursive and fast deconvolution methods (Liao 2010). Liao (2010) attempted

each method in order to perform crosstalk cancellation of BC sound in a dry skull.
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1.11.11deal crosstalk cancellation
The below equations refer to labels on Figure 6. Equation 1 is expressed in the

frequency domain where CR and Cl' vectors of the direct paths and Ckand CR vectors of
the crosstalk paths. Z is the resultant signal at both of the ears.
Zy ck ct
The aim of crosstalk cancellation is to reproduce the original left sided speaker
signal at the left ear and vice versa. In order for the signal from the left and right speaker
to reproduced a crosstalk matrix H is needed (superscript signifying the side signal origin
and subscript indicating the . Where the crosstalk cancellation matrix equals Equation 2.
[1 o]_ Ck Ck|[HR Hg )
o U7|et ctflup mi @

This matrix can be rewritten to include crosstalk cancellation filters as well as signal

reaching both ears as shown in Equation 3 and schematically demonstrated in Figure 7.

Ze) _ [k ch [t 5
Z c? ct||HER Hi
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X > L - L
L HL +
o L
= HR
e R
> H|_
X N R
R > HR +
............................... s Yr
Crosstalk cancellation Intercranial Transfer
filters Function

Figure 7 Block diagram of crosstalk cancellation algorithm (reproduced from Liao, 2010)

Since in ideal crosstalk cancellation the H matrix is an inversion of the C matrix it
is possible to calculate the H matrix via Equation 4.

H =

1 l Cﬁ —Cﬁl @)

R,L_ R,L
CrCi—CrCg —Cf Ci
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A particular problem at low frequencies is that the direct path of multiplication
(CR+CL) can be almost the same as the product of multiplication of (CR+CL). This “ill
condition” creates a large H value matrix which in real application should be avoided
since the signal level required would be too high for the speaker. This is a problem when
attempting to correct the level. In addition to the ill condition there is also a problem
when the phases become very similar as a very small movement of the listener would
cause the crosstalk to not only stop working but also be detrimental to the signal when
compared to not performing cancellation at all (Liao 2010). Thus ideal crosstalk
cancellation cannot be achieved in the real world both due to movement of listeners as
well as limitations in speaker output. Instead several other strategies are used which make
a compromise to ideal crosstalk cancellation in order to make the cancellation method

more robust and practical in a real world setting.

1.12 Bilateral BCHA and limitations due to crosstalk

Bilateral BCHA do show some significant advantages, especially with regards to
amplification, However, these benefit come with a high cost, with a single BAHA fitting
costing £7304.80 in an adult and £9330.17 in a child in the first year. Although precise
costings do not exist for bilateral fittings there would be an additional cost in the region
of £5000-7000. This greater cost is even harder to justify given that each new iteration of
BCHA design has a more powerful transducer. This means that replacement of the device
for a newer device would, in the long term, likely be of greater amplification benefit than
having bilateral fittings, as well as being significantly cheaper. In order for bilateral
BCHA to be of greater benefit to patients there needs to be additional benefits other than
amplification. These include improvements in sound localisation and speech in noise
threshold. Research from Priwin and Bosman have shown limited benefits in bilateral
BCHA in sound localisation and SRT, but the use of a crosstalk cancellation system has
the potential to restore patients’ binaural processing ability significantly. Bilateral BCHA
are particularly suited to being utilised in combination with crosstalk cancellation. This
is due to the fixed point of the abutments which means movements of a listener’s head
(which can be a problem when using speakers for crosstalk cancellation) do not need to

be compensated for.

All of the different forms of crosstalk cancellation require accurate measurements
of phase and level to be effective. For speaker crosstalk cancellation this can be performed
via microphone measurements from the ear. Bone-conduction measurements cannot be

performed in such a way. Liao (2010) used accelerometer measurements to perform
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crosstalk cancellation in real time in a dry skull, but this had the limitation of cancelling
variation at the abutment rather than at both cochleae, as well as missing the role of the
soft tissues. Thus, the primary aim throughout this dissertation is firstly to develop a
method which can accurately measure the phase and level of crosstalk vibrations at the
cochlea, and, secondly, to use the measured crosstalk signal in order to create a fixed filter
which can be implemented in a bilateral BCHA fitting. A model will also be used to
investigate the theoretical benefits from a crosstalk cancellation algorithm in a patient
population. Other items which will be explored and developed are the need to construct
a methodology which is robust and practical to perform in a real clinical setting or,
preferably, at home by the patient or patient’s family. Lastly, the method ideally should
be as automated as possible since many patients currently fitted with bilateral BCHA have
complex medical needs, including cognitive impairments. Thus, having a method which
is fast and easy to perform will have the greatest impact on the largest number of BCHA

users.

For crosstalk cancellation to be possible in a patient population there are also
technological challenges which need to be overcome. Primarily the requirement to stream
audio from one BCHA to the other and vice versa in real time and with low latency. This
could place considerable strain on the battery requirements of the BCHA. However, this

will not be a focus of research within this dissertation.
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2 Pilot Study investigating the use of a scanning
laser Doppler vibrometry of the cranium when
stimulated by a B71 bone transducer

2.1 Summary

Scanning laser Doppler vibrometry (LDV) has been used extensively to investigate
the movement of the middle and inner ear, but has never been used to measure vibrations
from a bone transducer travelling over the skin, subcutaneous tissue and cranium in a live
subject. Using three scanning laser Doppler vibrometers we measured the displacement
of the cranium in 3D in a live subject when stimulated by a B71 bone transducer placed
55 mm posterior to the external auditory canal. Four pure tones (250 Hz, 500 Hz, 1000
Hz, 2000 Hz) were presented separately via the bone transducer. The displacement of the
scalp was imaged in four different areas (Ipsilateral to the bone transducer in the
temporoparietal region, contralateral temporoparietal region, occipital region and vertex)
and linked to the phase of stimulation. Measured scalp motion was consistent with
expected displacement of the underlying cranium. Rigid-body motion was the dominant
mode of vibration at 250 Hz. At 1000 Hz a mass-spring effect was seen. At 500 Hz there
was a transition frequency between vibration as a rigid-body and as a mass-spring. Higher
frequencies (2000Hz) showed that wave transmission was the primary vibrational mode
of sound transmission over the cranium. These results broadly support previous research
studies but open up potential areas of interest in the investigation of differing skull

resonance frequencies.

2.2 Introduction

The routes by which bone-conducted sound travels to the inner ear have been
extensively investigated and modelled in both dry skulls and cadavers heads (Hékansson
et al. 1986; Wismer & O’Brien 2010; Rowan & Gray 2008). The major routes by which
bone conduction signals reach the inner ear as outlined by Tonndorf are thought to be via
(a) inertial excitation of the ossicular chain, (b) air-borne sound generated by movement
of the ear canal walls (Stenfelt et al. 2003), (c¢) direct excitation of the cochlea (Tonndorf
& Khanna 1968; Zwislocki 1981; Berger et al. 2003), and (d) pressure wave transmission
via cerebrospinal fluid (Guignard et al. 2013). One or more of these modes of sound

transmission can facilitate hearing in patients with bone-anchored hearing aids (BAHAs).
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Bone-conducted sound can also be problematic in extremely loud environments such as
an aircraft carrier flight deck or an MRI machine, where it bypasses conventional noise-
protection equipment (Homma et al. 2010). A greater understanding of how bone-
conducted sound is transferred to the cochlea at different frequencies may allow improved
design of hearing-protection devices (HPDs) as well as allowing optimisation of sound

transfer to the inner ear via bone-anchored hearing aids (BAHAs).

Investigations of skull vibration have primarily focused on mechanical point
impedance (Stenfelt et al. 2000; Hakansson et al. 1986) and resonance frequencies
(Héakansson et al. 1993; Khalil et al. 1979). These studies have employed the use of
accelerometers and have found that there are no resonance frequencies in the skull below
500 Hz. They found large variations in the resonance frequencies of individuals that could
not be explained by head width, length or circumference alone. Due to these findings the
consensus is that differences in skull resonance frequency is likely due to geometrical

differences within the skull structure (Hékansson et al. 1993).

Several studies have investigated resonances through their effect on lateralisation
of bone-conducted sound in patients. Anti-resonance was identified at frequencies
between 100 and 350 Hz by Hakansson et al. (1986). Anti-resonance reduces the vibration
around the cochlea either directly via bone conduction or via the ossicular chain via
destructive interference from different vibrational paths. This causes a marked drop in
sound level at the cochlea. Stenfelt et al., (2000) also showed that anti-resonance was
present at low frequencies at the cochlea ipsilateral to the Bone Transducer (BT), causing
the sound to be lateralised to the side contralateral to the point of stimulation. Hakansson
et al., (1993) concluded that one of the major causes of lateralisation was the anti-
resonance seen at different frequencies and that the resonance frequencies were likely to

be less important.

Previous studies have been primarily focused around the vibrational characteristics
of specific areas of the skull (usually close to the cochlea). These have primarily used dry
bones or cadavers, although it is unknown how the vibrational characteristics of the skull
may differ between a cadaver head and a live subject. It may be that the reduction in
intracranial pressure present in a cadaver head could affect the surrounding skull’s
vibrational modes. Our focus was around how the skull as a whole vibrates in a live
subject in 3D. The investigation employed a scanning laser Doppler vibrometer (LDV).
This has been used extensively to investigate the physiology of the middle ear and

tympanic membrane (Voss et al. 2000; Stenfelt et al. 2004; Homma et al. 2009; Eeg-
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Olofsson et al. 2008; Guignard et al. 2013). However, these investigations generally used
temporal bones and only employed a single laser vibrometer. Use of a single vibrometer
limited vibrational mode data collection to a single plane. In order to capture the
vibrational modes of the skull in 3D we employed three scanning laser vibrometers
focused on the same area simultaneously. This builds on the research by McKnight et
al., 2013 who also used three scanning laser vibrometers to investigate the vibratory
response over a range of audible frequencies in dry skulls. Their research into the
admittance frequency response and the 3D velocity of the skull surface found that the
spherical shell model of skull motion best fitted their findings. This model proposes that
the skull can be represented as a spherical shell which supports twisting and elongation

parallel to the skull surface but is incompressible in the thickest direction.
The aims of the present study were as follows:

e Evaluate the possibility of using three vibrometers simultaneously in the investigation of
bone-conducted sound though skin-surface vibration. This measurement technique has
been used previously in live subjects (Kitamura 2012) but not to investigate bone-conducted
sound. Where the technique has been used to evaluate bone-conducted sound, dry skulls
were employed (McKnight et al. 2013). Thus, it is unclear if the use of a living participant will
be possible as there will be interference from head movement as well as limitations on the
time taken for measurements.

e Measure the skull vibration of the whole skull in 3D. This is possible since the system used
is able to link the stimulus with the phase of the displacement at any point. This facility
allowed several different areas of the skull to be imaged separately and then reconstructed

and linked to the same point in the phase cycle.

2.3 Materials and Methods

2.3.1 Ethical Approval
The following experimental procedure was approved by the Psychology Ethics

committee and the Engineering health and safety department of Cardiff University.

2.3.2 Participant
A bald male (30 years of age) with no previous history of hearing problems

participated in the measurements.
2.3.3 Laser Vibrometers

Data was collected via the Polytec™™ PSV-500-3D system. This comprised of three
scanning laser-Doppler vibrometer units. Each unit consists of a Class 2 He-Ne Laser

with an output power of ImW and an optical transducer that senses frequency shift of
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reflected light (Rohrbaugh & Polytec Gmbh 2010). On the basis of the Doppler shift the
frequency shift is used to determine the velocity and displacement of a point on an object.
All three laser Doppler vibrometers were mounted on tripods and were focused on the
target in different, but non-orthogonal, planes (Figure 8). The simultaneous use of three
laser Doppler vibrometers in different planes allowed the calculation of displacement and
velocity in three orthogonal dimensions. The three lasers were focused on various
reference points of interest before measurements were taken. This allowed a 3D

reconstruction of the area of interest to be made.

Figure 8 Three PolytecTM PSV-500 vibrometers focusing on participants right
temporoparietal region (contralateral to the B71 bone transducer).

2.3.4 Data collection
A B71 (RadioEar™) bone transducer was placed on the left temporal bone 55 mm

behind the external auditory canal. This is the recommended surgical placement position
for a bone-anchored hearing aid (Stenfelt et al. 2000). The participant wore laser-
protective goggles at all times during testing. Laser measurements were made on the
ipsilateral and contralateral temporoparietal region, occipital region and vertex. Testing
was performed at four different frequencies (250, 500, 1000, 2000 Hz). All excitation
frequencies were presented at one head position before the participant was repositioned
to image a different region. The participant lay supine for all tests except for
measurements of the occipital region for which he lay on his right side. For each test the
orientation of the participant was altered so that all three lasers were able to have a clear
line of sight on the area of interest. A single tone was played on the BT by production
of a sine wave with a sampling frequency of 44.1 kHz via Matlab™. Signals were sent to

the B71 transducer via ESI Maya A44 audio interface and to the Polytec PSV unit. The
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signal input was used by the Polytec PSV to synchronise the displacement and velocity
to the phase cycle. Data collection at each viewing angle at each frequency was performed

for 15 minutes.

2.3.5 Data Analysis

The 3D displacements relative to the phase of sound were reconstructed for each of
the four areas of skull imaged. 3D reconstructions were initially generated perpendicular
to the area imaged. In order to visualise displacement of all imaged areas along the axial
plane, these images were rotated in 3D. The imaged occipital region was rotated 90
degrees towards the coronal plane. Both temporoparietal images were rotated towards the
sagittal plane. The vertex image was not rotated as it was already imaged in the axial
plane. Each of the four imaged areas were then merged and linked to the same phase cycle
of one frequency in order to show displacement of the head as though looking down on
the head from above. Reconstructions were performed at each of the four frequencies of
excitation. Images of the displacement of the skull at each frequency were reconstructed
every 10 degrees. Images were selected where displacement was at positive maximum
(depicted in blue) and negative maximum (depicted in red) along the axial plane for each

of the four imaged areas.
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2.4 Results

Surface vibration of the skin in response to vibration of the underlying bone was
detectable by our system at frequencies from 250 Hz (lowest tested) to 2 kHz. Figure 9
show the spatial pattern of displacement of the skin surface at various maxima for

different frequencies.

Figure 9 (a) shows that at 250 Hz the left temporoparietal region (ipsilateral to the
B71 BT) is maximally positively displaced when the right is negatively displaced. 180
degrees later in the phase cycle the right temporoparietal region is maximally positively

displaced and the left is negatively displaced, as shown in Figure 9 (b).
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Figure 9 (a) showing relative transverse displacement at 250 Hz when the ipsilateral
temporoparietal region is at maximum positive displacement (b) maximal contralateral
displacement at temporoparietal region at 250 Hz (¢) showing relative transverse displacement
at 500 Hz when the ipsilateral temporoparietal region is at maximum positive displacement (d)
maximal contralateral displacement at temporoparietal region at 500 Hz (e) showing relative
transverse displacement at 1000 Hz when the ipsilateral temporoparietal region is at maximum
positive displacement (f) maximal contralateral displacement at temporoparietal region at 1000
Hz (g) showing relative transverse displacement at 2000 Hz when the ipsilateral temporoparietal
region is at maximum positive displacement (h) maximal contralateral displacement at
temporoparietal region at 2000 Hz.
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Figure 9 (c) shows that at 500 Hz the left temporoparietal region is at maximal
displacement when the right side is almost at maximal displacement. Similarly when the
left side is negatively displaced the right side is almost at maximal negative displacement
(as shown in Figure 9 (d)). A surface wave displacement wave can also be visualised
travelling over the vertex of the skull as well as across the occipital region. During phase
cycles when the temporoparietal regions are positively displaced the vertex and occipital

regions are negatively displaced, and vice versa.

At 1000 Hz maximal positive and negative displacements are seen simultaneously
at both temporoparietal regions (as shown in Figure 9 (e) and (f)). During maximal
positive displacement at the temporal region the occipital region and vertex are negatively
displaced. Conversely during maximal negative displacement at the temporal region the

vertex and occipital region are positively displaced.

The displacement pattern at 2000 Hz, shown in Figure 9 (g-h), is less clear with no
large displacement wave in the temporoparietal regions, which were seen at all the lower
frequencies. Instead, a complex displacement wave is visualised travelling across the

vertex. No clear travelling wave is visible in the occipital region.

2.5 Discussion

2.5.1 Effects of frequency

Our measurements of skin displacements suggest that at 250 Hz the whole skull is
moving from left to right, as shown in Figure 10 (a). This finding is consistent with more
direct measurements of the vibrational modes of the skull (Stenfelt & Goode 2005b;
Stenfelt 2011; von Békésy 1960). These studies found that the vibrational behaviour of

the skull below frequencies of 400Hz is a rigid-body motion.

At 500 Hz we found that large areas of the skull appeared to move into positive and
negative displacement together. However, the displacements on both sides were not in
unison. Previous studies using cadaver heads have concluded that at frequencies between
500 Hz and 1000 Hz the skull acts as a mass- spring system as shown in Figure 10 (b).
Our findings in a live participant seem to show a transition between rigid body motion

and a mass-spring system at this frequency.
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Figure 10 Visual representation of rigid-body motion (a) and mass-spring motion (b).

Illustrations based on Stenfelt (2011).

At 1000 Hz both temporoparietal regions move synchronously in positive and
negative displacement. The vertex and occipital regions can be seen to be positively
displaced when the temporoparietal regions are negatively displaced and vice versa. This
again is consistent with findings from Stenfelt (2011) that the skull is acting as a mass-

spring system at these frequencies.

Displacement findings at 2000 Hz are more difficult to interpret. There is no longer
synchronisation between the displacements of the skull at different areas. However, there
are visible transmission waves over the vertex. The displacement pattern over the
temporoparietal regions and occipital regions are not so clear. However, these findings
are consistent with previous research which found that between 1000 Hz and 2000 Hz the
skull vibration transitioned from mass spring motion to wave transmission (Stenfelt

2011).

An alternative method of defining the vibrational modes which have been identified
is via modal behaviour. This is particularly clear at 500 Hz, for which the skull vibration

could be compared to the lowest vibrational mode of a sphere (Russell 2010).

2.5.2 Limitations
We have shown that, using three vibrometers, it is possible to measure skin

displacement, presumed to reflect that of the underlying skull at low frequencies (up to 2
kHz). At higher frequencies a clear pattern of wave transmission was not clear. This is
likely related to the localised effect of the vibrational wave at high frequencies. It may be
that there were not enough measurement points in order to have a high enough resolution

to detect these signals. Future studies using this methodology should consider increasing
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the number of scanning points at higher frequencies. Although this will substantially

increase the time taken to collect data.

One potential concern when performing this study was that our imaging would not
detect skull movement but only movement of the skin and underlying soft tissues. Our
measurements have assumed that the displacements detected were of the underlying skull
as well as skin. It is possible that this may be a confounding factor when assessing the
movement of the skull, as these displacements could be due to pressure waves over the
soft tissues of the skull rather than the bony skull itself. Consistency with the literature
leads us to believe that our findings at frequencies between 250 Hz and 1000 Hz are
unlikely to be due to anything other than the movement of the underlying skull in rigid
body motion or a mass spring like behaviour. However, our findings of wave transmission
at 2000 Hz could be explained by pressure wave transmission in the skin and soft tissue
alone. Nonetheless, all our findings support previous research which has found the same

vibrational modes in cadaver heads at similar frequencies.

Another potential concern is that the participant’s head was resting against a rigid
object. This in itself could change the vibrational characteristics of the head. However, if
the participant was allowed to sit up, movement from the participant would have likely
made data collection impossible as well as causing increased tension from the muscles
attaching to the occipital region of the head which may have affected the skulls vibration

characteristics.

2.5.3 Potential Applications

This new methodology opens up potential research areas for sound transmission
pathways in individuals who receive a high proportion of bone-conducted sound, such as
divers, individuals wearing hearing protection, as well as those with conductive hearing

losses.

There are potential research opportunities for developing bone-conducted-sound
cancellation techniques whereby bone-conducted sound and its phase can be monitored
in real time and cancelled via a BT via a feedback mechanism. This could be key in
overcoming the bone conduction limit, at which hearing protection devices cease to be
effective. This limit exists due to the vibration of the skull causing a very high level of
bone-conducted sound to be transferred. It is a particular problem on aircraft carrier flight

decks.
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Future research using a similar technique could present a sine sweep to the BT and
image different areas of the skull. The scanning LDV then has the ability to extract the
differing modes of vibration at each frequency. This allows the potential to visualise areas
of the temporal bone where there are clear anti-resonance frequencies. Pure tones at those
frequencies can then be presented to see if they result in strong lateralisation to the
opposite ear. This could allow a clearer understanding of the relative importance of anti-

resonance frequencies of the skull compared to that of the ossicles in lateralisation.

LDV also allows the potential to investigate how two BTs on each mastoid affect
the movement of the skull at difference frequencies. This could allow calibration of a
cross talk cancellation system whereby sound from one BT is cancelled at the

contralateral cochlea by a contralateral BT (Liao 2010).

2.6 Conclusion

We have shown that LDV applied to the scalp is a viable method for measuring
displacement of the underlying skull when stimulated by a bone transducer. Our findings
in a live participant correspond well with previous research on dry skulls and cadaver
heads (Stenfelt et al. 2000). 3D reconstructions demonstrated rigid body motion of the
skull at 250 Hz and a transition to a mass spring system at 500 Hz. At frequencies of 1000
Hz we showed clear evidence of a mass-spring effect. However, the number of points
used for each scan did not allow a high-enough resolution to identify clear evidence of a

wave transmission at 2000 Hz via localised compression of parts of the skull.

This methodology allows further research into methods of utilising two BAHASs in
a cross-talk cancellation system. This could be achieved by measuring cranial
displacements over the temporal bones using LDV at differing frequencies. This would
allow one BAHA to be calibrated in order to cancel the vibrations detected from the LDV
by the other BAHA.
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3 Measurements of transcranial attenuation and
phase of bone-conducted sound.

3.1 Summary

Bone-anchored hearing aids are a widely used method of treating conductive
hearing loss, but the benefit of bilateral implantation is limited due to interaural cross-
talk. The present study measured phase and level at each cochlea in individuals with
normal hearing. In principle, the technique could be used to implement a cross-talk
cancellation system in those with bilateral bone conductors. The phase and level of probe
tones over two insert earphones was adjusted until it cancelled sound from a bone
transducer (i.e. resulting in perceived silence). Testing was performed via placement of a
single bone transducer on one mastoid and stimulated at frequencies between 0.25-8 kHz.
Probe phase and level results were used to calculate inter-cochlear level and phase
differences. The inter-cochlear phase differences of the bone-conducted sound were
similar for all three participants showing a relatively linear increase between 4 and 8 kHz.
The attenuation characteristics were highly variable over the frequency range as well as
between participants. This variability was thought to be related to differences in anti-
resonance properties between the ears. Repeated measurements of cancellation phase and
level of the same frequency produced good consistency across session from the same

participant.

3.2 Introduction

Bone-anchored hearing aids (BAHASs) generate vibrations, which travel through
and around the cranium as well as the surrounding tissues (Stenfelt, 2012). For certain
patients (particularly those with middle ear defects) this method of sound transfer can
offer significant benefits over air conduction (AC) (Gripper et al., 2007). The exact mode
by which bone conduction (BC) stimulation is audible was initially addressed by von
Békésy (1932). He discovered that it was possible to cancel a 400 Hz tone transmitted via
a Bone Transducer (BT) with binaural earphones after the AC sound phase and level was
carefully altered. This led to the hypothesis that the initial sound-transfer paths were
different for AC and BC but both culminate in stimulating the basilar membrane.
Tonndorf, et al. (1966) later described several possible methods by which BC sound
transfers to the basilar membrane. However, the relative contributions of these pathways

has been disputed. R66sli et al. (2012) suggested that there were four major components
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which make up BC sound. These were (a) the inertial movement acting on the ossicles
(b) inertia of the inner ear fluid (Stenfelt and Goode, 2005a); (c¢) sound radiated into the
external ear from the ear-canal wall and from soft tissue vibration and skull (Stenfelt et
al., 2003; Stenfelt and Reinfeldt, 2007); (d) compression of the petrous bone and sound
pressure transfer from the cerebro-spinal fluid (Puria and Rosowski, 2012). These are
outlined in Figure 11, adapted from Stenfelt (2011). Stenfelt later demonstrated that the
most important mode of transmission was the effect of fluid inertia within the cochlea

(Stenfelt et al., 2003; Stenfelt and Goode, 2005a).

Bone . |
Skin Skull CSF
Transducer
(d) Compression
c)Bone
(c)Soft ( ) : expansion (d) Sound
tissue vibration
(a) Inertial . pressure
vibration (b) Inertial
forces forces
Middle Neural
Outer ear Inner ear
ear response

Figure 11 Overview of primary sound pathways via bone conduction, adapted from
(Stenfelt, 2011).

Stenfelt (2012) defined Transcranial attenuation (TA) of BC sound as “the
difference in sensitivity between an ipsilaterally transmitted and contralaterally
transmitted BC sound when the stimulation is at a similar position at the 2 sides of the
cranium". Nolan and Lyon, (1981) raised the question of whether sound transmitted by
BC is received at the same intensity at the ipsilateral and contralateral cochleae and how
transcranial attenuation varies with frequency. Studies which have focused on the
transcranial attenuation properties of the skull have used various method with many
investigating the difference in hearing threshold in a single-sided deafness (SSD) group
when placing a BT on the mastoid bone of the hearing side and the deaf side (Nolan and
Lyon, 1981; Stenfelt, 2012). Studies such as this have shown that there is considerable
variability in attenuation from -23 dB to 37 dB across listeners and frequencies (Stenfelt,
2012). Stenfelt’s (2012) comparison of attenuation in unilaterally deaf patients found that
median attenuation was 3-5 dB for frequencies up to 0.5 kHz and 0 dB for frequencies
between 0.5-1.8 kHz. Attenuation was much greater (10 dB) at higher frequencies (3-5
kHz). One limitation of these studies is they only give an estimation of transcranial

attenuation since they assume skull symmetry and therefore symmetrical attenuation.
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However, asymmetry in a complex shape such as the skull is well known from CT
imaging (Wismer and O’Brien, 2010). Thus this research is mainly beneficial in
investigating appropriate masking thresholds for BC sound rather than giving precise

transcranial attenuation properties for an individual subject’s skull.

The present study made accurate psychoacoustic measurements of phase and level
differences at both cochleae from a single BT. We can then use these values to calculate
the TA or transcranial delay (TD). Which we define as the difference between
contralateral cochlea measurements when compared to ipsilateral. It is our hypothesis
that it may be possible to build on this methodology in order to accurately measure the
phase and level of sound from patients with bilateral BAHAs. This would allow the
creation of a cross-talk cancellation system by which cross-talk from one BAHA can be
cancelled at the contralateral cochlea by a matched level and opposite phase from the
other BAHA. This would then allow patients to make use of interaural level difference
cues, improving speech in noise thresholds. The current study only investigates a
unilaterally placed BT but an extension of the method would allow bilateral data
collection to be able to collect the necessary phase and level data for a cross-talk

cancellation system.

Measurements of phase and level have been made previously at the cochlea using
similar techniques. However, they have been limited to relatively few frequencies
(Clavier et al., 2010; Puria and Rosowski, 2012; Stenfelt, 2007). Studies which have
investigated vibration and phase characteristics of the skull over a wide frequency range
have used holographic interferometry (Ddrheide and Hoyer, 1984; Hoyer and Déorheide,
1983) or laser-Doppler-vibrometer and accelerometer measurements (Stenfelt and
Goode, 2005a). The present work is the first study to measure the level and phase of BC
sound reaching both cochleac over a wide frequency range. There were of two
experiments. The first investigated a narrow frequency range on each experimental sitting
in order to identify the ‘fine structure’ of phase and level changes. It also allowed
investigation to see if common patterns of cancellation level and phase between
participants could be identified. The second experiment tested a wide frequency range on
different occasions in each participant with the aim of elucidating the variation in results
of cancellation phase and level between each sitting of the same participant. This informs
how much variation in results may be due to slight variation in BT placement position

and coupling which is impossible to avoid without attaching the BT to an abutment. Both
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experiments utilised the same experimental methodology with the only variation being

the frequencies which were tested.

3.3 Methods

The following experimental methodology was approved by Cardiff University
Psychology Department Ethics Committee.

3.3.1 Apparatus

Matlab™ was used to generate tones at a sampling rate of 44.1 kHz over three
channels with the ability to vary the level and phase of each channel independently. An
8-channel Echo Darla 24/96 DAC passed signals through an 8-channel Behringer
Powerplay Pro-8 Headphone Amplifier to a pair of Etymotic ER2 insert earphones and a
B71W (Radioear) BT for BC mastoid stimulation. ER2 earphones with ER1-14B eartips
attached were used to present the AC sound. These earphones where selected over open-
ear headphones to prevent contamination from air-borne sound produced by the BT from
affecting the signal at the cochlea. To minimise differences between experimental sittings
of the same participant and between different participants, specially adapted lens-less
glasses were used. These comprised of a highly flexible plastic attachment which held the
B71W in position whilst causing very limited vibration of the glasses themselves. The
glasses allowed lower variation in B71W placement, because the superior portions of both
pinnae as well as the bridge of the nose are effectively used as a fixed-point reference
tripod for the glasses to rest on. The attachment for the B71W onto the glasses aimed to
position the BT 55 mm behind the opening of the external auditory canal. This is the
recommended surgical placement position for a BAHA abutment (Battista and Ho, 2003).
Testing was performed in a single-walled Industrial Acoustics Company (IAC) sound

attenuating booth within a sound treated room.

3.3.2 Calibration

In order to stimulate the BT at an appropriate level one participant performed
cancellation of BC sound using AC using the method described in section 3.2.5 at 1,3,5,7
kHz. Once cancellation was achieved the corresponding level of both ER2 and BT was
varied by + 5 dB and - 5 dB. No noticeable change in cancellation quality was identified
by the participant indicating linear output from both BT and ER2 over this level range.
The presentation level of the BT was then set to the initial presentation level for all

participant testing.
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3.3.3 Exclusion and inclusion criteria
Participants with self-reported normal hearing and no previous history of otitis

externa or ear surgery were included. Otological examination was performed on
participants to check for earwax. Participants with the potential for wax impaction

following deep insertion of ER1-14B eartips were excluded.

3.3.4 Participants

Six participants were recruited, however, following ear examination, two were
excluded and one further participant experienced temporary otalgia following one testing
session and did not take part in further sessions. Therefore, three participants completed

testing (age range 22-29 years old).

3.3.5 Testing procedure

After deep insertion of eartips (approximately 22 mm in the ear canal), the bone
vibrator was placed on the left mastoid and held in place by the adapted lens-less glasses
(the left side will subsequently be referred to as the ipsilateral side and the right the
contralateral side). A softband was then placed over the participant’s head and B71W
bone vibrator in order to maintain a good acoustic coupling with the skull. The band was
adjusted in order to achieve a static pressure of 2.5-3 N as previously described by
Reinfeldt et al., (2010). Participants performed 8 separate 1-hour testing sessions. Each
session comprised a testing of several frequencies in a narrow band range (different on
each session) and testing over a wide frequency range (repeated on each session). The
testing of a high density of frequencies over a narrow band was designed to identify the
‘microstructural’ changes in level and phase over this band. For clarity we have called
this experiment 1. Retesting the same frequencies on each sitting revealed the variations
caused by replacement of the BT over a number of experimental sittings. This will be

referred to as experiment 2.
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BT with bilateral ER2 cancellation sound played for 3 seconds (for grading)

Figure 12 Illustration of the psychophysical procedure for cancelling a bone-conducted
sound at both ears and providing an effectiveness rating.

Figure 12 shows the testing procedure undertaken at each frequency. During each
test, a single target tone was presented via the BT at the same level and a 1-Hz higher
tone presented via the ipsilateral ear over the ER2 earphones. No contralateral masking
was used throughout the procedure. The participant was asked to vary the level of the
ER2-presented tone in order to maximise the perceived beating effect as the two signals
constructively and destructively interfered. Beating is known to be maximal when the
levels of the signals at the basilar membrane are equal (Wever and Lawrence, 1954).
Level changes were made using the scroller on a computer mouse. Each step of the
scroller changed the level by 0.2 db. Once the participant had selected an appropriate

level, the same levels were presented again but using the same frequency in both the left
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ER2 earphone and the BT. Since the level of the AC and BC sound should be matched at
the ipsilateral basilar membrane, the participant could then be asked to change the phase
of the ER2-presented tone so as to minimise the perceived sound in the left ear. This
procedure was intended to determine the phase at which destructive interference would
occur and was again achieved using the mouse scroller, with each step of the scroller
changing the phase by 2 degrees. To cancel the signal going to the contralateral ear, the
same processes of level adjustment followed by phase change were repeated on the right
ER2 while the cancellation signal was simultaneously played on the left ER2. Participants
were then asked to perform two further iterations of changing the level and phase in both

ears in order to minimise the sound perceived at each ear.

Following the adjustments to the phase and level of both ears, the initial un-
cancelled signal from the BT was presented for 3 seconds. This was then followed by the
cancellation signal from the ER2 earphones with the BT signal for 3 seconds. Using table
I the participants were then asked to rate from 1-5 how well they had achieved
cancellation (i.e. the reduction in loudness achieved). The purpose for this grading system
was twofold. Firstly, it indicated the relative difficulty of achieving cancellation at
different frequencies. Secondly it allowed results in which the participant had not
achieved good cancellation to be identified. Phase and level results from tests where

grades of 1 were recorded were excluded from final analysis.
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Grade Description

1 As loud as start of task

2 Slightly quieter than bone transducer alone
3 Much quieter than bone transducer alone

4 Only slightly audible

5 Total cancellation (nothing audible)

Table 5 Grading system post attempted cancellation

Participants performed eight one-hour testing sessions where half the experimental
time was taken performing experiment 1 and the other half performing experiment 2.

During each experimental session the BT position was not adjusted.

3.3.6 Experiment 1
Participants performed testing every 50 Hz between 0.25 kHz and 8 kHz with no

frequency presented more than once. Testing was split into 8 sessions, which focused
around a 1-kHz frequency band (for example 3.05-4 kHz in 50 Hz increments). The order
at which each frequency band was tested was randomised across participants as was the
order of the increments (up or down) during each testing session. This aimed at reducing
practice affects which might have biased the results. In order to unwrap the phase results
for the three participants the phase result from the highest frequency (e.g. 2 kHz from a
1.05-2 kHz testing session) was compared to the lowest frequency for the adjacent set
frequency (e.g. 2.05 kHz from a 2.05-3 kHz testing session). The phase results for the
whole testing session were shifted by the same number of phase cycles to have the
smallest difference in phase between the two separate testing sessions. The phase results
for both the ipsilateral and contralateral sides were shifted by a multiple of 360° so that
the phase displayed was as small as possible between testing sessions. The unwrapped
phase results at the ipsilateral and contralateral cochleae were then compared at the lowest
test frequency (250Hz) and anchored at this point where there is little phase difference.
This was necessary in order to calculate the number of phase cycles between the cochlea

to calculate TD.

Calculation of the TD and level TA was performed by subtracting the ipsilateral
and contralateral unwrapped phase and the level. TA was calculated by subtracting the
ipsilateral cancellation level from the contralateral. A positive value indicating the

ipsilateral level was greater than the contralateral. We compared our psychoacoustic
45



measurements of TA and TD to Zwislocki's (1953) as well as physical measurements
from Stenfelt & Goode (2005). Zwislocki’s psychoacoustic method focused on the
relative contribution of BC sound from earphones. He applied a loud tone to a right sided
earphone in order to generate a BC input which was then cancelled at the contralateral
ear via level and phase adjustment of the same tone via a further earphone. Using his
measurements, it is possible to estimate the TD through the skull between 250 Hz - 2.6
kHz (the frequencies that were investigated). Stenfelt and Goode employed
accelerometers, which were attached close to the cochlea in severed cadaver heads.
Several accelerometer positions were examined however the third occipital position was
thought to be the closest to the recommended abutment placement position. Thus the
mean accelerometer measurements placed in the third occipital position were used from
six cadaver heads as a comparator. Stenfelt & Goode’s collected data related to phase and
level of vibrations in all three planes. However, the relative contribution to hearing of
each plane of transmission are not known therefore the dominant plane of transmission
was used as a comparator. This was referred to by Stenfelt and Goode as the x-axis, where
vibrations were parallel to the sagittal plane. The difference between the phase and level
measurements from the ipsilateral and contralateral x-axis accelerometers in the third

occipital plane were then used to estimate the TA and TD.

3.3.7 Experiment 2

Experiment 2 utilised the same testing procedure as already outlined in Figure 12.
Participants performed 8 testing sessions of the same 8 frequencies (every 1 kHz between
1-8 kHz). The order in which the frequencies were presented was randomised in order to
minimise practise effects. The primary purpose of this experiment was to investigate the
effect of small placement differences and coupling between the BT and skull on phase
and level results needed for cancellation. In order to achieve this, the mean and standard
deviation for each test frequency were calculated for the ipsilateral and contralateral phase

and level.

3.4 Results

3.4.1 Experiment 1 data exclusion
Participant 1 had 3 grading scores of 1. Participant 2 had 5 grading scores of 1 and

participant 3 had 6 grading scores of 1. The ipsilateral and contralateral phase and level
results related to these scores were excluded from further analysis. The majority of the

results from these scores did not align with phase and level results for closely related
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frequency results and therefore this method was deemed appropriate for excluding outlier
results.

Participant 1 Participant 2 Participant 3
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Figure 13 The raw cancellation phase (unwrapped) and level results from ER2 earphones
needed at different frequencies to cancel a single B71W BT tone in 3 participants.

3.4.2 Experiment 1 Phase Data

Figure 13 a-c shows the raw unwrapped phase data for the ipsilateral and
contralateral ER2 for the 3 participants. The data would include the effects of the
transducers and their coupling to the head or ear, so the absolute values are not
meaningful. However, it is clear from the results that, within each testing session, trends
in phase seem to be very consistent, while between sessions there can be discontinuity in
phase (clearest in participant 1 between the 3-4 kHz testing session). This shows that,
although using lens-less glasses as a method for B71W positioning provides considerable
reliability, it has not completely resolved the problem of phase consistency between
testing sessions. Calculation of the difference between ipsilateral and contralateral ER2

phase results can be used to calculate the transcranial delay (as discussed in 3.3.4).

3.4.3 Experiment 1 Level Data

Figure 13 d-f show the ipsilateral and contralateral levels for cancellation using

ER2s. The reference scale level is arbitrary but instead is of use to compare the relative
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levels needed for cancellation at each cochleae as well as be able to identify changes over
frequency. As was evident in the phase results there are several discontinuities in level.
These are most clear in participant 1 in the contralateral ER2 at 3 kHz and participant 3
in the ipsilateral ER2 at 1 kHz. These jumps signify the intersection between different
testing sessions and are likely due to alterations in coupling or position between the skull
and transducer despite the use of glasses to minimise transducer placement error.
Additional possible reasons for discontinuities between testing sessions maybe related to

changes in softband positioning.

3.4.4 Transcranial Attenuation and Transcranial Delay
Figure 14 shows the mean TA and TD calculated from the three participants using

data from experiment 1. TD increases relatively rapidly at frequencies below 4 kHz
before a gradual linear increase at higher frequencies. However, there were significant
differences in the number of phase cycles that were needed to cancel sound over the same
frequency range, participant 1 requiring 2 full cycles more than participants 2 and 3. This
may have been due to different skull sizes or skull widths, but this was not investigated

within this study.

Additionally, the large discontinuities in level (seen between experimental sessions)
that are apparent in Figure 13 are no longer visible, indicating that these differences are
primarily due to coupling variability which does not affect TA. Since cancellation
thresholds are equally impacted on both sides, the effects of the changes in coupling etc.
are removed when the raw data at one ear is subtracted from that of the other to give the
transcranial differences. Patterns in TA are not as consistent across participants as those
seen in TD. All participants had results with highly negative TAs although these were at
different frequencies. Negative TA results indicate that a greater level is needed for
cancellation at the ear contralateral to the BT when compared to the ipsilateral ear.
Participant 2 showed the greatest negative TA (-16.2 dB) at 2.8 kHz, this was primarily

due to a large reduction in ipsilateral cancellation level.

For each participant, there were large drops (>10 dB) in the level needed to cancel
BC sound over a relatively narrow frequency range (0.5 kHz). In participant 1, this was
most marked at the contralateral ER2 at frequencies of 2, 4 and 4.5 kHz. In Participant 2
and 3, the ipsilateral ER2 showed the most prominent acute reductions in cancellation
level. These were identified at 1.5 kHz and 2.8 kHz in participant 2 and 3.3 kHz and 6.3
kHz in participant 3.
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The greatest positive TA was identified in participant 2 at 5.75 kHz, where the
ipsilateral ear was 25.9 dB higher than contralateral. Other frequencies where a large
TA was identified were 4.85 kHz in participant 2, 2.9 kHz and 4.6 kHz in participant 1
and 4.9 kHz in participant 3.
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Figure 14 Mean inter-cochlear phase and inter-cochlear level data, Zwislocki (1953)
phase data (using a loud tone at one ear rather than a BT), and Stenfelt & Goode (2005a)
inter-cochlear phase and inter-cochlear level difference (derived from accelerometer
measurements of cadaver heads).

3.4.5 Experiment 2 Across-sitting variability
Figure 15 shows the standard deviation of the ipsilateral and contralateral level and

phase results for each participant (n=8 for each participant). Repeated measures analysis
of variance was performed on the standard deviation results of level needed for
cancellation comparing the ipsilateral and contralateral ER2s for each of the three
participants (Participant 1: F=1.016, p=0.347, Participant 2: F=0.297, p=0.603,
Participant 3: F=0.01, p=0.974) as well as overall (F=0.767 p=0.39) This found that there
was no difference in standard deviation between the ipsilateral and contralateral levels.
Repeated measures analysis of variance was also performed on the standard deviation of
the cancellation phase comparing the ipsilateral and contralateral ER2 results (Participant
1: F=10.126, p 0.015, Participant 2: F=1.933 p=0.207, Participant 3: F=0.734, p=0.42,
overall F=5.967, p=0.023) Overall and in participant 1 there was a significantly greater
standard deviation in the contralateral ER2 when compared to the ipsilateral. The highest

frequencies had the greatest standard deviation at the contralateral ER2.

Paired T-tests were performed to investigate if there were consistent differences in
level between the ipsilateral and contralateral sides for each participant at each frequency.

In one instance the contralateral level was found to be significantly greater than the
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ipsilateral side. This was identified at 1 kHz in participant 1 where the mean difference
between ipsilateral and contralateral side was 3.8 dB (t=-2.97, p<0.01). At all other
repeated frequencies in all participants the mean level needed for cancellation was higher
at the ipsilateral side. However, this difference was not significant in participant 1 at 2, 3

and 8 kHz and in participant 3 at 2, 3, 6, 7 and 8 kHz.
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Figure 15 The standard deviation of the inter-trial cancellation level and phase for each
of the participants. Results from 8 different testing sessions.
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Figure 16 The mean cancellation grade (n=8) for each of the participants. Error bars show
one standard deviation.

50



3.4.6 Experiment 2 Grade Data

Figure 16 shows the mean grade results of the 8 testing sessions. Grading scores are
lowest in all of the participants at the lowest frequency of 1 kHz. There is a general
increase in grades between 1 kHz and 7 kHz reflecting perceived better cancellation at

higher frequencies.

3.5 Discussion

3.5.1 Cancellation Phase change with frequency
There were consistent findings in all three participants for both ipsilateral and

contralateral phase results. Linear increase in phase of the ipsilateral ER2 where
identified at all but the lowest frequencies (<1 kHz). The contralateral phase reduced with
increasing frequency up to approximately 3 kHz before a relatively linear increase. The
linear incline in the contralateral phase was not as great as for the ipsilateral cancellation

phase.

Our TD findings (shown in Figure 14) correspond very well with frequencies below
2.7 kHz which Zwislocki (1953) examined showing comparable TD progression over this
range. All three participants had greater TD when comparing findings with Stenfelt and
Goode’s (2005) measurements from accelerometer measurements of cadaver heads.
Although TD overall was greater in all three participants when compared to Stenfelt and
Goode’s (2005) work. Phase progression (as defined as the change in phase over a
frequency range) was similar at frequencies above 4 kHz where wave motion
predominates. Our results found a greater accumulation of phase cycles than Stenfelt and
Goode, indicating a larger TD. It is unclear why there are differences between the two

experiments.

One possible explanation for the difference relates to intracranial pressure (ICP).
This is defined as the mean arterial pressure minus the cerebral perfusion pressure.
Normal values are between 5-15 mmHg (Dunn, 2002). Von Békésy (1932) described how
a cancelled BT signal is audible during coughing. It is also known that ICP increases
during coughing. Thus, ICP may play an important role in phase velocity. Stenfelt &
Goode’s laser Doppler measurements were performed on cadaver heads within which the
ICP would likely be 0 mmHg. Since Stenfelt has previously shown that fluid inertia within
the cochlea is the main mode of sound transmission in bone-conducted sound this could
have implications for the Doppler results. Further research is needed to investigate the

role of ICP in cancellation results. Manipulation of the ICP would allow the investigation
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of how ICP changes the phase at different frequencies. This may then explain differences

between Stenfelt’s phase findings and our own.

3.5.2 Cancellation Level changes with frequency
TA results were less consistent between participants when compared to phase. This

fits well with previous studies (Nolan and Lyon, 1981; Stenfelt, 2012; Stenfelt and Goode,
2005b). Further investigation of TA (shown in Figure 14) found that in the majority of
cases participants had a positive TA indicating greater perceived level at the ipsilateral
cochlea. This is to be expected as dampening will be experienced over a greater distance
in the contralateral cochlea when compared to the ipsilateral resulting in greater energy
dissipation (Stenfelt, 2012). However, at some frequencies there were large negative TA.
One example of this was identified within participant 2’s results at 2.7 kHz. This was due
to a significant drop in level needed for cancellation at the ipsilateral cochlea at 2.7 kHz
without any change at the contralateral cochlea. These strong lateralisation effects have
been reported previously and are thought to be due to resonance and anti-resonance
(Héakansson et al., 1996; Stenfelt et al., 2000; Tonndorf et al., 1966). Anti-resonance is
thought to occur when sound pathways take different routes, which causes them to
destructively interfere at or before the basilar membrane. Previous studies have concluded
that the anti-resonance frequencies, which usually occur at the ipsilateral ear, may explain
the large differences in the literature on TA properties (Eeg-Olofsson et al., 2011; Stenfelt
and Goode, 2005; Stenfelt, 2012; Stenfelt et al., 2000). Further research is needed to
investigate whether the anti-resonance found at 2.7 kHz was primarily due to the intrinsic
properties of the ossicles, cochlea or temporal bone, or if it is also dependent on BT

position or occlusion effect.

Our measurements corresponded well with Stenfelt’s TA data. With low or negative
(indicating a higher level on the contralateral side) TA at low frequencies. In both studies
TA increased to around 10-15 dB from 4 kHz before a small reduction in TA in

frequencies above 6 kHz.

3.5.3 Test re-test standard deviation
There was no difference in standard deviation (SD) between the ipsilateral and

contralateral cancellation levels. This may indicate that small variations in coupling and
position which occur with repeated placement of the BT affect both sides equally and that
the task is of equal difficulty irrespective of the side of the BT.

The SD of the phase from the contralateral ER2 was found to be significantly

greater than the ipsilateral ER2. This indicates that variations in BT placement are more
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critical to the phase at the contralateral cochlea. The SD at the contralateral ER2 was
found to be higher with increasing frequency. This indicates that small variations in
placement positions can make large differences in phase in the contralateral cochlea when
compared to the ipsilateral cochlea and that these differences increase with frequency. It
was unclear why participant 2 was found to have a large increase in standard deviation at
the 2 kHz level. It maybe that the participant wasn’t achieving good cancellation at this
frequency on two separate occasions but maintained a good grading so that the results
were not excluded from analysis. An alternative explanation is that at 2 kHz there are two
transmission pathways which are of similar level and that they are interacting to cause

large changes in phase despite only small changes in placement position.

3.5.4 Grading

All Participants reported that cancellation was ‘best’ achieved between 4 and 7 kHz.
The most difficult frequencies to cancel were the lowest frequencies (under 1 kHz). All
participants had a similar pattern of grading with a steady increase in grade from 1 kHz
up to 7 kHz, which corresponds with greater perceived cancellation at the cochlea before

a slight fall at 8 kHz.

During collection of grading data, the degree of lateralisation (indicating if only one
side was poorly cancelled) was not considered. Thus a poor cancellation grading at one
frequency would result in both the ipsilateral and contralateral phase and level results
being excluded. This method was used as it was felt that if the ipsilateral cochlea
cancellation was performed poorly then the contralateral cochlea cancellation would have
been very difficult to perform accurately and therefore would have been equally

inaccurate.

The lowest mean grading was identified at 1 kHz, this was likely due to the greater
influence in lateralisation due to interaural phase difference (Clavier et al., 2010; Rowan
and Gray, 2008). This makes the initial task of accurately detecting maximal beating more
challenging, impacting the accuracy of the rest of the task. Additionally the skull is
thought to act in as a mass spring between 0.3 kHz and 1kHz (Stenfelt, 2011). At these
low frequencies the two temporal bones will be vibrating approximately out of phase. It
could therefore be presumed that the psychoacoustic effect of this would be that
participants experienced a beat at each ear at opposite points in the phase cycle. If this

was indeed occurring, then it would make the level adjustment even more challenging.
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3.5.5 Future research
This study has shown consistent, progressive patterns in the phase and level of BC

sound within the same participant. Thus, future studies employing a similar technique
should find it possible to significantly speed up the testing procedure by using level and
phase results for one frequency to predict the level and phase of similar frequencies. By
doing this, a number of experimental steps can be avoided. This might allow the same
spectral sampling to be achieved over a single one-hour testing session as opposed to
eight one-hour testing sessions. The speed at which such data can be collected could be
critical as it could make potential applications for phase and level values more appealing.
Such values could be key in the creation of cross-talk cancellation systems for bilateral
BAHA users whereby two BAHAs are employed with the sound from one BAHA
reaching the contralateral cochlea cancelled by appropriately filtered sound delivered by
the ipsilateral BAHA. In order to achieve this, the level and phase of sound from each
BAHA needs to be known accurately at each frequency. This method could allow the
creation of such a system (Liao, 2010). To study if this is possible we will investigate if
the use a single-bone-transducer method can be used to accurately predict the inter-
cochlear level difference (ICLD) and inter-cochlear phase difference (ICPD) between two
BTs in order to cancel sound at one cochlea. Other potential uses include the creation of
hearing protection systems where despite protection of AC sound the BC pathways are
still high enough to cause sensorineural hearing loss, such as on an aircraft carrier flight
deck (Puria and Rosowski, 2012). The limit of hearing protection via conventional means
is commonly known as the BC threshold (Reinfeldt et al., 2007). In theory knowledge of
the phase and level of sound reaching each cochleae could be used to create an out of
phase sound of the same level to cancel the BC sound. Thus, overcoming the BC threshold

barrier which currently limits hearing protection devices.
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3.6 Conclusion

Using a single BT and ER2 headphones, we have demonstrated that it is possible to
achieve repeatable phase results in both the ipsilateral and contralateral ears in binaurally
hearing participants on multiple separate testing sessions over a large frequency range
from 0.25-8 kHz. There was a general linear increase in phase in both the ipsilateral and
contralateral ear above 4 kHz. In the contralateral ear, the phase for cancellation reduced
with increasing frequency in all three participants between 0.25 and 4 kHz. The test retest
phase SD was found to be greater in the contralateral cochlea when compared the
ipsilateral and the SD increased with increasing frequency. This indicates that small
variations in BT position affect phase at the contralateral cochlea more than the ipsilateral
cochlea. This could be due to several different vibrational pathways interacting to
stimulate the contralateral cochlea, whilst the ipsilateral cochlea may be more likely to
have a ‘dominant’ vibrational pathway and is thus less likely to be affected by a small

change in position.

There were significant variations in ipsilateral and contralateral levels needed for
cancellation. These were both frequency and participant dependent and corresponded
well with the existing literature (Pfiffner et al., 2011; Stenfelt, 2012), but are seen in much
greater detail in our data. There were multiple large increases in ICLD of >10 dB
identified over a relatively narrow frequency range (<0.5 kHz). Similarly, large negative
ICLDs were identified where the contralateral cochlea required 10 dB or more sound to
cancel than the ipsilateral cochlea. The large increases and decreases over a narrow
frequency range are thought to be due to resonance and anti-resonance (Stenfelt, 2012).
Despite great variation in cancellation levels at different frequencies, there was no
significant difference in variation between testing sessions when comparing the standard
deviation of the ipsilateral and contralateral sides. This indicates that small changes in

position and coupling appear to affect both cochleae equally.

In future studies we plan to investigate if it is possible to simultaneously use two
BTs (one on each mastoid) and for the phase and level of one to be adjusted in order to
cancel sound at one cochlea. If such a method is possible then the cancellation phase and

level results from a single BT and ER2 eartips should be able to predict them.
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4 Psychoacoustic measurement of phase and level
necessary for cross-talk cancellation using
bilateral bone transducers.

4.1 Summary

Two bone-conduction hearing aids (BCHAs) could deliver improved stereo
separation using cross-talk cancellation. Sound vibrations from each BCHA would be
cancelled at the contralateral cochlea by an out-of-phase signal of the same level from the
ipsilateral BCHA. A method to measure the level and phase required for these
cancellation signals was developed and cross-validated with an established technique that
combines air- and bone-conducted sound. Three participants with normal hearing wore
bone transducers (BTs) on each mastoid and insert earphones. Both BTs produced a pure
tone and the level and phase were adjusted in the right BT in order to cancel all perceived
sound at that ear. To cross-validate, one BT was stimulated with a pure tone and
participants cancelled the resultant signal at both cochleae via adjustment of the phase
and level of signals from the earphones. Participants achieved cancellation using both
methods between 1.5-8 kHz. Levels measured with each method differed by <1 dB
between 3-5 kHz. The phase results also corresponded well for the cancelled ear (11°
mean difference) but poorly for the contralateral ear (38.4° mean difference). The first
method is transferable to patients with middle-ear dysfunction, but covers a limited
frequency range. Extrapolation to other frequencies may be guided by data from the

second method.

4.2 Introduction

One problem with bone-conducted (BC) stimulation is that there is little interaural
attenuation between signals at the two cochleae (Stenfelt 2012; Rowan & Gray 2008).
This can be useful in patients fitted with a bone conduction hearing aid (BCHA) for single
sided deafness (SSD), but can be problematic in patients with two working cochleae
where the aim is to restore the benefits of binaural hearing (Rowan & Gray 2008). If two
bone transducers (BTs) are used to stimulate right and left mastoids simultaneously,
signals from each BT reaches both the right and left cochlea. This cross-talk can be further
complicated by the possible interaction with air-borne sound at the basilar membrane with

the BC sound (Jahn & Tonndorf 1982; Zurek 1986; Stenfelt & Goode 2005b; Rowan &
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Gray 2008). Rowan and Gray (2008) proposed a model which showed that if the phase
and level of sound arriving at each cochlea from both BTs is known then this would allow
for the potential development of a cross-talk cancellation system. A system such as this
could be used in bilateral BCHA patients to restore the interaural level difference, a key
component for effective binaural hearing (Liao 2010; Majdak et al. 2013). The ability to
achieve cross-talk cancellation relies on an increased understanding of phase and level

across frequency, as well as understanding how this varies between patients (Zurek 1986).

A common method for investigation of level is via threshold measurements in
patients with SSD to calculate transcranial attenuation (TA) (Nolan and Lyon, 1981).
Transcranial attenuation can be defined as the difference in thresholds between ipsilateral
and contralateral BT placement in an SSD patient (Stenfelt 2012). This method of
calculation makes several assumptions, including assuming equal coupling and
positioning on both mastoids, as well as skull symmetry with the same resonance and
antiresonance properties on both sides. However, it is well known that there can be
significant asymmetry in the skull on the right and left sides (Wismer & O’Brien 2010).
Therefore, these assumptions maybe useful for elucidating appropriate bone conduction
masking levels in audiological testing, but not for calculating the precise interaural level
difference in a single patient. Since level can be higher at the contralateral cochlea it can
be misleading to describe relative sound levels as attenuation, so we will use the term
inter-cochlear level difference (ICLD). Previously we demonstrated that accurate
psychoacoustic measurements of the ICLDs and inter-cochlear phase differences (ICPDs)

reaching the cochleae could be made in participants with normal binaural hearing.

The present study compared this technique with a psychoacoustic method that
employs only bone-conducted sound. The new method employs two bone transducers
(BTs) with sound cancelled at one or other cochlea by varying the level and phase of one
BT, resulting in a strongly lateralised percept at the contralateral cochlea (Figure 17 a,b).
We will call this the “two-BT” method. This two-BT method could be used in a clinical
population with conductive hearing loss. The effectiveness of cancellation was assessed
by using an additional cancellation signal from the ipsilateral (uncancelled) earphone. If
this signal could be adjusted in level and phase such that very little sound was heard,
cancellation at the contralateral ear was deemed successful. The comparison method uses
a single BT at a time with sound emitted from it cancelled at the cochlea via Etymotic
ER2 earphones (Figure 17c, d). This “one-BT” method is not applicable in a clinical

population. The two procedures were performed for each of the two techniques, as shown
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in Figure 17. The results of phase and level using the one-BT method were then used to
calculate expected results from the two-BT method. Expected and actual results were then

compared.

Figure 17 Panels (a) and (b) illustrates sound cancellation at the cochlea by interaction of
the two BTs by destructive interference (black arrows). Panel (a) showing cancellation at
the left cochlea and (b) at the right cochlea. The resultant signal of the two BT signals (grey
arrows) 1s then cancelled with ER2 earphones at the opposite ear. Panels (¢) and (d)
1llustrate cancellation of sound at the cochlea from a left sided (c) and right sided (d) bone
transducer using ER2 earphones.

58



4.3 Method
4.3.1 Apparatus

Matlab™ 2012 software was used to generate pure tones at a sampling rate of 44.1
kHz over four channels with the ability to vary the level and phase of each channel
independently. An 8-channel Darla Echo 24/96 DAC passed signals through an 8 channel
Behringer Powerplay Pro-8 Amplifier to Etymotic ER2 insert earphones and two
Radioear™ B71 BTs for BC mastoid stimulation. To minimise differences in BT
placement between experimental sittings for the same participant and between different
participants, specially adapted lens-less glasses were used which had attachments behind
the ears holding both BTs in position. The glasses allowed lower variation in BT
placement as the superior portions of both pinnae and the bridge of the nose were
effectively used as a fixed-point reference tripod for the glasses to rest on. The attachment
for the BT onto the glasses positioned the BT 55mm behind the opening of the external
auditory canal. This is the recommended surgical placement position (Stenfelt et al. 2000;
Battista & Ho 2003). Testing was performed in a single-walled sound attenuating booth

(Industrial Acoustics Company) within a sound deadened room.

4.3.2 Participants

Three participants were used (age range 22-29 years old) with normal hearing and
no previous history of otitis externa or ear surgery. In order to prevent wax impaction,
otological examination was performed on participants before deep insertion of ER1-14B
eartips connected to the ER2 earphones. ER2 earphones where selected over open ear
headphones to prevent air-borne sound emitted by the bone transducer from reaching the

cochlea.

4.3.3 Testing procedure
The following experimental methodology was approved by Cardiff University

Psychology Department Ethics Committee. Prior to performing the outlined testing
procedure, each participant undertook at least 8 hours of practise sessions. In these
sessions participants practised cancellation of a pure-tone signal from a one-BT with ER2
earphones via adjustment of the phase and level of each earphone independently.
Participants also attempted multiple frequencies between 0.5-8 kHz using the two-BT
technique described below. The aim of this was twofold. Firstly, it was used to determine
at which frequencies participants could reliably perform the task and secondly for the
participants to be familiar with the task so that results of cancellation were reliable. It

emerged that participants found the two-BT task very challenging at frequencies below
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1.5 kHz and consequently this was the lowest test frequency chosen for the data collection

sessions.

After deep insertion of ER2 earphones, the two BTs were placed on the left and
right mastoids, and held in place by adapted lens-less glasses as shown in Figure 18. An

elasticated material band was then placed over the participant’s head and the BTs.

Figure 18 Image of lens-less glasses with attached B71 bone transducers.

The one-BT method was used first. A pure tone was presented via the BT. A second
pure tone, 1 Hz higher than the tone from the BT was presented via the ipsilateral
earphone. The participant was asked to vary the level of the earphone-presented tone in
order to maximise the perceived beating effect as the two signals constructively and
destructively interfered. Beating is known to be maximum when the level of the signals
at the basilar membrane are equal (Wever, E.G., Lawrence 1954). Beating maximisation
was achieved by changing the level of the earphone-presented sound. Adjustment was
made by using a scroller on a computer mouse. Each step of the scroller changed the level
by 0.2 dB. This method allowed the level of the two presented tones to be matched at the
cochlea. Once the participant had selected a maximal beating level, the cancellation phase
could be estimated. The same levels were presented again but using the same frequency
in both the earphone and the BT simultaneously. The participant was asked to change the
phase of the ER2 presented tone so as to minimise the perceived sound in that ear. Phase
adjustment was performed using the mouse scroller, with each scroll changing the phase
by 2°. To cancel the signal going to the contralateral ear, the same two processes of level

adjustment followed by phase change were repeated using the contralateral earphone
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while the level and phase modified cancellation signal was simultaneously maintained on
the ipsilateral earphone. In this way, the bone-conducted sound at both ears could be
cancelled. Participants could then make further refinements ad libitum to the level and
phase of the earphones signals at each ear in order to continue reducing the perceived
sound as shown in Figure 17a. A graphical user interface allowed the participant to switch
between any of the four parameters for adjustment or to indicate that they were satisfied
that the perceived sound could be reduced no further. The resulting phases and levels
from the earphones needed for cancellation in both ears were recorded for a given BT
signal. The same method was repeated with stimulation of the opposite BT at the same

frequency as shown in Figure 17b.

Following completion of the one-BT task the two-BT task was performed. Both
BTs presented the same pure tone at the same level and phase. Participants were asked to
adjust the phase of the right BT in order to minimise the perceived sound in the left ear.
Phase adjustment was performed via mouse scroller with a 2° step size, as previously.
Participants were then asked to adjust the level (with a 0.2 dB step size) of the right BT
in order to minimise the perceived signal at the left ear. Participants could make as many

adjustments to the level and phase as deemed necessary to minimise the left ear signal.

At some frequencies participants did not find that there was a variation in perceived
level when changing the phase. It was thought that this happens when there is a large level
difference at the cancellation cochlea between the two BTs, preventing detection of
destructive interference. In such cases the level of the right BT was decreased by 3 dB in
order to reduce the level difference and then phase adjustment was re-attempted. If this
was unsuccessful a 3 dB increase on the original BT signal was made and phase
readjusted. This step down and step up by 3 dB level adjustment was repeated until

variation in perceived level in the left ear was achieved.

Once signal cancellation was completed in the left ear using two BTs, the sound at
the right ear was cancelled using the earphone in the right ear. This was performed by
first matching the earphone level with that of the combined BT signals using the beating
technique. Level and phase were then adjusted over the earphone in order to cancel the
signal (using the same method as outlined in chapter 3). If participants had achieved
cancellation throughout, then no signal was would be audible at either ear, despite both

bone transducers and a single earphone producing a pure tone.

Each condition was attempted four times by the three participants. This was

performed at eight different frequencies (1.5 kHz and in 1 kHz step between 2-8 kHz)
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with both left- and right-sided cancellation, and using both one- and two-BT techniques.
Thus at total of sixteen conditions were performed for each frequency per participant.
Each testing session lasted approximately 45 min and only tested one frequency. The
order at which each frequency was attempted was counterbalanced between subjects in
order to minimise practise effects. In seven testing sessions, participants could not achieve
cancellation using the two-BT technique. On these occasions a different frequency was
attempted and the participant reattempted the failed frequency on the next occasion. This
required differing numbers of attempts for some participants. In order for data from an
experimental sitting to be included four complete sittings were needed (with left and right

sided cancellation, using the one- and two-BT techniques)

4.3.4 Calculations

Mathematical models have been produced showing how two-BT sounds can
interact (Zurek 1986; Rowan & Gray 2008). In our equations (which focus on left sided
cancellation only), lower-case Greek symbols represent phase shift and gain values at the
left or right cochlea (which are directly measured in the one-BT method), while
corresponding upper-case Greek symbols represent adjusted values of input signals in the
two-BT method. Superscripts R and L refer to the side of the BT and subscripts to the
side of the cochlea. Symbols without a superscript correspond to differences between the
two-BTs or cochleae at the defined subscript. For instance sound from left BTs arrive at
the left cochlea with a resultant phase difference (k) and level difference (al). The

diagram on

Figure 19a represents this condition (where squares represent phase and triangles
represent level). Similarly the right side BT signal will arrive at the left cochlea with a

phase (@) and level difference (aR) as shown in

Figure 19b. In order to achieve full signal cancellation at the left cochlea using the

two-BT method (as shown in

Figure 19c), the ‘source’ interaural level difference (A;) of the BTs must
complement the difference in transmission gain to the left cochlea between the two

transducers. As shown by:
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“f_af =4, (3)

Similarly the ‘source’ interaural phase difference (®;) must compensate and
oppose the phase difference between the sounds reaching the left cochlea from both bone

transducers, as shown by:

pr— of +m =, (6)

The resultant level and phase of sound at the right cochlea after left-cochlea
cancellation (as shown in Figure 19d) can by predicted from the one-BT method by
addition of the two individual BT results with the phase (®;) and level (A;) shifted
signal. Equation 6 shows that the level of the left BT needed for cancellation is aF — af.

Thus the gain from the left BT to the right cochlea in that case can be given by:
al + al —al = Source gain (7)

The required phase shift of sound at the left BT for cancellation at the right cochlea
is pf — @R + 7 thus the phase shift from the left microphone to the right cochlea in that

case is given by:
OR + @F — F + m = Source phase shift (8)

The signals from left BT which have been shifted by phase (®,) and level (A;) can
be combined with the unchanged signal from the right BT at the right ear by vector
summation to give the predicted phase and level of the resultant signal at the right ear.

Calculation of the x, y components of the resultant vector are shown in Equations 5 and

6.

L__L__R

ay—ap—a (ZR

cos(@F + @k — @F + 1) x10 20 + cos(pk) x1026 = x 9)
ok ak—aR oF

sin(pR + of — pf + 1) x10~ 20 + sin(pf) x1026 =y (10)

The level of the resultant signal at the right cochlea after cancellation at the left

cochlea is calculated by:

log10(yx? + y?) = ay (11)
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The predicted phase at the right cochlea is given by arctangent of the x,y
components, where atan2 is a commonly used programming function, which returns the

four-quadrant acrtangent.

atan2(x,y) = @g (12)
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Figure 19 Illustrations of cross-talk cancellation modified from Rowan and Gray (2008)
and Zurek (1986). (a) Model of cross talk cancellation using two BTs (see text for
details). (b) Model of left-BT stimulation with cancellation at the left and right ear. (c)
Model of right-BT stimulation with cancellation at the left and right ear. (d) Model of
two-BT stimulation with cancellation at the left cochlea and the two signals interacting
to give a phase and level at the contralateral (right) cochlea.

4.3.5 Data comparison methodology
The one- and two-BT phase and level results were compared via differences

between pairs of one- and two-BT results of the same frequency. In order to avoid
averaging of positive and negative results (which would likely identify a mean of no

difference between the techniques) only absolute differences were recorded.

To minimise the effect of participant error on the evaluation of the equivalency of
the two techniques, possible erroneous results were filtered. This was primarily
performed due to the difficulty of the two-BT task, which meant that on some occasions

participants could hear the tone again at the target cochlea after the contralateral sound
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was cancelled by the ER2 earphones. Filtering was achieved via calculation of the median
phase from the four results at the cancellation cochlea in the two-BT technique. The three
results closest to the median where then included for further analysis. A similar method
was also performed in the one-BT technique in order to filter spurious results (although
they were less common than in the two-BT technique). This was achieved via the same
method of median phase calculation from four results and selection of the closest 3 results
to the median. Thus, six results, (three from each side in the one-BT task) and a further
three results from the two-BT method were available for comparison at each of the test
frequencies for the three participants. The one-BT method results were then paired (one
left BT and one right BT). The paired phase and level results were utilised in Equations
1-8 in order to predict the two-BT phase and level results necessary for cancellation at
the left and right cochlea. The difference between predicted results was then compared to
measured results. The mean difference from six results (three from left and three from

right cancellation) was then calculated for each participant at each frequency.

4.4 Results

4.4.1 Number of attempts needed at each frequency
For the two-BT cancellation task participants 1 and 2 required two attempts at 1.5

kHz. Participant 2 also required four attempts at 3 kHz before being able to achieve

cancellation and participant 3 required three attempts at 6 kHz.

4.4.2 Level difference between techniques
8 results were used to calculate the mean difference in phase and level between the

one- and two-BT techniques at different frequencies. The standard deviation of the
difference was also calculated. Figure 20a shows the mean difference in techniques for
each of the three participants at the cancellation cochlea in the two-BT technique
(ipsilateral). The smallest mean difference overall between techniques was found at
frequencies between 3 and 5 kHz where there was a mean difference of 0.93 dB. The
mean difference in level at the ipsilateral cochlea over all frequencies was 1.81 dB. The

highest frequencies had the greatest difference between techniques.
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Figure 20 Difference between the predicted level and phase using the one- and two-BT

techniques for each participant. Error bars show the standard deviation of the differences
between the two techniques (n=6 per frequency result).

Figure 20 b and show the level differences between the two techniques of the
contralateral cochlea from cancellation. The highest correspondence between techniques
was again at 3-5 kHz. The mean difference was 0.77 dB within this range and 1.14 dB
over all the test frequencies. An analysis of variance (ANOVA) was performed on the all
signed difference level results. This found a significantly greater variance contralateral

level difference results when compared to ipsilateral level results (F = 6.292, p<0.01).

4.4.3 Phase difference between techniques
Figure 20 ¢ and show the difference between techniques in phase at the ipsilateral

cochlea. The phase differences between participants appeared more variable than level
results. However, differences in technique were again smallest over the 3-5 kHz range.

The mean difference was 8.3° within this range and 11° over all the tested frequencies.

The phase-difference results in the contralateral cochlea had the greatest variation

(Figure 20 d). All participants were found to have a large difference in results from the
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two techniques at 5 kHz when compared to other frequencies. There was a mean
difference of 78.8° at this frequency and 38.4° overall. An analysis of variance (ANOVA)
was performed on the all signed difference results of phase. This found a significantly

greater variance in contralateral phase results when compared to ipsilateral results (F =

3.744, p<0.05).

4.5 Discussion

4.5.1 Ipsilateral level and phase

We have shown that it is possible to perform psychoacoustic measurements of
phase and level in order to measure the cross-talk signal using one- and two-BT methods.
There was a high degree of concordance between techniques at the cancellation cochlea
in both phase and level as indicated by mean differences of 1.14 dB and 11°. This error
if introduced to two originally matching signals would result in a 8.17 dB attenuation of
the combined signals. Thus, in the two-BT technique we have shown that participants are
able to detect lateralisation from ICLDs between frequencies of 1.5 and 8 kHz. Phase and
level differences between techniques was smallest at frequencies between 3-5 kHz. The
increased differences between techniques at <2 kHz were likely caused by the greater
influence of ICPD (Zhang & Hartmann 2006), which introduces potentially conflicting
cues. However, the greatest differences were found at higher frequencies. One possible
explanation for these findings may be related to the reduced output level from the B71
BT at higher frequencies. It maybe that distortion may have occurred at higher
frequencies, which would mean the single BT technique could have underestimated levels
necessary for cancellation. This would explain why the differences increase with greater

frequency.

Participants found the two-BT technique more challenging than the one-BT task
with some participants requiring reattempts of particular frequencies on a different sitting.
Participant 2 had three attempts at 3 kHz before on the forth sitting being able to produce
reliable results. Participant 3 also had two attempts at 6 kHz before successfully
completing the task on the third attempt. There was no apparent agreement between
participants as to which frequencies were hard to perform except at 1.5 kHz where

participants 1 and 2 both had two attempts.

There are two possible explanations for why some participants found the task
difficult at particular frequencies. In chapter 3, it was found that over different frequencies
there may be up to 20 dB variation in level at the cochlea over a 0.3 kHz frequency range.
Stenfelt et al (2000) described the frequencies over which these large variations occur as
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areas of antiresonance. If one of these antiresonance frequencies was close to the test
frequency, then this would cause a large disparity in levels reaching the target cancellation
cochlea from each of the BTs. The large level difference makes the task significantly
harder to achieve, as level matching has to occur before phase changes between the two
BTs will cause enough destructive interference to induce lateralisation. Another situation
in which the two-BT task can be challenging is when there is little or no ICPD between
the two cochleae for each BTs. Thus, when one cochlea is cancelled there is also a degree
of cancellation at the opposite cochlea. This makes the task difficult as very small change
in phase can cause lateralisation to change from one cochlea to the other. The most
challenging situation to encounter in the two-BT task is a combination of a small ICPD

and large level difference.

In chapter 3 we showed that it was possible to accurately measure the phase and
level at the ipsilateral cochlea using the one-BT technique. However, the ultimate aim of
accurate measurement of phase and level is to allow the creation of a cross-talk
cancellation system for bilateral BCHA users (as outlined in the introduction). This rules
out the use of earphones because most patients with bilateral BCHAs are prescribed them
due to conductive hearing loss, which obstructs airborne sound from reaching the cochlea.
Thus, in order for this technique to be clinically applicable, a BCHA-only measurement
technique needs to be employed. Within this study we have shown that the two-BT
method can give equivalent results between 1.5-8 kHz to the one-BT method. Further

research is now needed in several areas.

First, the effect on cancellation results of an open external auditory cancel when
compared to closed needs to be investigated. To those with normal hearing it may be
difficult to perform cancellation with open ears, as airborne sound from the transducer
will interfere with the bone-conducted signal. However, for those with conductive hearing
loss it may not significantly affect the task. Additionally, we have found that the two-BT
task is difficult to perform at low frequencies (<1.5 kHz), so for a cross-talk cancellation
system to be as effective as possible a different method of calculating the phase and level
needed for cancellation might be required at these lower frequencies. One possible way
of achieving this is to use knowledge gained via our laser-Doppler vibrometry. However,
this method revealed rigid body motion at frequencies <0.5 kHz. Under these
circumstances, there should be no ICPD. Thus, any cross-talk cancellation would also
cancel the desired signal. This would mean measurement of the phase and level at these

low frequencies would be of no clinical value. Since modal vibration can be clearly seen
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within our Doppler results it might be possible to use the head circumference
measurements from normal hearing participants to predict the changes in vibration mode
at frequencies between 0.5 kHz (where rigid body motion predominates) and 1 kHz
(where a mass-spring effect is observed). This would then allow the creation of a simpler
two-BT task that only requires adjustment of level to perform cancellation at one cochlea,

removing the difficulty that phase adjustment adds to the task.

4.5.2 Contralateral level and phase
At the cochlea contralateral from cancellation in the two-BT technique, there was

high concordance between techniques with regard to the level (mean difference 0.77 dB)
but poor correspondence for the phase (mean difference 38.3°). Having an accurate
method of predicting or measuring level at the cochlea contralateral from cancellation is
of importance as it will be key in correcting sound level in a full cross-talk cancellation
system. This is particularly important when there is relatively little ICPD difference
(<30°) as part of the desired signal will be cancelled. In order to correct for this the, level
of both sides needs to be increased. A further instance when modification of level may be
necessary is when the ICPD is close to being out of phase. This results in a degree of
signal summation causing the audible signal to be greater than desired. In chapter 2 and
3 we showed that at low frequencies (<0.75 kHz) there is little or no ICPD. Therefore,
signal summation is greatest over this frequency range. Since cross-talk cannot be
performed if the ICPD is small (a cross-talk ill condition ) it has been suggested that it
may be of benefit to match the phase in order to cause maximal signal summation (Deas
et al. 2010). This could have potential clinical benefits, since many patients with bilateral
BCHAs do not have a pure conductive loss, (Bosman et al. 2001). In such instances
summation could be desired in order to make the signal louder (Deas et al. 2010). Further
work needs to be performed to investigate how often contralateral cancellation and

summation happens between 0.25-8 kHz.

We have shown that there are large differences in the predicted contralateral phase
results when compared to the predicted ipsilateral phase results. We believe this is
primarily caused by frequencies where there is little ICPD. In such instances, small
discrepancies between the cancellation results of the one and two-BT techniques can
result in large changes in the phase at the contralateral cochlea. This is because the level
of destructive interference causes the phase to change significantly. Fortunately,
knowledge of the contralateral phase of the resultant signal after cross-talk cancellation

is of less functional use. Since it is the ICLD signal, which is the target of modification.
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We have already shown that attempted manipulation of the phase differences at

frequencies lower than 1.5 kHz may be of limited benefit.

4.6 Conclusion

These findings show that cross-talk signals can be measured accurately using the
two methods to give equivalent results. This is significant since accurate measurements
of phase and level at the cochleae over a wide frequency range have not been previously

possible. It is these values that are required for cross-talk cancellation.

Participants found the two-BT method more challenging to perform when
compared to the one-BT method. Although it is potentially applicable in a clinical
population with conductive hearing loss as it does not employ earphones. A further
drawback of the two-BT method is that it can be very challenging to perform reliably at
frequencies less than 1.5 kHz. This is likely due to two reasons. Firstly, the ICPD between
the cochleae can be negligible at low frequencies. This means a small change in phase
can cause lateralisation to change from one cochlea to the other. Secondly, the ICPD is
the primary method of sound localisation at these low frequencies and the method relies
on the ability of the participant to able to use level cues to perform cancellation. Having

the level and phase cues competing can make the procedure challenging.

The one-BT technique (similar to the method Békésy described in 1947) can be
used over the full frequency spectrum but is not clinically applicable to a conductive
hearing loss population (since earphones are required) and takes longer to perform than
the two-BT method. Further research is needed to investigate methods of making the two-
BT procedure easier and faster to perform as well as allowing the successful collection of
data at lower frequencies. One possible method to attempt to overcome this challenge is
to perform cancellation at a frequency which is relatively easy to perform (for example 2
kHz) and then to use the results to make small reductions in frequency using the previous
results. This means that the participants’ phase and level measurements will be close to
the actual cancellation phase and level. This method is employed in the following chapter.
If the approach works, then results could be used to create a fixed filter needed for cross-
talk cancellation. If employed in bilateral BCHA users, this could have significant
benefits in terms of speech understanding in background noise as well as sound

localisation.
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5 Unilateral Cross-talk cancellation in normal
hearing participants using Bilateral Bone
Transducers

5.1 Summary

Following demonstration of the equivalency of the single and two bone transducer
(BT) techniques we now aim to show that the phase and level measurements can be used
to improve hearing thresholds by using the phase and level values to create a single sided
in cross-talk cancellation system. In order to be able to achieve this a faster data collection
method was created. This uses the previously measured phase and level results to
interpolate likely results for new test frequencies. Be doing this the testing time to collect
the necessary phase and level values was reduced to approximately 20 min. This was
necessary since participants were normal hearing volunteers without and abutments,
meaning testing tone and speech reception thresholds with and without cross-talk

cancellation had to be performed without adjustment of the BT.

The inter-cochlear phase difference (ICPD) and inter-cochlear level difference
(ICLD) were consistent between experimental sittings in the same participant but
different between participants. Use of cross-talk cancellation showed a significant
improvement in tone and speech reception thresholds (12.1dB and 13.67dB) when

compared to no cross-talk cancellation.

5.2 Introduction

There are relatively few studies which have investigated the benefits of bilateral
BCHAs. Those which have found improvements in sound field average tone thresholds
in adults (2-15 dB) (Bosman et al.; Priwin et al., 2004) and speech recognition thresholds
in quiet (4.2 dB) (Bosman et al. 2001) when compared to unilateral fitting. However,
these benefits may be purely due to amplification from two hearing aids rather than
increased ability to process sound binaurally. In order to investigate true binaural
processing advantages Binaural Masking Level Differences (BMLD) have been used.
These have shown significant benefit (6-6.1 dB) at low frequencies (125-500 Hz) but little
benefit at higher frequencies (Bosman et al. 2001; Priwin et al. 2004). Sound localisation
judgements have also been shown to improve from 22.2 % and 24.3 % at 0.5 kHz to 2
kHz to 41.8 % and 45.3 % respectively (Bosman et al. 2001). This shows that there is a

true binaural advantage although it is severely limited due to cross-talk (Deas et al. 2010).
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Cross-talk cancellation was originally theorised by Bauer in 1961 in order to more
accurately reproduce binaural recorded signals from two loudspeakers. This was later put
into practice by Schroeder and Atal in 1963 to overcome the problem of signal crossing
from one speaker to be audible at both ears (as discussed in chapter 1). Several different
methods of cross-talk cancellation have been developed. However, they all attempt to
implement the theoretical “ideal cross-talk cancellation” taking into account real world
limitations such as the dynamic range of the amplifier or transducer. This is problematic
because ideal cross-talk cancellation has the potential to require high output levels in
order to cancel signal when the two signals are close to being in phase in order to present
them at the correct level. This is because destructive interference will occur to a large
proportion of the signal. In this ‘ill-condition’ where the signal phases are close it can
leave the system very prone to small measurement inaccuracies as well as head
movement. Thus over frequencies where there is little interaural phase difference cross-

talk cancellation cannot be achieved reliably.

In chapter 4 we showed how the phase and level using a two-BT method give
equivalent phase and level results at the cochleae when compared to measuring them
separately via earphones. Within this study we aim to show a faster method of calculating
the phase and level results necessary for cross-talk cancellation. This allows participants
to cancel a pure tone at one frequency at the target ear. Once achieved participants can
then adjust the frequency in 20 Hz increments using a mouse scroller. When the frequency
is adjusted the previously cancelled signal again becomes audible the participant can then
make further adjustments to the phase and level difference in order to cancel the new
frequency tone. This is advantageous as the phase and level needed for cancellation only
need to be varied by a small amount to optimise the cancellation rather than starting from
an unknown point (as was the case in the one-BT technique outlined in chapter 3). This
also means that there are not frequencies that cannot be cancelled without multiple
attempts on different sittings (due to large interaural level differences) as were
encountered in chapter 4. In addition to this, a data fitting algorithm which predicts the
level and phase change based on data already inputted can also be utilised. By making

these changes we aim to show:

e That the two-BT cancellation using the frequencies in close proximity method can
greatly increase the speed of data gathering as well as the accuracy of cancellation

results.
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e Despite slight variations in BT positioning and coupling to the skull that there is a
strong concordance between level and phase results on multiple sittings in the same
participant.

e Show the cross-talk measurement values can be used to give an improvement in signal
to noise ratio as shown via an improvement in tone detection thresholds at a number
of different frequencies.

e Show that the cross-talk values can also be used to improve speech reception

thresholds.

The two-BT technique is the highly preferred method since data collection speed is
greatly increased. This is desired since normal hearing participants are employed for
testing (who have no abutments). In chapter 2 we showed that if the BT is removed and
then replaced this are small differences in coupling and position which means that phase
and level measurements previously made are no longer valid. Therefore, phase and level
measurements as well as the creation of a cross-talk cancellation system and its testing
must be performed in one experimental sitting. This means that time of data collection is
critical, firstly because a single long testing period may cause participants to fatigue but
also that wearing a Softband with two-BT for a long period can be uncomfortable
(Verhagen et al. 2008). Although in a normal hearing population measuring reliable phase
and level measurements is challenging we believe that if this same approach was
implemented in a patient population the same time limitations and would not apply. This
is because an abutment would likely give a constant position and coupling even if

removed and replaced.

5.3 Method
The outlined methodology was approved by Cardiff University Psychology

Department Ethics Committee.

5.3.1 Apparatus

Sound presentation and data calculation was performed with the use of Matlab®. A
USB ESI MAY A44 USB+ four-output-channel DAC was used in conjunction with an 8-
channel Behinger Powerplay Pro-8 Headphone amplifier to pass audio signals to two B71
(Radioear) bone transducers (BT). A pair of Etymotic ER2 insert earphones with ER1-
14B eartips were inserted into the ears of the participants to prevent air born sound
radiated from the BTs interfering with the cross-talk cancellation results. BT placement
was the same as outlined in chapter 3 with no adjustment of the BT positioning once
measurements of phase and level had begun. All testing was performed in a single-walled
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Industrial Acoustics Company (IAC) sound attenuating booth within a sound treated
room. A computer screen was visible outside the booth window with a keyboard and
mouse inside the booth for participants to adjust phase and level differences as well as

input transcripts.

5.3.2 Participants

Three participants aged between 21 and 29 years old were recruited from Cardiff
University and were paid for each testing session. All had previous experience with
psychoacoustic experiments, were primary English speakers and had self-reported normal
hearing with no previous history of ear pathology. Otoscopic examination prior to testing
was normal. All participants had performed at least 5 hours of testing in order to cancel
sound via the adjustment of phase and level in either the single BT task (outlined in
chapter 3) or bilateral and unilateral task (outlined in chapter 4). Participants underwent
five trials of experiment A (with cancellation on the right and left side) in order to obtain
phase and level data for use in a prediction algorithm. Following this, participants
performed experiment A with the aid of a prediction algorithm. This allowed the speed
of data collection to be increased greatly. Immediately after completing ‘fast” experiment
A they underwent one trail of experiment B or C with use of the cancellation phase and

level results they had just completed. The experimental order is outlined in Figure 21.

5x1 hours testing 6x1.5 hour testing sessions
on both left and right (3 test for each of SRT and TRT)

sided cancellation

5x1 hours testing

Experiment B -Tone
reception thresholds with
and without cross-talk

. . cancellation
i i Experiment A Experiment A
Practice cancelling sound ) ) - . i .
using one and two BTs || ~ (using spline prediction ~— = (using prediction via
and linear extrapolation) previous results) Experiment C - Speech

reception thresholds with
and without cross-talk
cancellation

Figure 21 Outline of the experimental order

5.3.3 Experiment A: Initial Phase and Level Prediction and data
fitting

Two methods were employed in order to perform data fitting and prediction. In the
initial five sittings result prediction employed a cubic spline interpolation utilised from
Matlab® curve fitting toolbox. This was used to predict the phase and level of
cancellation between two or more known frequencies. Spline interpolation is a numerical
analysis method which fits input data to a piecewise polynomial. It is particularly suitable

for data fitting related to level difference which can fluctuate considerably over a narrow
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frequency band as well as having a variable number of peaks and troughs that can occur.
Spline interpolation was used instead of other data fitting methodologies such as via high
order polynomials as they would encounter the problem of the Runge’s phenomenon
(Tolm 2014) whereby large errors occur in prediction between the known cancellation
values. Data fitting via a moving average would also not be appropriate as it would
underestimate the cancellation levels during frequencies where signal summation or
destruction are occurring. Phase and level results were analysed separately using the same
spline prediction methodology. If a participant found that a cancellation result was
suboptimal they could reattempt it and only the most recent result for the attempted

frequency would be included for data fitting.

The data prediction methodology for frequencies greater or less than those already
attempted used linear interpolation of the closest three frequencies in order to predict the
target frequency. Additionally, safety mechanisms were built in so that if the predicted
level was above a loudness threshold the algorithm would present the mean level of the
three values instead of the level predicted via linear interpolation. This was necessary to
prevent very loud tones being presented if there was an increasing level slop in the

previous values.

By employing the outlined prediction techniques, the data collection time could be
reduced to approximately 50 min. If a similar technique had been used as that described
in chapter 3 via a one BT technique the method would have taken approximately 16 hours

for each sitting.

5.3.4 Experiment A: Secondary Phase and Level Prediction and data

fitting in preparation for tone and speech reception thresholds
In order to further increase the speed of phase and level data collection a different

data prediction algorithm was used prior to Tone and Speech reception threshold testing.
This was necessary due to the discomfort of wearing a relatively tight headband for a long
period of time. The mean phase and level was calculated every 20 Hz between 1-5 kHz
using results from the five separate cancellation attempts. The participant would attempt
cancellation using the predicted phase and level value results. Adjustments to the phase
and level differences between the two-BT could then be made via the use of a mouse
scroller to find the true values. The participant would then change the frequency and using
the mean phase and level results for cancellation from the initial five trials the algorithm
would change the phase accordingly. For example, if the participant attempted 3 kHz and
found the phase difference to be 20° and the mean change between 3 kHz and 3.1 kHz
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3 from five sittings was 200° then the computer would present a phase difference of 220°
at 3.1 kHz. This could then be adjusted by the participant using the same mouse scroller
method. If no sound was perceived at the cancellation cochlea the frequency could be

further adjusted until sound is heard at the target cochlea.

Following phase adjustment, the participant would then adjust the level. Once again
the algorithm would use the mean change (using the five previous the mean results)
between the previously attempted frequencies to predict the new frequency. This method
allowed to correct for differences in coupling between testing sessions as well as in
differences in starting phase. Via implementation of this methodology accurate

cancellation results can be achieved in 15 minutes.

5.3.5 Experiment A: Cross-talk cancellation data collection method
Participants were initially asked to cancel audible sound at the left or right cochlea

using the two-BT technique already described in chapter 4. The initial starting frequency
was 3 kHz. If participants could not cancel sound at this frequency, then initial attempt
frequency was increased by 200 Hz until cancellation was possible. Once an initial cross-
talk cancellation result had been achieved the participant increased the presentation
frequency by 200 Hz and again attempted cross-talk cancellation. The phase and level
difference from the previous attempted frequency remained the same. Thus, usually only
a small adjustment in phase and level was needed in order to achieve cancellation. This
considerably reduced the difficulty and time for participants to again achieve cancellation.
During this process the values of level and phase difference as well as the frequency were
displayed on the screen. Participants were told that in most cases an increase in frequency
would result in an increase in phase difference. A further iteration of increasing the
frequency by 200 Hz and keeping the previous phase and level difference settings was
performed. Once the cancellation program had at least three phase and level results from
different frequencies it could start predicting the phase and level needed for cancellation
based on the previous results (as outlined above). Participants were asked to continue to
cancel audible sound at the cancellation cochlea at least every 200 Hz up to 5 kHz. Once
cancellation had been attempted between 3-5 kHz participants were asked to cancel
frequencies at least every 100 Hz starting at 2.9 KHz down to 2 kHz. From 2 kHz down

to 1 kHz participants attempted a cancellation frequency at least every 60 Hz.

Once frequencies had been attempted between 1-5 kHz participants could use the
mouse scroller to change the frequency and the prediction algorithm would

simultaneously present what it viewed as the likely level and phase difference needed for

76



cancellation. Participants then had the opportunity to attempt further frequencies where
the tone became audible. If a frequency had previously been attempted only the most
recent level and phase would be used in the prediction algorithm. This gave a method for
correcting mistakes by the participant. Participants were told to perform a sweep from 1-
5 kHz and back down to 1 kHz without the need for corrections before the testing session

finished.

5.3.6 Experiment B: Tone Reception Thresholds (TRT) with and
without cross-talk cancellation.

5.3.6.1 Stimuli Creation

Speech shaped noise interferers were made via filtering Gaussian noise with a 512-
point finite impulse response which was matched to long term excitation pattern of speech
(Moore & Glasberg 1983; Lavandier & Culling 2010). The 4 second length of noise was
then band-pass filtered to match the frequency over which cancellation had been
performed (1-5 kHz). All the interferers had a greater length than the targets. In the noise

only condition (without cross-talk cancellation) twenty individual monaural noise

recording were prepared and used at random in the threshold task.

Within the cancellation noise condition the noise was converted into the frequency
domain to obtain the real phase and level components. The phase and level differences
from the two-BT cancellation task (which the participant had just completed) were used
to alter the level and phase by the cancellation values. The new ‘cancellation noise’ was
then converted back into the time domain. A binaural recording of the noise and
cancellation noise was then generated. Twenty such paired noise and cancellation noise

recordings were prepared and used at random in the threshold task described below.
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Figure 22 Showing two conditions a) shows pure tone on one BT and noise on the
contralateral BT b) shows the addition of cancellation noise at the BT with the tone.

5.3.6.2 Procedure

Each participant performed 12 runs of detection thresholds (two conditions at six
frequencies) which lasted approximately 45 minutes. In order to assess how effective
cross-talk cancellation can be at different human filter bands, pure tones were tested
approximately every 20 equivalent band widths (ERBs) between cross-talk cancellation

frequencies (1-5 kHz). Test frequencies were 1200,1530, 1945, 2475, 3150 and 4035 Hz.

Each run utilised a 2-down/1-up adaptive threshold measurement task (Levitt
1971), with 12 reversals. A 4 dB step size was used for the initial two reversals and 2 dB
in subsequent reversals. The average signal level from the last eight reversals was
recorded as the threshold level. Each trial consisted of a two interval, forced choice task.
Each interval lasted 2 seconds with a 0.5 second pause between intervals. The target tone
contained within one of the intervals was 0.5 seconds in duration. The participant
indicated via button press on a computer terminal which interval contained the target tone.
Intervals with and without a target tone were presented in a random order and trial-by-
trail feedback was given. The conditions (as shown in Figure 22) as well as the order of

frequencies attempted were randomised to minimise practise affects.

5.3.7 Experiment C: Use of cross-talk cancellation results in order to
improve speech reception thresholds.

5.3.7.1 Stimuli Creation

Gaussian speech shaped noise which was then band limited between 1-5 kHz was
produced using the same method as the tone reception thresholds. As in the previous
experiment within the noise only condition twenty individual monaural noise recording
were prepared and used at random in the threshold task. Similarly, twenty stereo
recordings were made with noise on one channel and cancellation noise on the other

channel.

5.3.7.2 Procedure

Target speech was from a male voice (“CW?”) from MIT recordings of the Harvard
sentence list (Rothauser et al. 1969). The target speech sentences were band limited
between the previously performed cancellation frequencies (1-5 kHz). A modified

version of Plomp's (1986) 1-up/1-down adaptive threshold task was undertaken to obtain
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speech reception thresholds (SRTs) where ten sentences were used to examine each
condition. To achieve this semantically and grammatically unpredictable sentences were
employed. An example of such a sentence include “PLUCK the BRIGHT ROSE
WITHOUT LEAVES” where keywords are highlighted in capitals. The task aimed to

ascertain the signal to noise ratio where there is 50 % intelligibility.

At the start of each condition the initial SNR for the first target sentence was highly
unfavourable. On the initial payback the listener was instructed to press the “return’ key
on the keyboard in order for the stimulus to be repeated, this time at a 4 dB higher SNR.
If the participant judged that they could elude two or more target words, then they would
enter the proposed transcript into the computer program via the keyboard. If one or more
of the predicted target words matched the target, then the program would display the
target sentence on the screen. The participant would then self-mark the transcript before
moving on to the next target sentence. If no words were the same as the target the same
target sentence would be presented at a 4 dB more favourable SNR. The remaining nine
sentences were presented only once where the threshold increased by 2 dB if three or
more target words were correctly identified, otherwise the SNR for the following sentence
would decrease by 2 dB. The average threshold from the last eight SNR results were used
as the SNR for the examined condition. To ensure validity of results the typed
transcriptions with individual self-scoring results were also recorded to ensure the

participant complied with instructions.

5.4 Results

5.4.1 Experiment A results
Figure 23 shows the phase differences necessary to cancel perceived sound at the

left and right cochlea in three participants between 1-5 kHz on five separate experimental
sittings. Figure 24 shows the level differences needed for cancellation at the left and right

cochlea on the same five experimental sittings.

It is clear that within the same participant there are similar patterns of phase
progression on different sittings. In addition to this there are large reductions in the level
necessary for cancellation over a narrow frequency bands. This is most pronounced on
the right side in participant 1 at 3.2 kHz and on the left side in at 2 kHz in participant 2.
A reduction is also visible on the left side in participant 3 at 1.7 kHz. During all of these
instances there is an associated change in the phase progression where the phase decreases

by 180° before resuming the previous phase progression rate.
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Although difficult to quantify there are clear patterns of level variation on the same
side within the same participant on multiple different sittings. The pattern of level
variation also appears to correspond poorly when comparing left and right sides in the
same participant. This indicates that the level variations which are seen are likely due to
local signal summation/destruction or resonance/antiresonance rather than whole skull

resonance/antiresonance which have a greater role at frequencies less than 1kHz.
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Figure 23 Showing the phase difference needed between bilaterally placed bone
transducers to cancel perceived sound at the left and right cochlea on 5 different sittings
in three different participants. Line of best fit created using spline fitting method.
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5.4.2 Experiment B results
Figure 25 shows the mean TRT with and without crosstalk cancellation. A one-way

repeated measured analysis of variance (ANOVA) was conducted to investigate if there

was a significant difference in tone reception thresholds with and without the addition of

cancellation noise (N=54) The results of the ANOVA indicated a significant

improvement in thresholds overall (Wilks Lambda = 0.163, F = 246.6, p <0.0001).

Tone Reception Threhold (dB)

Participant 1

Participant 2

Participant 3

T T T T T
—@— With Crosstalk Cancellation
—O— Without Crosstalk Cancellation-

Frequency (Hz)

1200 1530 1945 2475 3150 4035 1200 1530 1945 2475 3150 4035 1200 1530 1945 2475 3150 4035

Figure 25 Tone reception threshold with an without cross-talk cancellation in three

participants (n=3 per condition) error bars show standard deviation.
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1200 1530 1945 2475 3150 4035
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Figure 26 Mean tone reception thresholds with and without cross-talk cancellation (n=9

per condition) error bars show standard deviation.
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Figure 26 shows the mean TRT overall. There was a mean improvement in TRT of
12.1 dB with the addition of a cross-talk cancellation signal. The greatest relative
improvement in TRT was at 2475 Hz where there was a 14.1 dB difference. The smallest
difference was found at the lowest frequency of 1200 Hz where a 9.1 dB difference was

found between conditions.

5.4.3 Experiment C
Figure 27 shows a box plot of the SRT with and without the use of cross-talk

cancellation. A one-way repeated measured analysis of variance (ANOVA) was again
conducted to investigate if there was a significant difference with and without the use of
cross-talk cancellation. The results of the ANOVA indicated a significant improvement
in thresholds overall (Wilks Lambda = 0.039, F = 792.65, p <0.0001). Participants had a

mean improvement of 13.67 dB (n=33) with the addition of cross-talk cancellation noise.
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Figure 27 Box plot showing the SRT with and without the use of cross-talk cancellation
in three participants.
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5.5 Discussion

5.5.1 Experiment A Cancellation results
All participants phase progression had similar elements with frequency. There was

greater test retest variability at high and low frequencies when compared to mid (2-4 kHz)
frequencies. All participants phase progression was non-linear between 1-1.5 kHz (as was
identified in chapter 3). Participant 1’s right sided cancellation results showed the phase
180° change in phase between 3.2-3.4 kHz. This is encountered when two signals
destructively interfere. In this case the phase progression from both BTs was different (as
shown in chapter 3) and must have caused destructive interference not only at the
cancellation cochleae but also the cochleae where the signal is aiming to be preserved.
This is supported by fact that there is a corresponding reduction in cancellation level over
the same frequency spectrum. This is an example of an ill condition over which cross-

talk cancellation could not successfully be undertaken.

Prior to experimentation it was theorized that phase progression with frequency will
likely be approximately the same between the left and right side. This is because (as
found in chapter 3) phase progression is relatively linear (at higher frequencies where
model variations are not occurring) and is likely related to head size. Thus if BTs are
symmetrically placed phase progression should be similar on both sides. This is seen in
participant 2 and 3 where phase progression between 2.5-4.5 kHz was approximately 370°
in participant 2 bilaterally and 550° in participant 3. Participants 1’s phase progression
was 560° for left cancellation and 400° for right cancellation. The difference between

sides (160°) being due to the 180° phase inversion already discussed.

There were clear consistencies in test retest level cancellation results within the
same participant. These results indicate that the despite small differences in BT placement
that impact upon reliability that there is still are large degree of concordance in results.
However, as was identified in chapter 3 as well as in previous studies there was great
variation between sides and between participants (Hakansson et al. 1986; Khalil et al.

1979; Stenfelt & Goode 2005b; Hakansson et al. 1994)

All participants within this study had self-reported normal hearing, thus the number
of possible bone conduction routes are greater than that of a patient with a conductive
hearing loss (as shown in chapter 1). Examples of possible interactions are via inertia of
the ossicles, radiation into the ear canal, inertia of the inner ear fluid and compression and
expansion of the cochlea walls. Thus it could be theorised that if patients with conductive

hearing undertook the same cross-talk cancellation experiments that they may have
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potentially have less level variation as many of the bone conduction routes still rely on
normal anatomy of ear canals, tympanic membrane and ossicles. All of which can be
absent/abnormal in patients fitted with bilateral BAHAs. This could have implantations

for further improvements in the speed of performing the cross-talk task.

5.5.2 Experiment B

TRT were performed at different ERBs. This was in order to more fully assess how
accurately experiment A can be performed as well as give an indication of the possible
benefits of cross-talk cancellation at different bandwidths. Cross-talk cancellation was
only performed on a single side. Although it would have been possible to construct a
bilateral cross-talk cancellation method this would have meant additional signal at the
contralateral BT. This additional signal would make evaluation if cross-talk was working
more difficult. Thus a noise and a cross-talk cancellation noise experimental setup was
constructed. All participants had similar reductions in TRT with the addition of crosstalk
noise with benefits of 11.15 dB, 13.00 dB and 12.09 dB respectively. The smallest mean
gain in TRT was at the lowest test frequency of 1200 Hz where a 9.16 dB improvement
in TRT was identified with addition of crosstalk noise. The frequency with the greatest
benefit in TRT with crosstalk noise was found at 2475 Hz. It is likely that the differences
in results are due to the accuracy of the phase and level measurements performed in
experiment A. The lower TRT benefits at lower frequencies indicating the greater

difficulty of performing the two-BT cancellation task over this range.

5.5.3 Experiment C

We have shown that in an artificial situation where noise is directed only to one
cochlea and speech to the other then there can be very large benefits with the addition of
cross-talk cancellation noise. However, there are several limitations to the study. Firstly,
noise and speech in a real life scenario are very rarely completely separated. It is therefore
difficult to show how much of the changes in SRT can be transferred to a real world
scenario. In addition to this the speech was band limited to cover the same frequency
spectrum as the cross-talk cancellation measurements. Thus our results overestimate any
real potential benefits but show that the outlined methodology can be used to create a
working cross-talk system. One other potential limitation for real word use is that the our
current cross-talk design only cancels sound from the ‘first reflection’. In other words, it
does not cancel sound which is reflected from the contralateral side of the skull back to
the ipsilateral cochlea. It is also unknown if this reflection theory would be an issue or if

the degree of attenuation from vibrations travelling from one side of the skull and then
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back would mean that the energy dissipation would be large to not be significant in normal

hearing situations the majority of the time.

Future work needs to focus around several areas. Firstly, if the assumption is made
that perfect cross-talk cancellation can be achieved to restore ICLD how much benefit in
SRT can be gained in more realistic listening scenarios and how well does this fit will
binaural prediction models. Secondly what are the benefits in SRT when performing
bilateral cross-talk cancellation over the same frequency range with and without band
filtering the speech to match the measurement frequencies. Additionally, there are further
challenges on how this method can be implemented in real time, since in the outlined
scenario all audio was prepared prior to its use. Future research will focus on how low
latency full audio transfer bilaterally might be possible in order to make cross-talk

cancellation possible.

5.6 Conclusion

Within this study we have shown that it is possible to collect phase and level
differences with considerably improved speed when compared to data collection times
needed in chapter 3 (although this was not the focus of investigation and thus times were
not formally recorded). In addition to this we have shown that these values can be
successfully used in a fixed filter to create a cross-talk cancellation algorithm. Within this
study only cross-talk cancellation was performed on either the left or right side and never

bilaterally. Future work will also perform bilateral cancellation.

We showed that by employing unilateral cross-talk cancellation of band limited
noise there was a significant benefit in TRT (12.08 dB) as well as in SRT (13.7 dB, 95%
CI 8.09-19.24 dB). Future research should focus on ascertaining the potential benefits to
patients with bilateral BCHAs as well as attempting to perform bilateral cross-talk

cancellation in real time.

87



6 The relative benefits of interaural time and level
differences when sound is presented via air or
bone conduction

6.1 Introduction

Bone conduction hearing aids (BCHAs) have been shown to be an effective tool
primarily for the treatment of patients with conductive hearing loss (including patients
with craniofacial abnormalities and canal atresia), as well as for patients where hearing
aids are contraindicated, such as patients with recurrent otitis externa or canal eczema
(Snik et al. 2005; Stenfelt & Zeitooni 2013). Previously it has been shown that the cross-
talk of bone conducted (BC) sound varies significantly across frequency as well as
patients (Nolan & Lyon 1981; Stenfelt 2012; Snyder 1973; Vanniasegaram et al. 1994).
The degree of cross-talk, cost and additional surgical risks associated with a further
procedure (if not performed simultaneously) have meant that the majority of patients
receive one BCHA even though they may have been diagnosed with a bilateral conductive
hearing loss (Stenfelt & Zeitooni 2013). As a result of the cross-talk, patients fitted with
bilateral BCHAs are not be able to make full use of sound localisation and spatial
unmasking (Stenfelt and Zeitooni, 2013). The fundamental mechanisms by which
effective binaural hearing is disrupted are that cross-talk at each cochlea disturbs the
interaural time differences (ITDs) and reduces the interaural level differences (ILDs)

(Liao 2010; Majdak et al. 2013).

However, the limited number of studies which have compared unilateral and
bilateral BCHA fitting show that residual binaural processing is possible. These studies
have shown that there are benefits to bilateral fitting, although the degree of benefit is
highly dependent on listening situation. Sound localisation studies comparing bilateral
and unilateral BCHA have shown that there are significant improvements with bilateral
fitting and that this is particularly evident at higher frequencies (van der Pouw et al. 1998;
Priwin et al. 2004; Bosman et al. 2001). The same studies also investigated speech
reception thresholds (SRT) in quiet and found an improvement of 4 dB for bilateral fitting
compared to unilateral. This modest improvements in SRT in quiet is thought to be
primarily due to bilateral loudness summation (Bosman et al. 2001). Bosman et al. (2001)
and Priwin et al. (2004) both performed binaural masking level differences (BMLD)
measurements for pure tones in broadband noise, Bosman et al., (2001) finding benefits

of 6.1, 6.0 and 6.6 dB at 125, 250 and 500 Hz (Bosman et al., 2001).
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Other studies that have investigated bilateral fitting with BCHA have included
research by Deas et al. (2010), who performed phase inversion between bilateral BCHAs.
This uses knowledge that at low frequencies (<750 Hz) the skull vibrates in phase. This
is particularly evident at frequencies below 500 Hz where the skull moves in rigid body
motion (Stenfelt and Goode, 2005). Stimulation via two bone transducers at low
frequencies produce vibrations which are out of phase at the two cochleae. Deas et al.
(2010) found that by inverting the phase of one of the bone transducers, the signals at the
two cochleae summed, and there was a significant improvement in hearing thresholds at
frequencies below 750 Hz. This shows that it is possible to cause signal summation at

low frequencies to increase hearing threshold in patients.

In our previous study (chapter 5) we showed that ICLD and ICPD (inter-cochlear
phase difference) can be accurately measured in order to create a cross-talk cancellation
system within the 1-5 kHz frequency range. In addition to this, the cross-talk
measurements were used to significantly improve speech reception thresholds (SRTs)
through cross-talk cancellation. However, the previous study started out with speech and
noise completely separated. The total separation of signals at each cochlea is not a
listening condition which would naturally occur. Within this study we aim to assess the
potential benefits for a cross-talk cancellation system if implemented in bilateral BCHA
patients in realistic conditions. This work builds on previous studies performed by

Hausler et al. (1983) and Stenfelt and Zeitooni, (2013).

Hausler et al. (1983) investigated 17 subjects which included both participants with
unilateral conductive or bilateral hearing loss of at least 35 dB between 0.25-4 kHz,
spatial discrimination was investigated in a free-field using the Minimum Audible Angle
(MAA) in both the horizontal and vertical plane. Just Noticeable Difference (JND) were
also used to investigate lateralisation via headphones using changes in ILD and ITD. They
found that participants with a conductive loss of greater than 35 dB over a number of
frequencies had near-normal ILD JNDs, but abnormal ITD JNDs (when AC sound was
presented at 90 dB). They also found BC ILDs were similar in both normal hearing
participants and those with a conductive loss. They concluded that normal-hearing
participants primarily have access to ILDs rather than ITDs when listening to BC sound.
Stenfelt and Zeitooni, (2013) compared spatial release from masking (SRM) with BC and
AC sound in normal-hearing participants wearing headphones and bilateral bone
transducers. They found that SRM was approximately halved (in dB) when speech and

noise were separated by 90° and sound presented via BC rather than AC.
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In the present study, we measured SRM for BCHAs using appropriate head related
impulse responses (HRIRs) that possessed only ITDs or only ILDs. By convolving the
HRIRs with speech and presenting them via earphones and bone transducers we
investigated the relative contributions of ITD and ILD SRM for BC compared to air
conduction (AC). This procedure allowed us to identify the difference in SRM between
AC and BC sound using only ILDs. The difference in SRM under the ILD condition will
give an indication of how much benefit cross-talk cancellation could have if implemented
bilaterally. This is because a cross-talk cancellations system has the potential to correct
ILD but not ITD. Thus the difference in SRM between AC and BC using an ILD-only
HRIR can be viewed as the maximum possible benefit of a cross-talk cancellation system

for bilateral BCHAs.

6.2 Method

The experimental methodology outline was approved by Cardiff University

Psychology Department Ethics Committee.

6.2.1 Apparatus
All testing procedures were performed with the use of Matlab®. An ESI MAY A44

USB+ four-output-channel DAC was used to pass signals through an 8-channel Behinger
Powerplay Pro-8 Headphone amplifier to two B71 (Radioear) bone transducers and a pair
of Etymotic ER2 insert earphones with ER1-14B eartips attached. To reduce bone
transducer placement variation the bone transducers were attached to lens-less glasses
which were then worn by each participant (as shown in the chapter 3). The glasses aimed
to place the bone transducers approximately 55 mm behind the opening of the auditory
canal, as this is the recommended surgical placement position (Battista & Ho 2003). To
increase coupling between the bone transducers and the skull an elasticated soft band was
used. There was no adjustment of either bone transducer or ER2 earphones once testing
had commenced. Testing was performed in a single-walled Industrial Acoustics Company
(IAC) sound attenuating booth within a sound treated room. A computer screen was
visible outside the booth window with a keyboard inside the booth for participants to

input transcripts.

6.2.2 Participants
Eight paid participants, age 18-28 years old were recruited from Cardiff University

(2 males and 6 females). All participants were primary English speakers with self-
reported normal hearing and no previous history of otitis externa or ear surgery. An

otoscopic examination was used to visualise the ear canal and tympanic membrane of
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each participant to check for a macroscopically normal ear. No formal pure-tone
audiometry was performed. Participants were excluded if they had a large amount of wax

in the ear canal which could become impacted by deep insertion of ER1-14B eartips.

6.2.3 Stimuli recording
HRIRs were used to simulate free-field conditions. HRIRs were provided by

Cochlear Ltd., and had been collected at the House Ear Institute employing methods
outlined by Chan et al. (2008). HRIRs were recorded and represented by a 150-point finite
impulse response (FIR) filter (at 0° and 90° azimuths) at a sampling rate of 24 kHz. A
cochlear bone anchored solutions BP100 microphone was modified in order to allow
electrical output to be measured directly. The omnidirectional output from the
microphone was amplified using a Tascam M-06 mixer. The BP100 was attached to the
right side of a Knowles Electronics Manikin for Acoustic Research (KEMAR)
approximately 55 mm behind and slightly above the ear-canal opening (the recommended
implant position) (Battista & Ho 2003; Reinfeldt et al. 2015) . It was assumed that there
was head and room symmetry, such that measurements from the right side would be

identical to those from the same angle on the left side.

A prerecording was made without the KEMAR in the booth using a B&K 4133
microphone at the location where the KEMARSs head would lie. The microphone was then
used in combination with a pre-amplifier (B&K 2639) and a measuring amplifier (B&K
2609) to produce a linearly amplified signal. Broadband white noise was presented over
a 2 second period to create a finite impulse response (FIR) via a time-domain Wiener
filter method (Wiener 1949). Resultant HRIRs consisted of two FIRs (one for each ear).
6.2.4 Stimuli creation

The speech was always simulated to come from the front. The two conditions
measured were at 0° azimuth (SoNp) and noise at 90° azimuth (S¢Nop). In order to
investigate the relative benefits of ITD and ILD when speech and noise are spatially
separated by 90°, the two HRIRs were first converted into the frequency domain. The
phase spectrum from the 90° azimuth was combined with the level spectrum from the 0°
azimuth to create a HRIR with only ITD differences. To create a HRIR with ILD only
properties from 90°, the phase spectra from 0° azimuth was combined with the level
spectra from 90° azimuth. An inverse Fourier transform was then performed to derive

time-domain HRIRs. These HRIRs that were used in the experiment are shown in Figure

28.
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Figure 28 HRIR impulse responses that were convolved with the speech sentences to
simulate each condition.

6.2.5 Spatial release from masking
The participants undertook approximately 1 hour of testing, during which 8 SRTs

were measured. SRTs were recorded in each of eight conditions. The conditions were 4
spatial conditions (collocated, separated, ILD-only and ITD-only) % 2 presentation modes
(AC and BC). In the ILD-only and ITD-only conditions, the HRIRs used for the noise

were processed, as described above, in order to isolate the individual binaural cues.

Speech and speech-shaped noise interferers were convolved with the HRIRs
described above to produce stereo stimuli. Before data collection, participants completed
four practise SRTs. The practise tasks included presentation via ER2 earphones (AC) and
bilaterally placed B71 bone transducers (BC). Two conditions (collocated speech and
noise at 0° azimuth (SyNy) and noise at 90° azimuth (SoNgg)) were both played using the
AC and BC presentation methods. The order of these four practise conditions matched
the sequence for the main experiment. Within the main experiment four participants
started with BC testing initially followed by AC testing. The other four participants
started the main testing procedure with AC testing. Although testing was performed in
blocks of either AC or BC, the four sub conditions (SoNo, SoNoo, SoNitp, SoNiLp) Were

rotated to minimise practise effects.
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Target speech was from a male voices (“CW”) from MIT recordings of the Harvard
Sentence lists (Rothauser et al. 1969). An adaptive threshold task was performed whereby
participants transcribed these grammatically and semantically unpredictable English
sentences mixed within speech shaped noise. An example of such a sentence used within
the current study is: “RICE is OFTEN SERVED in ROUND BOWLS” with keywords in
capitals. The task aimed to identify the signal-to-noise ratio at which there was 50%
intelligibility. This was performed via an 1-up/1-down adaptive threshold task (Plomp
and Mimpen, 1979). Each SRT measurement used ten sentences and a different speech-
shaped noise interferer. The speech-to-noise ratio was initially low and on the first target
sentence the participant could attempt to enter a transcript via the computer keyboard or
replay the same stimuli, but with an improved signal-to-noise ratio. If the participant
chose to replay the stimuli the target level was increased by 4 dB. This increase in target
level could be repeated until the participant successfully identified at least two target
words. Participants were asked to only attempt a transcript if they could identify three or
more words. Once the computer algorithm matched two words, the first target sentence
would appear on the screen with the keywords in capital letters. Participants would then
score themselves on how many of the keywords they had correctly identified. All
subsequent target sentences were only presented once. If the participant correctly
identified three words in the target sentence the following target sentence level would
increase by 2 dB. If less than three words were identified then the level would decrease
by 2 dB. The SRT result was calculated via the mean of the speech-to-noise ratios

calculated after the last eight sentences.

The practise sentences were the same order for all participants. Within the primary
task the order of the conditions was rotated while the order of the sentence lists remained
the same, so that each condition was presented once at each serial position, thus
counterbalancing any effect which may arise purely due to the speech material, or to

practise/fatigue.

6.2.6 Prediction method
The Jelfs et al. (2011) model of spatial release from masking (SRM) in normal

hearing listeners was used in order to predict the relative benefits for each of the four
testing parameters. The model is comprised of two perceptual components, better-ear
listening and binaural unmasking (Culling et al. 2012). Better-ear listening employs the
theory that listeners can focus on the ear with the better SNR and that this can be
performed at different frequencies independently. This arises because two sound or

speech sources occupy different locations and this gives rise to a variation in attenuation
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due head shadow (Lavandier et al. 2012; Long et al. 2006). Binaural unmasking relies

on differences in the waveform of sound at each ear using cues such as ITD and ILD in

order to detect the presence of the target signal (Culling 2011).

The Jelfs et al. (2011) model processes HRIRs within frequency channels via two separate

separate paths (as outlined in
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Figure 29 Schematic of the Lavandier and Culling (2010) model.
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The inputs were the original and manipulated HRIRs from a BP100 bone transducer

described above. The HRIRs for speech and noise were passed separately through a

gammatone filterbank (Patterson et al. 1987) with filters distributed at one per Equivalent

Rectangular Bandwidth (Moore & Glasberg 1983) up to 9.5 kHz. Using cross-correlation

of the filtered HRIRs, the IPD of both the interferer and the target were calculated for

each different frequency band as well as the interaural coherence of the interferer. The

coherence was calculated as the maximum of the cross correlation, while the phase

difference was calculated via multiplication of the delay corresponding to this maximum

by the centre frequency of the band of interest. The BMLD was then calculated using the
following formula (Culling et al., 2005, 2004) adapted from Durlach (1972)

BMLD = 10logy, |

where

k—p

k =2+ 02)exp (w?cf)

k—cos ((DT—(Z)I)]

(13)

(14)

and @ and @,are the IPD of the target and interferer, p is the interaural coherence

of the interferer, o is the centre frequency in radians/s of the band, as= 0.000105, and o,
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=0.25 (Durlach 1972). The resulting BMLDs were integrated across frequency using SII
weightings (ANSI 1997) to yield the predicted contribution of binaural unmasking to
SRM.

In order to evaluate the better-ear listening component the model proposed by Zurek
(1993) was employed to define head shadow in anechoic conditions. The rms power of
the filtered speech and noise HRIRs were separately calculated for each ear, and their
ratio calculated to produce SNRs in each frequency channel for each ear. The higher of
the SNRs at each ear was taken as the SNR for the “better-ear”. The better-ear values
where then similarly integrated across frequency with SII weighting to calculate the

contribution of better-ear listening to spatial unmasking.

The Jelfs et al. (2011) prediction model then adds the BMLD and better-ear
listening benefits in order to give a relative SRT under different noise source directions.
This was used to give a prediction of the relative change in SRT using HRIR of ITD, ILD

and noise from 90° when compared to collocated speech and noise from 0°.

6.2.7 Data analysis

Mean and standard deviation was calculated for each of the 8 conditions from the 8
participants. A one-way repeated measured analysis of variance (ANOVA) was
conducted to investigate if there was a significant difference between conditions in both
AC and BC testing. Pairwise comparisons found that there was a significant difference
between for each of the AC conditions (p<0.05). Pairwise comparisons of the BC
conditions showed that there were significant differences all conditions except between

0 90 and ILD as well as 0_0 and ITD.
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6.3 Results

Figure 30 shows the mean improvement in threshold for 50 % intelligibility (SRT)
when compared to collocated speech and noise from 8 participants using AC and BC, the
SRM. The prediction of SRM is based on the Jelfs et al. (2011) model. The air-conduction
data is in good agreement with the model. The bone-conduction data shows a deficit in
SRM consistent with disruptive effect of crosstalk. There were large differences in SRTs
between conditions as well as between participants as indicated by error bars indicating

standard deviation. There was once instance where during BT testing the ITD result was

worse than the 0_0 condition. This did not occur in any other instance.
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Figure 30 SRM for noise at 0° vs. 90° (n=8). Error bars show standard deviation.
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Predicted values are produced using Lavandier and Culling, 2010 binaural speech

intelligibility model.
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6.4 Discussion

The Jelfs et al. (2011) model gave good predictions in all test conditions for air
conduction (as it was designed for). The model was least accurate when estimating the
threshold increase between 0° and 90° (predicting 11.8 dB benefit when compared to 9.9
dB which was actually identified). ITD-only and ILD-only estimations for air-conduction
SRM were good (-0.74 dB and 0.53 dB difference between measured results

respectively).

BC SRM was significantly reduced when compared to AC SRM (by 6 dB, 2.6 dB
and 4.4 dB in the 90°, ITD and ILD conditions respectively). This reflects a 60 % decrease
in SRM, agreeing well with the findings of Stenfelt & Zeitooni (2013) who performed
binaural intelligibility level differences using AC and BT presentation. They found that,
compared to speech and noise presented via headphones, there was a 50% decrease in
SRM when when sounds were presented via bilateral BTs. This shows that although ITD

and ILD clues are still present in BC sound they are severely limited due to cross-talk.

The primary purpose for the present study was to investigate the difference in SRT
benefit between AC and BC in the ILD-only condition. This is of significance since any
cross-talk cancellation algorithm corrects the ILD. Therefore, the potential benefit of a
cross-talk cancellation system under ideal conditions is the difference in AC BC
thresholds in the ILD-only condition, which was measured here to be 4.4 dB. This benefit
is significantly smaller than that measured in Chapter 5 which identified a 13.6 dB benefit
in SRT with unilateral cross-talk cancellation. However, a 4.4 dB improvement in SRT
could still be highly beneficial to patients with two BAHAs. Although it is still currently
unknown if a 4.4 dB is achievable in a real world setting since cross-talk cancellation
cannot be performed at all frequencies (as already discussed in chapter 5). In addition,
there may also be limitations on the number of filter channels available when performing
cross-talk cancellation in real time. Thus further research is needed to investigate the

potential benefit of cross-talk cancellation under even more realistic conditions.

6.5 Conclusion

Comparison of AC and BC thresholds showed a 4.4 dB reduction in the ILD
condition. This reduction indicates the potential benefits of ideal cross-talk cancellation.
Future research should focus on more realistic scenarios which take account of
frequencies where cross-talk cancellation cannot be achieved and the limitations of filter

bands when processing sound in real time.
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7 General Discussion and Future Work
7.1 The “Take-Home” Message

The main conclusions that can be drawn from this thesis are that it is possible to
gather accurate psychoacoustic measurements of the phase and level of sound reaching
the cochleae from bone transducers. Additionally, we have demonstrated that in principle
this information can be used to create a fixed filter that can be used in a cross-cancellation
network to significantly improve speech reception thresholds. This scheme could

potentially be implemented in bilateral BCHAsS.

7.2 Summary of Findings

The results of the experiments reported here have shown the following:

e Laser Doppler measurements of a participant’s skull can be used to show the modal vibration
of the skull when stimulated by a bone transducer (BT) at low frequencies (<1.5 kHz).

e Using 3D reconstruction the skull can be seen to move in phase when comparing both
temporal regions at frequencies of 0.25 kHz (indicating rigid body motion). At 1 kHz the
displacement for both temporal regions was out of phase indicating mass-spring motion.

e Asingle-BT and two-earphone (ER2) method can be used to cancel sound emitted from a BT
at both cochleae. A major advantage of the method was that it could be performed over a wide
frequency spectrum (0.25-8 kHz)

e High variability was found in the level of air-conducted (AC) sound needed to cancel the
bone-conducted (BC) sound using the single-BT method over the frequency range. However
reproducible patterns of level needed for cancellation were identified. Additionally, it was
found that at low frequencies some participants had a higher cancellation level at the
contralateral cochlea compared to the ipsilateral. This was thought to be related to resonance
and antiresonance of the skull and ossicular structures.

e Using the Single-BT method phase was found to decrease (suggesting reduced velocity) at
lower frequencies (0.25-3 kHz) in the ipsilateral cochlear. At higher frequencies (>4 kHz)
phase was found to linearly increase on both the ipsilateral and contralateral sides.

e The ICPD produced by a single BT varied across participants. This may have been related to
different skull sizes. The mean ICPD of all participants was found to be highly similar to the
psychoacoustic measurements of Zwislocki (1953). However, the measured ICPDs were
greater than those measured by Stenfelt and Goode (2005).

e ILD measurements were very consistent to those of Stenfelt and Goode (2005).
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e For the two-BT method, grading of cancellation showed that the perceived best cancellation
was achieved at higher frequencies and the worst at the lower frequencies. Below about 1.2
kHz the task became too difficult to collect data. This was thought to be related to the greater
influence of phase cues at lower frequencies.

e It is possible to use a single-BT method to predict the cancellation phase and level results in
a two-BT methodology. This may be key in future work since the single-BT method can be
used at all frequency ranges whilst the two-BT method becomes challenging at frequencies
lower than 1.5 kHz. However, the single-BT method would not be applicable in a clinical
setting since it relies on normal ear canals.

e Use of the two-BT technique in combination with a prediction algorithm greatly increased
the speed of phase and level measurements so that on an initial trial could be performed in
approximately 50 min and a recalibration could be performed in approximately 15 min.

e Single-sided cross-talk cancellation using the phase differences between the two BTs showed
that it could be used to significantly benefit tone thresholds in noise (12.1 dB) and SRT (13.67
dB). These benefits are greater than those that would be seen in real application since the
noise and speech was band limited and the speech and noise were presented on separate BTs.

e The potential benefits of cross-talk cancellation, based on measurements using HRIRs from

a BP100 are about 4 dB improvement in SRT.

7.3 Opportunities for further research
There are several significant challenges which still need to be addressed before
cross-talk cancellation can be used in a patient population. These are broadly categorised

into the phase and level measurement and technological challenges.

7.3.1 Phase and level measurement

7.3.1.1 Data collection speed and ease
One of the primary aims of this thesis was to achieve at least a 10 dB benefit from

cross-talk cancellation. It is possible to predict the attenuation (dB) which will be

achieved via Equation 16 where « is level error (dB) and ¢ is phase error (degrees).
10 log, (1057 ™Ge) = 4 (15)

In chapter 5 we identified SRT benefits of 13.7 dB when noise and speech is band-
limited to the same frequencies for which cross-talk cancellation was calculated (1-5
kHz). This corresponds to a mean measurement error over the frequency range of
approximately of 5° and 0.35 dB. This shows that the participants were able to perform

the psychoacoustic task with a very high degree of accuracy over the test frequencies.
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The use of the prediction algorithm (introduced in chapter 5) allowed the collection
of phase and level data both faster and more accurately. However, the method still
requires some skill on the part of the participant in order to obtain optimal measurements.
Since many patients who currently have bilateral BCHA also have complex medical
needs which often including learning difficulties, the development of a psychoacoustic

technique which is as easy as possible is of high priority.
We envisage two further improvements to the data collection methodology.

Firstly, a new experimental technique could be used whereby slightly different
frequencies are presented via the two BTs to produce beating. Beating was employed in
chapter 3 to level match between BC and AC sound. However, with this new technique
beats would occur to differing degrees at both cochleae. The participant would be asked
to mouse click left when sound is lateralised to the left and click right when sound is
lateralised to the right. Within the new bilateral beating task, the timing of when a
participant perceives sound to be maximally lateralised to the left and right will give an
indication of the ICPD. The level difference will be varied between the BTs at the same
frequency. The frequency will then change automatically. By investigating the change in
phase at the same frequency under different level presentations it will be possible to
predict the cancellation phase and level at these frequencies. These values will then be

used to make the previously employed technique easier to perform.

The second method of speeding up data collection is to use the change in phase
from cancellation at one cochlea to predict the phase change at the contralateral cochlea.
This technique may be possible, as it was noted in chapter 5 that the phase progression
was very similar on the left and right side (especially at higher frequencies >4 kHz).
7.3.1.2 Real time bilateral cross-talk cancellation

Future research will aim to perform real time cross-talk cancellation. In order to do
this, the two-BT data collection technique would be performed bilaterally. At frequencies
where cross-talk cancellation cannot be performed due to small ICPD differences (0.5-1
kHz) the best approach may be to invert the phase. Since the signals from the two BTs
would normally arrive out of phase, inversion will cause signal summation over this
frequency band, improving the amplification provided by the system. This inversion

strategy was found to be beneficial by Deas et al. (2010).

The cross-talk signal processing cannot be performed with low enough latency
within a windows, mac or android operating system. Thus, a specialist unit Tucker Davis
Technology (TDT) real-time processor (RP3), which is designed for low-latency, real-
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time filtering will be used for experimental development. A possible experimental
procedure may be to collect the necessary phase and level measurements with
improvements described above and then upload these onto the TDT RP3 unit as a fixed
filter. The BTs would remain in place but they would instead be connected to the TDT
RP3 unit. The participant could then be placed in a speaker array where tone detection,
speech intelligibility and sound localisation measurements can be made with and without

cross-talk cancellation.

7.3.2 Potential limitations of the technique

7.3.2.1 Processing limitations
With more advanced processing including feedback and noise reduction not to

mention cross-talk cancellation there are increasing delays. This is a major problem in
AC hearing aids since direct and amplified sound interact when the day is longer than 10
ms and can cause spectral ripples (Dillon 2012). However, in those with severe
conductive hearing loss there will be very little direct sound reaching the cochleae. This
could potentially allow for somewhat greater delays since problems such as spectral
ripples will not be an issue. A potential acceptable delay maybe 40 ms which is agreed
as the target for the international telecommunication union as an acceptable delay in order

to avoid significant “lip sync effect” (Galster 2010).

There are two main forms of signal processing. One employs FFT to processes a
group of samples together. The other method employs filters which divide the signal into
channels and process them channel by channel. Both processing methods suffer from the
same fundamental issue that as the spectral resolution is improved the temporal resolution
is degraded. This means that if cross-talk cancellation was implemented there would need
to be a trade-off between the number of filterbank channels which can be used to increase
the accuracy of the cross-talk cancellation and the time it takes to perform this action.
Commonly 32 coefficient filters are used in many hearing aids using an FFT. Using an
FFT method of signal processing means that the filter channels are equally distributed
with frequency. However, if an alternative method of filtering is used then it is possible
to optimise the cancellation by placing filters are frequencies where there are large
changes in cancellation level or phase. If this were to be used further research needs to be
performed to investigate at what frequencies the filters are placed in order to achieve the
optimum cross-talk cancellation within the given number of filters. It is likely there will
be considerable variability between participants as this will need to be tailored to
frequencies where there are large changes in level over a small frequency range. In

addition to this, the filters must also be take account of the relative importance of the
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relative importance of different frequency bandwidths in order understand speech (Apoux
& Healy 2009).
7.3.2.2 Non-linearity

Previous studies which have compared AC and BC stimulation have found non-
linarites in BC when compared to AC presented sound (Khanna et al. 1976). Additionally,
otoacoustic emissions have been found to increase emission amplitude if BC-evoked
when compared to those from a AC source (Rossi et al. 1988). If true, this could represent
a serious challenge to cross-talk implementation. However, this contradicts findings from
Haékansson et al. (1986) which identified no non linearity’s in skull vibrations over a range
which would be expected from a BCHA. Hékansson et al. (1996) states that the previous
findings were likely due to methodological reasons such as not measuring the mechanical
input delivered. Khanna et al (1976) give possible explanations of looseness of the
coupling between the vibrator and the skull as well as the underlying tissues not acting
perfectly elastically. Additionally, from the experiments already conducted it is unlikely
that if nonlinearity was encountered over normal BT vibrational range that the cross-talk
cancellation system would have had such an impact on SRT.
7.3.2.3 Intracranial pressure

It is not currently clear how much of impact intracranial pressure has on BC sound
propagation in the skull. Bekesy (1948) remarked during cancellation of BC sound that
yawning caused the sound to once again become audible. It is not clear if this was due to
a change in jaw movement or if there were temporary changes in intracranial pressure
which can occur when taking a deep breath (Bloomfield et al. 1997). It maybe that
changes in intracranial pressure could cause a change in phase and level of BC transmitted
sound. One possible mechanism via which this could occur is via the finding that one
pathway for BC sound transmission to the cochlea is via the cerebrospinal fluid (CSF)
(Freeman et al. 2000; Sohmer et al. 2000). A pressure change within the CSF could
therefore impact the degree of fluid movement and thus the level of sound. However,
there are several important factors at work. Firstly, the Monro-Kellie model of intracranial
pressure states “the sum of the intracranial volumes of blood, brain, CSF and other
components is constant and that the skull is considered an enclosed inelastic container”
(Dunn 2002). Therefore, an increase in one volume is offset via another. Under normal
conditions this results in the intracranial pressure being very tightly controlled with small
changes in sitting and standing which are a result of increased venous drainage which is

then compensated for via an increased arterial blood pressure (Williams 1981). Thus,
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although there are still changes in intracranial pressure they may or may not be significant

enough to affect the phase and level of BC conducted sound.

A further possible factor which needs to be considered is that level may be affected
(due to differences in ease of CSF fluid movement) but phase may not be since the speed
of sound is not affected by fluid pressure, but only by its elasticity and density. If this is
the case, then when it is likely that level of BC sound reaching the cochleae from both
BTs would be equally altered, and so would not impact the degree of cross-talk
cancellation achieved. During preparation of the two BT technique some exploratory
testing was performed whereby cancellation was achieved over the 1-5 kHz range (whilst
sitting) as described in chapter 5. The participant then used the mouse scroller to change
the frequency whilst the computer automatically adjusted the contralateral BT in order to
present the previously inputted phase and level of cancellation signals. On this occasion
the participant was standing. The participant did not find any clear alteration in the quality
of cross-talk cancellation. Future research should aim to perform the two-BT task when
standing and sitting independently in order to investigate if there are differences in cross-

talk signal.

7.3.3 Technological research

7.3.3.1 Audio streaming capability
In order to perform cross-talk cancellation audio needs to be streamed from one

BCHA to the other and vice versa. To be of use, it also needs to be performed with low
latency. Currently, the BAHA 5 does have the ability to stream sound from devices like
the mini microphone. However, this is performed with the 2.4 GHz frequency band and
with a latency too high to be appropriate for cross-talk cancellation. 2.4 GHz is the most
widely used band for wireless data transmission for small devices. This is primarily
because its signals pass though air with little signal degradation. However, the short
wavelength means that it does not propagate well through soft tissues such as the head
and body (Cho et al. 2007). This means that limited signal settings can be synced between
two BAHASs using this method a full audio signal would not be an efficient method of

transmitting the data.

We envisage two possible solutions to this problem. Firstly, the easiest way to
achieve low latency with little extra battery requirements would be to have a wired
connection. However, this is unlikely to be a very acceptable to patients due to the
aesthetic impact a wire would have. A further method which may be appropriate would
be employing Near Field Magnetic Conduction (NFMC) (Galster 2010). The typical

transmission frequency range is between 3-15 MHz. The primary benefit of NFMI is that
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it propagates well though and around the human head. Additionally, it has been widely
used for technologies such as the telecoil. NFMI is not commonly used for signal
streaming from specialist microphone devices or music streaming devices because as the
distance increases the signal degrades quickly. . However, in this application of NFMI,
the distance needed to transfer sound will only be from one mastoid bone to the other.
7.3.3.2 BCHA orientation

Further research also needs to be performed to investigate if and how the orientation
of the BCHA may affect phase and level needed for cross-talk. This is because it is
unknown if the new BC transducer for the BAHA 5 the BCDrive ® (Flynn MC. 2015)
causes vibrations purely in the same plane as the abutment or if there is a small amount
of angular vibration which also occurs. Thus although the abutment position does not
change a change in orientation of the BCHA may impact the level of vibrations and thus
cross-talk effectiveness. If orientation is affected, then it maybe that a new abutment clip

design needs to be developed to standardise the BCHASs orientation.

7.3.4 Final Remarks

This thesis has successfully developed a proof of concept methodology to gain
measurements of phase and level at the cochlea. We have shown these psychoacoustic
measurements can be performed to a high degree of accuracy. Additionally, we have
demonstrated that the measurements can be successfully applied in a cross-talk
cancellation system to give significant improvements in TRT and SRT. Future
developments will focus on further reducing the time taken to collect measurements as
well as making the psychoacoustic task easier to perform. Spectral/temporal limitations
and small ICPDs at certain frequencies will mean that cross-talk cancellation will not be
optimal at all frequencies. However, accurate measurement combined with the use of
NFMC technology have a potential to give patients with bilateral BCHAs significant
improvements in sound localisation and SRTs as we have demonstrated by our results

with single-sided crosstalk cancellation.

104



References

Agterberg, M.J.H. et al., 2014. Single-sided deafness and directional hearing:
Contribution of spectral cues and high-frequency hearing loss in the hearing ear.

Frontiers in Neuroscience, 8(8 JUL), pp.1-8.

Allen, G.W. & Fernandez, C., 1960. The mechanism of bone conduction. The Annals of
otology,  rhinology, and laryngology, 69, pp.5-28. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/13792738 [Accessed June 8, 2016].

ANSI, 1997. “Methods for the calculation of the speech intelligibility index” S3. 5-1997,
New  York: American National Stanards Institute. Available at:
https://scholar.google.co.uk/citations?view_op=view_citation&continue=/scholar%
253Fhl1%253Den%2526as_sdt%253D0,5%2526scilib%253D1&citilm=1&citation
_for view=69PWMEIAAAAJ:uSHHmVD_ uO8C&hl=en&oi=p [Accessed
December 8, 2015].

Apoux, F. & Healy, E.W., 2009. On the number of auditory filter outputs needed to
understand speech: Further evidence for auditory channel independence. Hearing
Research, 255(1-2), pp.99-108. Available at:
http://dx.doi.org/10.1016/j.heares.2009.06.005.

Arndt, S. et al., 2011. Comparison of pseudobinaural hearing to real binaural hearing
rehabilitation after cochlear implantation in patients with unilateral deafness and
tinnitus. Otology & neurotology : official publication of the American Otological
Society, American Neurotology Society [and] European Academy of Otology and
Neurotology, 32(1), pp.39-47.

Arunachalam, P.S. et al., 2001. Bone-anchored hearing aid quality of life assessed by
Glasgow Benefit Inventory. The Laryngoscope, 111(7), pp.1260—1263. Available at:
papers://3¢7e¢7917-2aal-481f-a00c-a64 1a0c26bfc/Paper/p499.

AudiologyOnline, 2011. Cochlear™ Adopts GN ReSound’s 2.4 GHz Wireless
Technology Industry 2137. Available at:
http://www.audiologyonline.com/releases/cochlear-adopts-gn-resound-s-2137

[Accessed February 5, 2016].

Bagger-Sjoback, D. et al., 2015. High-frequency hearing, tinnitus, and patient satisfaction
with stapedotomy: A randomized prospective study. Scientific reports, S(August),
p.13341. Available at:

105



http://www.nature.com.ezproxy.uniandes.edu.co:8080/srep/2015/150821/srep1334
1/full/srep13341.html.

Bance, M. et al., 2013. Effects of tensor tympani muscle contraction on the middle ear

and markers of a contracted muscle. Laryngoscope, 123(4), pp.1021-1027.

Battista, R. a. & Ho, S., 2003. The bone-anchored hearing device (BAHA). Operative
Techniques in Otolaryngology - Head and Neck Surgery, 14(4), pp.272-276.

Bauer, B.B., 1961. Stereophonic Earphones and Binaural Loudspeakers. Journal of the
Audio Engineering Society, 9(2), pp.148—151. Available at: http://www.aes.org/e-
lib/browse.cfm?elib=471 [Accessed February 10, 2016].

Bekesy, G. V., 1948. Vibration of the Head in a Sound Field and Its Role in Hearing by
Bone Conduction. The Journal of the acoustical society of america, 20(6), pp.749—
760.

von Békésy, G., 1960. Experiments in Hearing, New York, NY: McGraw-Hill.

Békésy, G.V. V., 1947. The Variation of Phase Along the Basilar Membrane with
Sinusoidal Vibrations. The Journal of the Acoustical Society of America, 19(3),
p.452.

Berger, E.H., Kieper, R. W. & Gauger, D., 2003. Hearing protection: surpassing the limits
to attenuation imposed by the bone-conduction pathways. The Journal of the

Acoustical Society of America, 114(October 2003), pp.1955-1967.

Berger, K.W., 1976. Early Bone Conduction Hearing Aid Devices. Archives of
Otolaryngology - Head and Neck Surgery, 102(5), pp.315-318. Available at:
http://archotol.jamanetwork.com/article.aspx?articleid=606241 [ Accessed February
5,2016].

Best, V., Mason, C.R. & Kidd, G., 2011. Spatial release from masking in normally
hearing and hearing-impaired listeners as a function of the temporal overlap of
competing talkers. The Journal of the Acoustical Society of ..., 129(3), pp.1616—
1625. Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3078033&tool=pmcent

rez&rendertype=abstract.

Bloomfield, G.L. et al., 1997. A proposed relationship between increased intra-
abdominal, intrathoracic, and intracranial pressure. Critical care medicine, 25(3),

pp.496-503.  Available at:  http://www.ncbi.nlm.nih.gov/pubmed/9118668

106



[Accessed September 29, 2016].

Bosman, A.J. et al., 2001. Audiometric evaluation of bilaterally fitted bone-anchored
hearing aids. Audiology : official organ of the International Society of Audiology,
40(3), pp.158-167. Available at: http://www.ncbi.nlm.nih.gov/pubmed/11465298
[Accessed February 9, 2016].

Bovo, R. etal., 2011. Speech recognition with BAHA simulator in subjects with acquired
unilateral sensorineural hearing loss. Acta oto-laryngologica, 131(6), pp.633-9.

Available at: http://www.ncbi.nlm.nih.gov/pubmed/21281058.

Branemark, P.I. et al., 1977. Osseointegrated implants in the treatment of the edentulous
jaw. Experience from a 10-year period. Scandinavian journal of plastic and

reconstructive  surgery.  Supplementum, 16, pp.1-132. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/356184 [ Accessed November 25, 2015].

Brinkman, W.F.B., Marres, EH.AM. & Tolk, J., 1965. The Mechanism of Bone
Conduction: An experimental study. Acta Otolaryngol, 59(March), pp.109—115.
Available at: http://informahealthcare.com/doi/abs/10.3109/00016486509124544.

Bronkhorst, A.W. & Plomp, R., 1988. The effect of head-induced interaural time and
level differences on speech intelligibility in noise. The Journal of the Acoustical

Society of ..., 83(4), pp.1508-1516.

Brungart, D.S. et al., 2001. Informational and energetic masking effects in the perception
of multiple simultaneous talkers. The Journal of the Acoustical Society of America,

110(5), pp.2527-2538.

Carhart, R., 1965. Monaural and Binaural Discrimination against Competing Sentences.
The Journal of the Acoustical Society of America, 37(6), p.1205. Available at:
http://link.aip.org/link/ JASMAN/v37/i16/p1205/s2& Agg=doi.

Chan, J.C.Y. et al., 2008. Evaluation of binaural functions in bilateral cochlear implant
users. [International journal of audiology, 47(6), pp.296-310. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/18569102.

Cho, N. et al., 2007. The Human Body Characteristics as a Signal Transmission Medium
for Intrabody Communication. /EEE Transactions on Microwave Theory and
Techniques, 55(5), pp.1080-1086. Available at:
http://ieeexplore.ieee.org/document/4195656/ [Accessed September 27, 2016].

Choueiri, E., 2008. Optimal Crosstalk Cancellation for Binaural Audio with Two

107



Loudspeakers. Princeton University. Available at:

https://www.princeton.edu/3D3 A/Publications/BACCHPaperV4d.pdf.

Clavier, O.H., Norris, J. a. & Dietz, a.J., 2010. A comparison of the nonlinear response
of the ear to air and to bone-conducted sound. Hearing Research, 263(1-2), pp.224—
232. Available at: http://dx.doi.org/10.1016/j.heares.2010.03.004.

Colburn, H.S., 1982. Binaural interaction and localization with various hearing

impairments. Scandinavian audiology. Supplementum, 15, pp.27-45.

Colquitt, J.L. et al., 2011. Bone-anchored hearing aids (BAHAs) for people who are
bilaterally deaf: a systematic review and economic evaluation. Health technology
assessment (Winchester, England), 15(26), pp.1-200, iii—iv. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/21729632 [ Accessed February 9, 2016].

Culling, J.F., 2011. Subcomponent cues in binaural unmasking. The Journal of the

Acoustical Society of America, 129(January), pp.3846-3855.

Culling, J.F. et al., 2012. The benefit of bilateral versus unilateral cochlear implantation
to speech intelligibility in noise. Ear Hear., 33(6), pp.673—682. Available at:
http://orca.cf.ac.uk/30076/.

Culling, J.F., Hawley, M.L. & Litovsky, R.Y., 2005. Erratum: The role of head-induced
interaural time and level differences in the speech reception threshold for multiple
interfering sound sources. The Journal of the Acoustical Society of America, 118(1),
p.552. Available at:
http://scitation.aip.org/content/asa/journal/jasa/116/2/10.1121/1.1772396.

Culling, J.F., Hawley, M.L. & Litovsky, R.Y., 2004. The role of head-induced interaural
time and level differences in the speech reception threshold for multiple interfering

sound sources. The Journal of the Acoustical Society of America, 116(August),

pp-1057-1065.

Davids, T. et al., 2007. Bone-Anchored Hearing Aids in Infants and Children Younger
Than 5 Years. Head & Neck, 133, pp.51-55.

Deas, R.W. et al., 2010. Audiometric thresholds measured with single and dual BAHA
transducers: The effect of phase inversion. International journal of audiology, 49,

pp-933-939.
Dillon, H., 2012. Hearing aids, Boomerang Press.

Dimmelow, K.L. et al., 2003. Hear the other side — a report on Single Sided Deafness.
108



Consultant, pp.1-20.

Dorheide, J. & Hoyer, H.E., 1984. Holographic investigation of the impact response of
human heads. Journal of neurosurgery, 60(April), pp.718-723.

Dumper, J. et al., 2009. Indications for bone-anchored hearing AIDS: a functional
outcomes study. Journal of otolaryngology - head & neck surgery = Le Journal
d’oto-rhino-laryngologie et de chirurgie cervico-faciale, 38(1), pp.96-105.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/19344618 [Accessed March 18,
2016].

Dun, C.A.J. et al., 2010. Bilateral bone-anchored hearing aid application in children: the
Nijmegen experience from 1996 to 2008. Otology & neurotology : official
publication of the American Otological Society, American Neurotology Society
[and] European Academy of Otology and Neurotology, 31(4), pp.615-23. Available
at: http://www.ncbi.nlm.nih.gov/pubmed/20393374 [Accessed February 8, 2016].

Dunn, L., 2002. Raised intracranial pressure. Journal of Neurology, Neurosurgery &

Psychiatry, 2(3), pp.123—i27. Available at: http://discovery.ucl.ac.uk/172546/.

Durlach, N.I., 1972. Binaural signal detection Equalization and cancellation theory. In
Binaural signal detection Equalization and cancellation theory. pp. 371-460.
Available at: http://ntrs.nasa.gov/search.jsp?R=19730045482.

Dutt, S.N. et al., 2002a. Patient satisfaction with bilateral bone-anchored hearing aids: the
Birmingham experience. The Journal of laryngology and otology. Supplement, (28),
pp.37-46. Available at: http://www.ncbi.nlm.nih.gov/pubmed/12138790 [Accessed
February 8, 2016].

Dutt, S.N. et al., 2002b. Speech intelligibility with bilateral bone-anchored hearing aids:
the Birmingham experience. The Journal of laryngology and otology. Supplement,
116(28), pp.47-51.

Eeg-Olofsson, M. et al., 2008. Transmission of bone-conducted sound in the human skull

measured by cochlear vibrations. International journal of audiology, 47, pp.761—

769.

Eeg-olofsson, M., Stenfelt, S. & Granstrom, G., 2011. Implications for contralateral bone
conducted transmission as measured by cochlear vibrations. Otology and

Neurotology, 2(32), pp.192—-198.
Flynn MC., 2015. Cochlear Baha 5 Power Sound Processor | Cochlear UK/IRL. CBAS.

109



Available at: http://www.cochlear.com/wps/wecm/connect/uk/home/discover/baha-

bone-conduction-implants/discover-baha-5-power [Accessed September 23, 2016].

Freeman, S., Sichel, J.Y. & Sohmer, H., 2000. Bone conduction experiments in animals

- Evidence for a non-osseous mechanism. Hearing Research, 146, pp.72—-80.

Galster, J.A., 2010. A new method for wireless connectivity in hearing aids. The Hearing
Journal, 63(10), pp.36-39. Available at:
http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=000
25572-201010000-00006 [Accessed September 29, 2016].

Garcia-lza, L. et al., 2016. Study of the improvement in bone conduction threshold after
stapedectomy.  Acta  otorrinolaringologica  espanola.  Available  at:

http://www.ncbi.nlm.nih.gov/pubmed/26971342 [ Accessed July 20, 2016].

Gardner, W.G., 1998. 3-D audio wusing loudspeakers. Available at:
http://books.google.com/books?hl=en&amp;lr=&amp;id=u07{rXdVubcC&amp;oi
=fnd&amp;pg=PR7&amp;dq=3-D+Audio+Using+Loudspeakers&amp;ots=3-
cpNBFHg-
&amp;sig=62NdVHZ440fBUQO2ZPGf5u4dWrg%5SCnhttp://books.google.com/b
ooks?hl=en&amp;lr=&amp;id=u07{rXdVubcC&amp;oi=fnd&am.

Gluth, M.B. et al.,, 2010. Long-term benefit perception, complications, and device
malfunction rate of bone-anchored hearing aid implantation for profound unilateral
sensorineural hearing loss. Otology & neurotology : official publication of the
American Otological Society, American Neurotology Society [and] European
Academy of Otology and Neurotology, 31(9), pp.1427-34. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/20729779 [ Accessed March 17, 2016].

Granstrom, G., 2000. Osseointegrated implants in children. Acta oto-laryngologica.

Supplementum, 543(February), pp.118—121.

Granstrom, G. & Tjellstrom, A., 1997. The bone-anchored hearing aid (BAHA) in
children with auricular malformations. Ear, nose, & throat journal, 76(4), pp.238—
40, 242, 244-7. Available at: http://www.ncbi.nlm.nih.gov/pubmed/9127523
[Accessed February 8, 2016].

Gray, L., Kesser, B. & Cole, E., 2009. Understanding speech in noise after correction of
congenital unilateral aural atresia: Effects of age in the emergence of binaural
squelch but not in use of head-shadow. International Journal of Pediatric

Otorhinolaryngology, 73(9), pp.1281-1287.
110



Gripper, M. et al., 2007. Using the Callsign Acquisition Test (CAT) to compare the
speech intelligibility of air versus bone conduction. International Journal of

Industrial Ergonomics, 37, pp.631-641.

Guignard, J. et al., 2013. Bone conduction in Thiel-embalmed cadaver heads. Hearing

research, 306, pp.115-22.

Hagr, A., 2007. BAHA: Bone-Anchored Hearing Aid. International Journal of Health
Sciences, 1(2), pp.265-276.

Haékansson, B. et al., 1996. Linearity of sound transmission through the human skull in

vivo. The Journal of the Acoustical Society of America, 99(4), pp.2239-2243.

Haékansson, B. et al., 1993. Resonance frequencies of the human skull in vivo. Acoustical

Society of America, 95(3), pp.1474—1481.

Hakansson, B. et al., 1994. Resonance frequencies of the human skull in vivo. The

Journal of the Acoustical Society of America, 95(3), pp.1474-1481.

Hakansson, B. et al., 1985. The bone-anchored hearing aid. Principal design and a
psychoacoustical evaluation. Acta oto-laryngologica, 100(3—4), pp.229-39.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/4061073 [Accessed February 4,
2016].

Hakansson, B., Carlsson, P. & Tjellstrom, a, 1986. The mechanical point impedance of
the human head, with and without skin penetration. The Journal of the Acoustical

Society of America, 80(October 1986), pp.1065-1075.

Hamann, C., Manach, Y. & Roulleau, P., 1991. [Bone anchored hearing aid. Results of
bilateral applications]. Revue de laryngologie - otologie - rhinologie, 112(4),
pp.297-300.  Available at:  http://www.ncbi.nlm.nih.gov/pubmed/1775751
[Accessed February 9, 2016].

Hausler, R., Colburn, S. & Marr, E., 1983. Sound localization in subjects with impaired
hearing, spatial-discrimination and interaural-discrimination tests. Acta Oto-

Laryngologica, pp.1-62.

Ho, E.C. et al., 2009. Bilateral Bone-anchored Hearing Aid: impact on quality of life
measured with the Glasgow Benefit Inventory. Otology & neurotology : official
publication of the American Otological Society, American Neurotology Society
[and] European Academy of Otology and Neurotology, 30(7), pp.891-6. Available
at: http://www.ncbi.nlm.nih.gov/pubmed/19692937 [Accessed February 8, 2016].

111



Hol, M.K.S. et al., 2010. Pilot study on the effectiveness of the conventional CROS, the
transcranial CROS and the BAHA transcranial CROS in adults with unilateral inner

ear deafness. European Archives of Oto-Rhino-Laryngology, 267(6), pp.889—896.

Homma, K. et al., 2010. Effects of ear-canal pressurization on middle-ear bone- and air-
conduction responses. Hearing Research, 263(1-2), pp.204-215. Available at:
http://dx.doi.org/10.1016/j.heares.2009.11.013.

Homma, K. et al., 2009. Ossicular resonance modes of the human middle ear for bone
and air conduction. The Journal of the Acoustical Society of America, 125, pp.968—
979.

Hoyer, H.E. & Dérheide, J., 1983. A study of human head vibrations using time-averaged
holography. Journal of neurosurgery, 58, pp.729-733.

Huizing, E.H., 1960. Bone conduction-the influence of the middle ear. Acta Otolaryngol
Suppl, 155, pp.1-99. Available at: http://www.ncbi.nlm.nih.gov/pubmed/13716730
[Accessed July 14, 2016].

Jahn, a F. & Tonndorf, J., 1982. Lateralization of bone-conducted sounds. American

Jjournal of otolaryngology, 3, pp.133—140.

Janssen, R.M., Hong, P. & Chadha, N.K., 2012. Bilateral Bone-Anchored Hearing Aids
for Bilateral Permanent Conductive Hearing Loss: A Systematic Review.

Otolaryngology -- Head and Neck Surgery, 147, pp.412-422.

Jelfs, S., Culling, J.F. & Lavandier, M., 2011. Revision and validation of a binaural model
for speech intelligibility in noise. Hearing Research, 275(1-2), pp.96-104.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/21156201.

Jerger, J., Brown, D. & Smith, S., 1984. Effect of peripheral hearing loss on the masking
level difference. Archives of otolaryngology (Chicago, Ill. : 1960), 110(5), pp.290—
296. Available at: http://www.ncbi.nlm.nih.gov/pubmed/6712516 [Accessed
February 9, 2016].

Khalil, T.B., Viano, D.C. & Smith, D.L., 1979. Experimental analysis of the vibrational
characteristics of the human skull. Journal of Sound and Vibration, 63(3), pp.351—
376. Available at:
http://www.sciencedirect.com/science/article/pii/0022460X79906795  [Accessed
July 29, 2015].

Khanna, S.M., Tonndorf, J. & Queller, J.E., 1976. Mechanical parameters of hearing by

112



bone conduction. The Journal of the Acoustical Society of America, 60(1), pp.139—
154.

Kidd, G. et al., 2005. The advantage of knowing where to listen. The Journal of the
Acoustical ~ Society of America, 118(6), pp.3804-3815. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16419825 [Accessed July 28, 2016].

Kirikae, 1., 1959. An experimental study on the fundamental mechanism of bone
conduction. Acta Otolaryngol Suppl, 145, pp.1-111. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/13636851 [Accessed July 14, 2016].

Kitamura, T., 2012. Measurement of vibration velocity pattern of facial surface during
phonation using scanning vibrometer. Acoustical Science and Technology, 33,

pp-126—128.

Kochkin, S. & Rogin, C., 2000. Quantifying the obvious: the impact of hearing
instruments on quality of life. The Hearing Review, January, pp.1-13. Available at:
http://www.betterhearing.org/hia/publications/MR40.PDF.

Kiiciik, B. et al., 1991. Microstructures of the bony modiolus in the human cochlea: a
scanning electron microscopic study. Journal of electron microscopy, 40(3),
pp.193-7. Available at: http://www.ncbi.nlm.nih.gov/pubmed/1791403 [Accessed
July 14, 2016].

Lavandier, M. et al., 2012. Binaural prediction of speech intelligibility in reverberant
rooms with multiple noise sources. Journal of the acoustical society of america,

131(1), pp.218-230. Available at: http://centaur.reading.ac.uk/25999/.

Lavandier, M. & Culling, J.F., 2010. Prediction of binaural speech intelligibility against
noise in rooms. The Journal of the Acoustical Society of America, 127(November

2009), pp.387-399.

Lavandier, M. & Culling, J.F., 2008. Speech segregation in rooms: monaural, binaural,
and interacting effects of reverberation on target and interferer. The Journal of the

Acoustical Society of America, 123(April), pp.2237-2248.

Levitt, H., 1971. Transformed up-down methods in psychoacoustics. The Journal of the

Acoustical Society of America, 49(February 1970), p.Suppl 2:467+.

Liao, C., 2010. Application of cross-talk cancellation to the improvement of binaural
directional properties for individuals using bone anchored hearing aids ( BAHA ).
Chalmers University of Technology.

113



Lieu, J.E.C., 2013. Unilateral hearing loss in children: speech-language and school
performance. B-ENT, Suppl 21, pp.107-15. Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4382076&tool=pmcent
rez&rendertype=abstract [Accessed March 18, 2016].

Lin, L.-M. et al., 2006. Amplification in the rehabilitation of unilateral deafness: speech
in noise and directional hearing effects with bone-anchored hearing and contralateral
routing of signal amplification. Otology & neurotology : official publication of the
American Otological Society, American Neurotology Society [and] European
Academy of Otology and Neurotology, 27(2), pp.172-82. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16436986 [ Accessed March 17, 2016].

Linstrom, C.J., Silverman, C.A. & Yu, G.P., 2009. Efficacy of the bone-anchored hearing
aid for single-sided deafness. Laryngoscope, 119(4), pp.713-720.

Litovsky, R.Y., 2012. Spatial Release from Masking. Acoustics today, 8(2), pp.1-14.

Litovsky, R.Y., 2005. Speech intelligibility and spatial release from masking in young
children. The Journal of the Acoustical Society of America, 117(5), pp.3091-3099.

Long, C.J. et al., 2006. Binaural unmasking with bilateral cochlear implants. JARO -
Journal of the Association for Research in Otolaryngology, 7(4), pp.352-360.

Majdak, P., Masiero, B. & Fels, J., 2013. Sound localization in individualized and non-
individualized crosstalk cancellation systems. The Journal of the Acoustical Society
of America, 133(April), pp-2055-68. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/23556576.

Marres, H.A., Cremers, C.W. & Marres, E.H., 1995. Treacher-Collins syndrome.
Management of major and minor anomalies of the ear. Revue de laryngologie -
otologie - rhinologie, 116(2), pp.105-8. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/7569369 [Accessed February 8, 2016].

Martin, T.P.C. et al., 2010. The bone-anchored hearing aid in the rehabilitation of single-
sided deafness: Experience with 58 patients. Clinical Otolaryngology, 35(4),
pp-284-290.

McKnight, C.L. et al., 2013. Direct measurement of the wavelength of sound waves in
the human skull. The Journal of the Acoustical Society of America, 133(1), pp.136—
45. Available at: http://www.ncbi.nlm.nih.gov/pubmed/23297890.

Middlebrooks, J.C. & Green, D.M., 1991. Sound localization by human listeners. Annual

114



review of psychology, 42(1), pp.135-159. Available at:
http://www.annualreviews.org/doi/10.1146/annurev.ps.42.020191.001031
[Accessed September 17, 2016].

Moore, B.C.J., 2003. An introduction to the psychology of hearing, Academic Press.

Moore, B.C.J. & Glasberg, B.R., 1983. Suggested formulae for calculating auditory-filter
bandwidths and excitation patterns. Journal of the acoustical society of america,

74(3), pp.750-753.

Moscicki, E.K. et al., 1985. Hearing loss in the elderly: an epidemiologic study of the
Framingham Heart Study Cohort. Ear Hear, 6(4), pp.184-190. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/4043571 [Accessed July 13, 2016].

Musicant, a D. & Butler, R. a, 1984. The influence of pinnae-based spectral cues on
sound localization. The Journal of the Acoustical Society of America, 75(4),

pp-1195-1200.

Nelson, P. a & Rose, J.F.W., 2005. Errors in two-point sound reproduction. The Journal
of the Acoustical Society of America, 118(1), pp.193-204. Available at:
http://scitation.aip.org/content/asa/journal/jasa/118/1/10.1121/1.1928787.

Nicholson, N. et al., 2011. Verification of speech spectrum audibility for pediatric Baha
Softband users with craniofacial anomalies. The Cleft palate-craniofacial journal :
official publication of the American Cleft Palate-Craniofacial Association, 48(1),
pp.56—65. Available at: http://www.ncbi.nlm.nih.gov/pubmed/20180710 [Accessed
February 8, 2016].

Nolan, M. & Lyon, D.J., 1981. Transcranial attenuation in bone conduction audiometry.

The Journal of laryngology and otology, 95(June), pp.597—608.

Pai, L. et al., 2012. Outcome of bone-anchored hearing aids for single-sided deafness: A

prospective study. Acta Oto-laryngologica, 132(November 2011), pp.751-755.

Papsin, B. et al., 1997. Surgical experience with bone-anchored hearing aids in children.

The Laryngoscope, 107(6), pp.801-806.

Parving, A., 1983. Epidemiology of hearing loss and aetiological diagnosis of hearing
impairment in childhood. International Journal of Pediatric Otorhinolaryngology,
5(C), pp.151-165. Available at: http://www.ncbi.nlm.nih.gov/pubmed/6874238
[Accessed July 13, 2016].

Patterson, R. et al., 1987. An efficient auditory filterbank based on the gammatone
115



function. In Speech-Group meeting of the Institute of Acoustcs on Auditory
Modelling.

Perrett, S. & Noble, W., 1997. The effect of head rotations on vertical plane sound
localization. The Journal of the Acoustical Society of America, 102(4), pp.2325—
2332.

Peters, J.P.M. et al., 2015. Review: Bone conduction devices and contralateral routing of

sound systems in single-sided deafness. Laryngoscope, 125(1), pp.218-226.

Pfiftner, F. et al., 2011. Benefits of low-frequency attenuation of baha® in single-sided

sensorineural deafness. Ear and hearing, 32, pp.40—45.

Pinto, O.F., 1962. A New Structure Related to the Temporomandibular Joint and Middle
ear. Journal of Prosthetic Dentistry, 12(1), pp.95-103.

Plomp, R., 1986. A signal-to-noise ratio model for the speech-reception threshold of the
hearing impaired. Journal of Speech and Hearing Research, 29, pp.146—154.
Available at: http://jslhr.asha.org/cgi/content/abstract/29/2/146.

Plomp, R. & A.M., M., 1979. Improving the reliability of testing the speech reception
threshold for sentences. Audiology, 18, pp.43-52.

van der Pouw, K.T., Snik, a F. & Cremers, C.W., 1998. Audiometric results of bilateral
bone-anchored hearing aid application in patients with bilateral congenital aural

atresia. The Laryngoscope, 108(April), pp.548—553.

Priwin, C. et al., 2007. BAHA in children and adolescents with unilateral or bilateral
conductive hearing loss: A study of outcome. International Journal of Pediatric

Otorhinolaryngology, 71, pp.135-145.

Priwin, C. et al., 2004. Bilateral bone-anchored hearing aids (BAHAs): an audiometric
evaluation. The Laryngoscope, 114(January), pp.77-84.

Priwin, C. & Granstrom, G., 2005. A long-term evaluation of bone-anchored hearing aid

(BAHA) in children. Cochlear Implants International, 6(SUPPL. 1), pp.81-83.

Puria, S. & Rosowski, J.J., 2012. Bekesy’s contributions to our present understanding of
sound conduction to the inner ear. Hearing Research, 293(1-2), pp.21-30. Available
at: http://dx.doi.org/10.1016/j.heares.2012.05.004.

Reinfeldt, S. et al., 2010. Hearing one’s own voice during phoneme vocalization--
transmission by air and bone conduction. The Journal of the Acoustical Society of

America, 128(August 2010), pp.751-762.
116



Reinfeldt, S. et al., 2015. New developments in bone-conduction hearing implants: a
review. Medical devices (Auckland, N.Z.), 8, pp.79-93. Available at:
http://www.dovepress.com/new-developments-in-bone-conduction-hearing-

implants-a-review-peer-reviewed-fulltext-article-MDER.

Reinfeldt, S., Stenfelt, S. & Hakansson, B., 2007. Transcranial transmission of bone
conducted sound measured acoustically and psychoacoustically. Middle Ear

Mechanics in Research and Otology, pp.276-281.

Rohrbaugh, J.W. & Polytec Gmbh, 2010. Measuring and Scanning Physiological Signals,

Available at: www.polytec.com/infocus.

Roo6sli, C. et al.,, 2012. Comparison of umbo velocity in air- and bone-conduction.

Hearing Research, 290(1-2), pp.83—-90.

Rossi, G. et al., 1988. Delayed oto-acoustic emissions evoked by bone-conduction
stimulation: experimental data on their origin, characteristics and transfer to the
external ear in man. Scandinavian audiology. Supplementum, 29, pp.1-24. Available

at: http://www.ncbi.nlm.nih.gov/pubmed/3187394 [Accessed May 16, 2016].

Rothauser, E., Chapman, W. & Guttman, N., 1969. IEEE recommended practice for
speech quality measurements. /EEE Transactions on Audio and Electroacoustics,
17, pp.227-246. Available at:
http://scholar.google.com/scholar?hl=en&btnG=Search&qg=intitle:IEEE+Recomme

nded+Practices+for+Speech+Quality+Measurements#0.

Rowan, D. & Gray, M., 2008. Lateralization of high-frequency pure tones with interaural
phase difference and bone conduction. International journal of audiology, 47,

pp.404-411.

Russell, D. a., 2010. Basketballs as spherical acoustic cavities. American Journal of

Physics, 78(December 2009), p.549.

Schmithorst, V.J., Plante, E. & Holland, S., 2014. Unilateral deafness in children affects
development of multi-modal modulation and default mode networks. Frontiers in

human neuroscience, 8(March), p.164. Available at:

http://www.frontiersin.org/Journal/10.3389/fnhum.2014.00164/abstract.

Schroeder, M. & Atal, B., 1963. Computer simulation of sound transmission in rooms.

Proceedings of the IEEE, pp.536-537.
Schroeder, M.R., 1973. Computer Models for Concert Hall Acoustics. American Journal

117



of Physics, 41(4), p.461. Available at:
http://scitation.aip.org/content/aapt/journal/ajp/41/4/10.1119/1.1987272.

Schroeder, R., 1969. Digital Simulation of Sound Transmission in Reverberant Spaces.

The Journal of the acoustical society of america, 47(2), pp.424-431.

Seniors Research Group, 1999. The Consequences of Untreated Hearing Loss in Older
Persons Summary The National Council on the Aging. , (May 1999), pp.1-5.
Available at: http://www.madlerhearing.com/pdfs/ncoa_hearing summary.pdf.

Senn, P. et al., 2005. Minimum audible angle, just noticeable interaural differences and
speech intelligibility with bilateral cochlear implants using clinical speech
processors. Audiology and Neurotology, 10(6), pp.342-352. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16103645 [Accessed July 31, 2016].

Sheehan, P.Z. & Hans, P.S., 2006. UK and Ireland experience of bone anchored hearing
aids (BAHA??) in individuals with Down syndrome. International Journal of

Pediatric Otorhinolaryngology, 70(6), pp.981-986.

Snik, A.F. et al., 1998. Binaural application of the bone-anchored hearing aid. The Annals
of otology, rhinology, and laryngology, 107(3), pp.187-93. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/9525238 [Accessed February 9, 2016].

Snik, A.F.M. et al., 2005. Consensus statements on the BAHA system: where do we stand
at present? The Annals of otology, rhinology & laryngology. Supplement, 195, pp.2—
12. Available at: http://www.ncbi.nlm.nih.gov/pubmed/16619473 [Accessed
October 28, 2015].

Snyder, jack m, 1973. Interaural attenuation characteristics in audiometry. The

Laryngoscope, 83(11), pp.1847-1855.

Sohmer, H. et al., 2000. Bone conduction experiments in humans - a fluid pathway from
bone to ear. Hearing Research, 146(1-2), pp.81-88. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/10913886.

Spitzer, J.B., Ghossaini, S.N. & Wazen, J.J., 2002. Evolving applications in the use of
bone-anchored hearing aids. American Journal of Audiology, 11(2), pp.96-103.
Available at: http://www.scopus.com/inward/record.url?eid=2-s2.0-

0037646295&partnerID=40&md5=1434a4e744ed24901c5750549ff91b69.

Stenfelt, S., 2011. Acoustic and Physiologic Aspects of Bone Conduction Hearing. In
Implantable Bone Conduction Hearing Aids. Basel: KARGER, pp. 10-21.

118



Stenfelt, S., 2013. Bone Conduction and the middle ear 46th ed., Springer New Y ork.

Stenfelt, S. et al., 2003. Factors contributing to bone conduction: the outer ear. The

Journal of the Acoustical Society of America, 113(May 2002), pp.902-913.

Stenfelt, S., 2007. Simultaneous cancellation of air and bone conduction tones at two
frequencies: extension of the famous experiment by von Békésy. Hearing research,
225(1-2), pp.105-116. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/17270374.

Stenfelt, S., 2012. Transcranial Attenuation of Bone-Conducted Sound When Stimulation
Is at the Mastoid and at the Bone Conduction Hearing Aid Position. Ofology &
Neurotology, 33, pp.105-114.

Stenfelt, S. & Goode, R.L., 2005a. Bone-conducted sound: physiological and clinical
aspects. Otology & neurotology : official publication of the American Otological
Society, American Neurotology Society [and] European Academy of Otology and
Neurotology, 26(8), pp.1245-1261. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16272952 [Accessed May 31, 2016].

Stenfelt, S. & Goode, R.L., 2005b. Transmission properties of bone conducted sound:
measurements in cadaver heads. The Journal of the Acoustical Society of America,

118(October), pp.2373-2391.

Stenfelt, S. & Hékansson, B., 2002. Air versus bone conduction: An equal loudness

investigation. Hearing Research, 167, pp.1-12.

Stenfelt, S., Hakansson, B. & Tjellstrom, A., 2000. Vibration characteristics of bone
conducted sound in vitro. The Journal of the Acoustical Society of America, 107(1),

pp.422-431.

Stenfelt, S., Hato, N. & Goode, R.L., 2004. Round window membrane motion with air

conduction and bone conduction stimulation. Hearing Research, 198, pp.10-24.

Stenfelt, S. & Reinfeldt, S., 2007. A model of the occlusion effect with bone-conducted

stimulation. International journal of audiology, 46, pp.595—608.

Stenfelt, S. & Zeitooni, M., 2013. Binaural hearing ability with mastoid applied bilateral
bone conduction stimulation in normal hearing subjects. The Journal of the
Acoustical Society of America, 134(July 2013), pp.481-93. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/23862823.

Takeuchi, T. & Nelson, P.A., 2002. Optimal Source Distribution for Binaural Synthesis
119



over Loudspeakers. The Journal of the Acoustical Society of America, 112(6),
p.2786. Available at: http://link.aip.org/link/JASMAN/v112/i6/p2786/s1 & Agg=doi.

Tjellstrom, A. & Granstrom, G., 1995. One-stage procedure to establish osseointegration:
a zero to five years follow-up report. The Journal of laryngology and otology,
109(7), pp.593-598.

Tolm, C.D., 2014. Runge °’ s phenomenon. , pp.1-2. Available at:
http://www.tlu.ee/~tonu/Arvmeet/Runge’s phenomenon.pdf [Accessed February 1,

2016].

Tonndorf, J., Campbell, R. A., Bernstein, L., and Reneau, J.P. & Tonndorf, J., 1966. Bone
conduction studies in experimental animals. Acta Oto-Laryngol. (Stockholm),,

(Suppl. 213), pp.1-132.

Tonndorf, J. et al., 1966. Bone conduction studies in experimental animals. Acta Oto-

Laryngol. (Stockholm),, (Suppl. 213), pp.1-132.

Tonndorf, J. & Jahn, a F., 1981. Velocity of propagation of bone-conducted sound in a
human head. The Journal of the Acoustical Society of America, 70, pp.1294—1297.

Tonndorf, J. & Khanna, S.M., 1968. Displacement pattern of the basilar membrane: a
comparison of experimental data. Science (New York, N.Y.), 160(June), pp.1139—
1140.

Tonndorf, J. & Tabor, J.R., 1962. Closure of the cochlear windows: its effect upon air-
and bone-conduction. The Annals of otology, rhinology, and laryngology, 71, pp.5—
29. Available at: http://www.ncbi.nlm.nih.gov/pubmed/13921867 [Accessed June 2,
2016].

Turner, J., 1990. The Ear and Auditory System. Clinical Methods: The History, Physical,
and Laboratory Examinations, pp.609—611. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/21250075 [Accessed July 15, 2016].

Vanniasegaram, I., Bradley, J. & Bellman, S., 1994. Clinical applications of transcranial

bone conduction attenuation in children. The Journal of laryngology and otology,
108(10), pp.834-836.

Verhagen, C.V.M. et al., 2008. The Baha Softband. A new treatment for young children
with bilateral congenital aural atresia. International journal of pediatric
otorhinolaryngology, 72(10), pp.1455-1459. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/18667244 [ Accessed September 22, 2016].

120



Voss, S.E. et al., 2000. Acoustic responses of the human middle ear. Hearing research,

150, pp.43-69.

Walker, B.N., Stanley, R.M. & Street, C., 2005. Thresholds of Audibility for Bone-
Conduction Headsets. Proceedings of ICAD 05-Eleventh Meeting of the
International Conference on Auditory Display, pp.218-222.

Wazen, J.J. et al.,, 2010. The Baha system in patients with single-sided deafness and
contralateral hearing loss. Otolaryngology - Head and Neck Surgery, 142(4),
pp.554-559. Available at: http://dx.doi.org/10.1016/j.0tohns.2009.12.047.

Wazen, J.J. et al., 2003. Transcranial contralateral cochlear stimulation in unilateral

deafness. Otolaryngology - Head and Neck Surgery, 129(3), pp.248-254.

Wever, E.G., Lawrence, M., 1954. Physiological Acoustics, Princeton, New Jersey:

Princeton University Press.

Wiener, N., 1949. Extrapolation, Interpolation, and Smoothing of Stationary Time Series.
With engineering applications., Pp. ix. 163. Technology Press of the Massachusetts
Institute of Technology; John Wiley & Sons: New York, Wiley.

Williams, B., 1981. Simultaneous cerebral and spinal fluid pressure recordings. I.
Technique, physiology, and normal results. Acta neurochirurgica, 58(3—4), pp.167—
85. Available at: http://www.ncbi.nlm.nih.gov/pubmed/7315549 [ Accessed October
1,2016].

Wismer, M.G. & O’Brien, W.D., 2010. Evaluation of the vibrational modes of the human
skull as it relates to bone-conducted sound. The Journal of the Acoustical Society of

America, 128(June), pp.2792-2797.

Wolfe, J. et al., 2015. Benefits of Adaptive Signal Processing in a Commercially
Available Cochlear Implant Sound Processor. Otology & neurotology : official
publication of the American Otological Society, American Neurotology Society
[and] European Academy of Otology and Neurotology, 36(7), pp.1181-90.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/26049314 [Accessed March 24,
2016].

Yellon, R.F., 2007. Bone anchored hearing aid in children-Prevention of complications.

International Journal of Pediatric Otorhinolaryngology, 71, pp.823—826.

Yuen, H.W. et al., 2009. Management of single-sided deafness with the bone-anchored
hearing aid. Otolaryngology - Head and Neck Surgery, 141(1), pp.16-23. Available

121



at: http://dx.doi.org/10.1016/j.0tohns.2009.02.029.

Zhang, P.X. & Hartmann, W.M., 2006. Lateralization of sine tones-interaural time vs
phase (L). The Journal of the Acoustical Society of America, 120(December),
pp.3471-3474.

Zurek, P.M., 1993. Binaural advantages and directional effects in speech intelligibility.
Acoustical factors affecting hearing aid performance, 2, pp.255-275.

Zurek, P.M., 1986. Consequences of conductive auditory impairment for binaural
hearing. The Journal of the Acoustical Society of America, 80(August 1986),
pp.466—472.

Zwislocki, J., 1953. Acoustic Attenuation between the Ears. The Journal of the Acoustical

Society of America, 25(4), pp.752-759.

Zwislocki, J.J., 1981. Middle ear, cochlea, and Tonndorf. American journal of
otolaryngology, 2(3), pp.240-250.

122



