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!
The

 Bri
tish

 Co
unc

il 20
02

Psy
cho

aco
ust

ics 
of n

orm
al a

nd 
imp

aire
d

hea
ring

Bria
n C

 J M
oor

e
Dep

artm
ent 

of E
xpe

rime
ntal

 Psy
cho

logy
, Un

iver
sity 

of C
amb

ridg
e, C

amb
ridg

e, U
K

Rec
ent

 dev
elop

men
ts in

 the
 fie

ld o
f ps

ych
oac

ous
tics 

are
 pre

sen
ted

, fo
cusi

ng 
on

are
as w

hich
 hav

e ap
plic

atio
n in

 the
 dia

gno
sis a

nd 
und

erst
and

ing 
of i

mpa
ired

hea
ring

. Co
chle

ar h
ear

ing 
loss

 oft
en r

esu
lts i

n a 
loss

 of 
the

 com
pre

ssiv
e no

n-
line

arit
y th

at o
per

ate
s in

 no
rma

l ea
rs; t

his 
loss

 is p
rob

ably
 the

 ma
in c

aus
e of

loud
nes

s re
crui

tme
nt. 

Forw
ard

 ma
skin

g ca
n b

e us
ed a

s a 
too

l to
 ass

ess 
the

stre
ngt

h o
f co

chle
ar c

omp
ress

ion 
in h

uma
n lis

ten
ers.

 He
arin

g im
pair

men
t ca

n
som

etim
es b

e as
soci

ate
d w

ith 
com

plet
e lo

ss o
f fu

ncti
on 

of i
nne

r ha
ir ce

lls o
ver 

a
cert

ain 
reg

ion 
of t

he c
och

lea,
 res

ulti
ng 

in a
 ‘de

ad r
egio

n’. T
wo 

psyc
hoa

cou
stic

met
hod

s fo
r de

tect
ing 

dea
d re

gion
s an

d d
efin

ing 
the

ir li
mit

s ar
e de

scrib
ed. 

The
imp

lica
tion

s of
 the

 res
ults

 for
 fitt

ing 
hea

ring
 aid

s ar
e di

scus
sed

. Fin
ally

, th
e

effe
ct o

f co
chle

ar h
ear

ing 
loss

 on
 the

 per
cep

tion
 of 

rap
id s

equ
enc

es o
f so

und
s

(stre
am 

seg
reg

atio
n) i

s de
scrib

ed.

This
 cha

pter
 pre

sent
s a 

sele
ctiv

e re
view

 of 
rece

nt d
evel

opm
ents

 in 
the

field
 of 

psyc
hoa

cou
stics

. It 
focu

ses 
on a

reas
 wh

ich 
hav

e ap
plic

atio
n in

the 
diag

nos
is an

d un
ders

tand
ing 

of im
pair

ed h
eari

ng. 
It d

oes 
not 

repe
at

topi
cs c

over
ed i

n m
y ea

rlier
 Bri

tish
 Me

dica
l Bu

lleti
nre

view
1 . F

or m
ore

com
preh

ensi
ve c

over
age 

of th
e ps

ycho
acou

stics
 of i

mpa
ired

 hea
ring

, the
read

er is
 refe

rred
 to r

evie
ws e

lsew
here

2,3 .
Usi

ng 
for

wa
rd m

ask
ing

 to 
ass

ess
 co

chl
ear

 co
mp

res
sio

n
Rec

ent 
phy

siolo
gica

l stu
dies

 of 
the 

mec
han

ics 
of t

he b
asila

r m
emb

rane
with

in t
he c

och
lea 

indi
cate

 tha
t th

e re
spon

se t
o si

nuso
idal

 ton
es c

an b
e

high
ly c

omp
ress

ive4,5 . T
he c

omp
ress

ion 
can 

be q
uan

tifie
d by

 plo
tting

 the
mag

nitu
de o

f th
e re

spon
se a

s a 
func

tion
 of 

the 
mag

nitu
de o

f th
e in

put,
givin

g an
 inp

ut–o
utpu

t fun
ctio

n. A
 sch

ema
tic e

xam
ple i

s giv
en in

 Fig
ure 

1.
The

 so
lid 

line
 sh

ows
 wh

at w
ould

 be
 ob

serv
ed 

for 
a to

ne 
at t

he
char

acte
risti

c fr
equ

ency
 (CF

) of
 the

 pla
ce b

eing
 stu

died
 (th

e C
F is

 the
freq

uen
cy g

ivin
g m

axim
al re

spon
se a

t tha
t pla

ce fo
r a l

ow-
leve

l inp
ut). 

For
mid

-ran
ge s

oun
d le

vels
, the

 out
put 

grow
s by

 onl
y 2.

5 dB
 for

 eac
h 10

-dB
incr

ease
 in 

inpu
t le

vel, 
indi

catin
g co

mpr
essio

n. T
he f

unc
tion

 be
com

es

Cor
resp

ond
enc

e to
:

Pro
f. B

rian
 C J

 Mo
ore

,
Dep

artm
ent

 of
Exp

erim
ent

al P
sych

olog
y,

Uni
vers

ity o
f Ca

mbr
idge

,
Dow

ning
 Str

eet
,

Cam
brid

ge C
B2 3

EB, 
UK
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mor
e lin

ear 
(stee

per)
 for

 ver
y lo

w a
nd v

ery 
high

 sou
nd l

evel
s. T

he l
ong

-
dash

ed l
ine 

show
s th

e ty
pe o

f fun
ctio

n th
at w

ould
 be 

obse
rved

 for
 a to

ne
with

 freq
uen

cy w
ell b

elow
 CF.

 In t
his c

ase,
 the

 resp
onse

 gro
ws i

n a 
linea

r
man

ner;
 eac

h 10
-dB 

incr
ease

 in i
npu

t lev
el gi

ves 
rise 

to a
 10-

dB i
ncre

ase 
in

resp
onse

.
The

 com
pres

sion
 on 

the 
basi

lar m
emb

rane
 is b

eliev
ed t

o ar
ise f

rom
 the

ope
ratio

n of
 an 

‘acti
ve’ 

phy
siolo

gica
l me

chan
ism 

whi
ch d

epen
ds o

n th
e

mot
ile b

ehav
iour

 of t
he o

uter
 hai

r ce
lls (

see 
chap

ters 
by A

shm
ore 

and
  by

Kem
p in

 this
 vol

ume
). T

he c
omp

ress
ion 

is ve
ry f

ast-a
ctin

g6 an
d it 

allo
ws

the 
norm

al a
udit

ory 
syst

em 
to o

pera
te o

ver 
a w

ide 
rang

e of
 sou

nd l
evel

s,
i.e. i

t pro
vide

s the
 larg

e dy
nam

ic ra
nge 

of a
bou

t 12
0 dB

. It a
lso p

lays
 a ro

le
in 

man
y o

ther
 as

pect
s o

f a
udit

ory 
perc

epti
on, 

incl
udin

g in
tens

ity
disc

rimi
nati

on, 
mas

king
, lou

dne
ss, a

nd t
imb

re p
erce

ptio
n7 . H

eari
ng l

oss 
is

ofte
n ca

used
 by 

loss
 of 

func
tion

 of 
the 

oute
r ha

ir ce
lls (

see 
chap

ters 
by

Forg
e &

 Wr
ight

 and
 by 

Rap
hael

 in t
his v

olum
e). T

his l
eads

 to t
he l

oss 
of

com
pres

sion
, wh

ich 
is p

roba
bly 

the 
mai

n ca
use 

of t
he r

edu
ced 

dyn
ami

c
rang

e an
d lo

udn
ess r

ecru
itme

nt th
at a

re ty
pica

lly a
ssoc

iated
 wit

h co
chle

ar
hear

ing 
loss

3,8 .
Com

pres
sion

 in 
the 

coch
lea 

can 
be q

uan
tifie

d in
 hum

an l
isten

ers 
usin

g
forw

ard 
mas

king
. Th

e lis
tene

r is 
requ

ired
 to d

etec
t a b

rief 
sign

al p
rese

nted
just 

afte
r the

 end
 of a

 ma
sker

 tha
t typ

icall
y las

ts 10
0–3

00 m
s. It

 is a
ssum

ed
that

 the
 thr

esho
ld fo

r de
tecti

ng t
he s

igna
l is 

mon
oton

icall
y re

lated
 to 

the
‘inte

rnal
’ eff

ect p
rodu

ced 
by t

he m
aske

r at 
the 

plac
e in

 the
 coc

hlea
 wh

ere
the 

sign
al i

s de
tecte

d. T
his 

plac
e w

ill h
ave 

a C
F c

lose
 to 

the 
sign

al

New
 dev

elop
men

ts in
 hea

ring
 and

 bal
anc

e

Brit
ish 

Med
ical

 Bu
llet

in2
002

;63

Relativeresponse(dB)

In
p
u
t

le
ve

l
(d

B
)

Fig.
 1T

he s
olid

 line
 sho

ws 
a sc

hem
atic

 illu
stra

tion
 of 

an i
npu

t–ou
tpu

t fu
ncti

on 
on 

the
bas

ilar
 me

mbr
ane

 for
 a t

one
 wit

h fr
equ

enc
y cl

ose
 to 

CF. 
The

 das
hed

 line
 sho

ws 
a lin

ear
inpu

t-ou
tpu

t fu
ncti

on. 
This

 is t
ypic

al o
f w

hat
 mig

ht b
e ob

serv
ed f

or a
 ton

e w
ith 

freq
uen

cy
wel

l be
low

 CF.
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freq
uen

cy. T
he a

dva
ntag

e of
 for

war
d m

aski
ng i

s th
at th

e sig
nal 

and
 the

mas
ker 

are 
sepa

rate
d in

 tim
e, so

 the
 ma

sker
 and

 the
 sign

al a
re p

roce
ssed

inde
pen

den
tly 

on 
the 

basi
lar 

mem
bran

e, a
nd 

non
-line

ar i
nter

acti
ons

betw
een 

them
 are

 min
ima

l.
In f

orw
ard 

mas
king

, a 
give

n in
crem

ent 
in m

aske
r lev

el o
ften

 doe
s no

t
prod

uce 
an e

qua
l inc

rem
ent 

in a
mou

nt o
f for

war
d m

aski
ng. 

For 
exam

ple,
if th

e m
aske

r lev
el is

 inc
reas

ed b
y 10

 dB,
 the

 ma
sked

 thr
esho

ld m
ay o

nly
incr

ease
 by 

3 dB
9,10

. Th
is ef

fect 
can 

be q
uan

tifie
d by

 plo
tting

 the
 sig

nal
thre

shol
d (in

 dB)
 as 

a fu
ncti

on o
f th

e m
aske

r lev
el (i

n dB
). T

he r
esul

ting
func

tion
 is c

alled
 a gr

owt
h-of

-ma
skin

g fu
ncti

on. 
In si

mul
tane

ous 
mas

king
,

such
 fun

ctio
ns o

ften
 hav

e slo
pes 

clos
e to

 one
, wh

en a
 bro

ad-b
and

 noi
se

mas
ker 

is us
ed. 

In fo
rwa

rd m
aski

ng, 
the 

slop
es a

re u
sual

ly le
ss th

an o
ne.

Oxe
nha

m a
nd M

oore
11

hav
e su

gges
ted 

that
 the

 sha
llow

 slo
pes 

of t
he

grow
th-o

f-ma
skin

g fu
ncti

ons 
can 

be e
xpla

ined
 in t

erm
s of 

the 
com

pres
sive

inpu
t–ou

tput
 fun

ctio
n o

f th
e ba

silar
 me

mbr
ane.

 Su
ch a

n in
put–

outp
ut

func
tion

 is s
how

n sc
hem

atica
lly i

n F
igur

e 2.
 It h

as a
 sha

llow
 slo

pe f
or

med
ium

 inp
ut le

vels
, bu

t a s
teep

er sl
ope

 at v
ery 

low
 inp

ut le
vels

. As
sum

e
that

, for
 a gi

ven 
time

 dela
y of

 the
 sign

al re
lativ

e to
 the

 ma
sker

, the
 resp

onse
evok

ed b
y th

e sig
nal 

at th
resh

old 
is d

irect
ly p

ropo
rtion

al to
 the

 res
pon

se
evok

ed b
y th

e m
aske

r. A
ssum

e, as
 an 

exam
ple, 

that
 a m

aske
r wi

th a
 leve

l
of 5

0 d
B p

rodu
ces 

a si
gna

l th
resh

old 
of 1

2 d
B. C

onsi
der 

now
 wh

at
hap

pen
s w

hen
 the

 ma
sker

 lev
el is

 inc
reas

ed b
y 20

 dB
. Th

e in
crea

se i
n

mas
ker 

leve
l, d

eno
ted 

by 
"

M i
n F

igur
e 2,

 pro
duc

es a
 rel

ativ
ely 

sma
ll

Psyc
hoa

cou
stics

Brit
ish 

Med
ical

 Bu
llet

in2
002

;63

Relativeresponse(dB)

In
p
u
t

le
ve

l
(d

B
)

Fig.
 2T

he c
urve

 sho
ws 

a sc
hem

atic
 inp

ut-o
utp

ut f
unc

tion
 on

 the
 bas

ilar
 me

mbr
ane

. W
hen

the
 ma

ske
r is 

incr
eas

ed i
n le

vel 
by "

M, 
this

 pro
duc

es a
n in

crea
se i

n re
spo

nse
 of 

"
O. T

o
rest

ore
 sig

nal 
thre

sho
ld, t

he r
esp

ons
e to

 the
 sig

nal 
also

 has
 to 

be i
ncre

ase
d b

y "O
. Th

is
req

uire
s an

 inc
rea

se i
n si

gna
l lev

el, "
S, w

hich
 is m

ark
edly

 sm
alle

r th
an "

M.
124

incr
ease

 in r
espo

nse,
 "O

. To
 rest

ore 
the 

sign
al to

 thr
esho

ld, t
he s

igna
l ha

s
to b

e inc
reas

ed in
 leve

l so 
that

 the
 resp

onse
 to i

t inc
reas

es b
y "O

. Ho
wev

er,
this 

requ
ires 

a re
lativ

ely s
mal

l inc
reas

e in 
sign

al le
vel, 

"
S, as

 the
 sign

al le
vel

falls
 in t

he r
ang

e wh
ere t

he in
put–

outp
ut fu

ncti
on i

s rel
ativ

ely s
teep

. Th
us,

the 
grow

th-o
f-ma

skin
g fu

ncti
on h

as a
 sha

llow
 slop

e.
Oxe

nha
m a

nd P
lack

12
hav

e in
vest

igat
ed f

orw
ard 

mas
king

 for
 a 6

-kH
z

sinu
soid

al m
aske

r an
d a 

sign
al o

f the
 sam

e fre
que

ncy.
 The

y sh
owe

d th
at if

the 
sign

al is
 ma

de v
ery 

brie
f an

d th
e tim

e de
lay 

betw
een 

the 
mas

ker 
and

sign
al is

 ver
y sh

ort, 
the 

leve
l of

 the
 sig

nal 
at t

hres
hold

 is a
ppro

xim
ately

equ
al t

o th
e m

aske
r le

vel. 
Und

er t
hese

 con
ditio

ns, 
the 

sign
al a

nd 
the

mas
ker 

are 
com

pres
sed 

by a
 sim

ilar 
amo

unt 
on t

he b
asila

r me
mbr

ane,
 and

the 
grow

th-o
f-ma

skin
g fu

ncti
on h

as a
 slop

e of
 uni

ty. T
his i

s illu
stra

ted 
in

Figu
re 3

 (fill
ed s

ymb
ols).

 Wh
en a

 ma
sker

 freq
uen

cy w
ell b

elow
the 

sign
al

freq
uen

cy w
as u

sed 
(3 k

Hz 
inste

ad o
f 6 

kHz
), th

e gr
owt

h-of
-ma

skin
g

func
tion

 had
 a sl

ope
 mu

ch g
reat

erth
an u

nity
; a 1

0-dB
 inc

reas
e in

 ma
sker

leve
l wa

s ac
com

pan
ied b

y a 4
0-dB

 incr
ease

 in s
igna

l lev
el, a

s sh
own

 by 
the

ope
n sy

mbo
ls in

 Fig
ure 

3. T
his 

can 
be e

xpla
ined

 as 
follo

ws: 
the 

sign
al

New
 dev

elop
men

ts in
 hea

ring
 and

 bal
anc

e

Brit
ish 

Med
ical

 Bu
llet

in2
002

;63

Fig.
 3D

ata
 fro

m O
xen

ham
 and

 Pla
ck12

for 
nor

mal
ly h

ear
ing 

sub
ject

s. T
hre

sho
lds 

for
det

ecti
ng 

a 6-
kHz

 sig
nal 

foll
owi

ng 
a 3-

kHz
 or 

6-kH
z m

ask
er a

re s
how

n. T
he s

igna
l lev

el
was

 fixe
d, a

nd 
the

 ma
ske

r le
vel 

was
 var

ied 
to d

ete
rmi

ne t
he t

hre
sho

ld. S
ymb

ols 
rep

rese
nt

the
 me

an t
hre

sho
lds 

of t
hre

e no
rma

lly h
ear

ing 
sub

ject
s. E

rror
 bar

s re
pre

sen
t ±

1 SE
M.

The
y ar

e om
itte

d w
her

e th
ey w

ould
 be 

sma
ller

 tha
n th

e re
leva

nt d
ata

 po
int.
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thre
shol

d de
pen

ds o
n th

e re
spon

se e
vok

ed b
y th

e m
aske

r at 
the 

plac
e wi

th
CF 

clos
e to

 the
 sig

nal 
freq

uen
cy. T

he g
row

th o
f re

spon
se o

n th
e ba

silar
mem

bran
e fo

r to
nes 

with
 freq

uen
cy w

ell b
elow

 CF
 is l

inea
r (se

e th
e lo

ng-
dash

ed l
ine 

in F
ig. 1

). T
hus,

 the
 sign

al is
 sub

ject 
to c

omp
ress

ion 
whi

le th
e

mas
ker 

is no
t (es

sent
ially

 the
 opp

osite
 of t

he s
itua

tion
 illu

stra
ted 

in F
ig. 2

).
This

 giv
es ri

se to
 the

 stee
p gr

owt
h-of

-ma
skin

g fu
ncti

on.
If th

e co
mpr

essio
n on

 the
 bas

ilar 
mem

bran
e is 

lost 
as a

 con
sequ

ence
 of

coch
lear

 hea
ring

 los
s, th

en t
he g

row
th-o

f-ma
skin

g fu
ncti

ons 
in f

orw
ard

mas
king

 (in 
dB p

er d
B) s

hou
ld h

ave 
slop

es c
lose

 to u
nity

, ex
cept

 wh
en t

he
sign

al is
 ver

y clo
se to

 its a
bsol

ute 
thre

shol
d. F

urth
erm

ore,
 the

 slop
e sh

ould
rem

ain 
clos

e to
 uni

ty, r
egar

dles
s of

 the
 rela

tive 
freq

uen
cies 

of t
he m

aske
r

and
 sign

al, a
s all

 freq
uen

cies 
shou

ld b
e pr

oces
sed 

linea
rly. 

Emp
irica

l da
ta

hav
e co

nfirm
ed t

hese
 pre

dict
ions

11–
13 . T

his i
s illu

stra
ted 

in F
igur

e 4,
 wh

ich
show

s ind
ivid

ual 
data

 fro
m th

ree 
subj

ects
 wit

h m
ode

rate
 coc

hlea
r he

arin
g

loss
 in t

he s
ame

 con
ditio

ns a
s th

ose 
used

 for
 the

 nor
mal

ly h
eari

ng s
ubje

cts
in F

igur
e 3.

 In 
con

tras
t to

 Fig
ure 

3, a
ll th

ree 
hear

ing-
imp

aire
d su

bjec
ts in

Figu
re 4

 sho
w li

near
 gro

wth
-of-m

aski
ng f

unc
tion

s fo
r bo

th th
e 6-

kHz
 and

the 
3-kH

z m
aske

r. T
his 

is co
nsis

tent
 wit

h th
e vi

ew 
that

 coc
hlea

r da
mag

e
resu

lts i
n a 

loss
 of b

asila
r me

mbr
ane 

com
pres

sion
.

Wh
ile 

forw
ard 

mas
king

 is 
a u

sefu
l la

bora
tory

 too
l fo

r q
uan

tifyi
ng

coch
lear

 com
pres

sion
, it i

s pr
oba

bly 
not 

suita
ble 

as a
 clin

ical 
tool

, be
caus

e
quit

e a 
lot 

of p
ract

ice 
is r

equi
red 

befo
re s

tabl
e re

sults
 are

 ob
tain

ed.
How

ever
, a s

imp
le m

easu
re o

f fre
quen

cy s
elec

tivit
y, ba

sed 
on t

he m
easu

re-

Psyc
hoa

cou
stics

Brit
ish 

Med
ical

 Bu
llet

in2
002

;63

Fig.
 4D

ata 
from

 Ox
enh

am 
and

 Pla
ck12

for 
thre

e su
bjec

ts w
ith 

coch
lear

 hea
ring

 los
s. In

divi
dua

l
data

 fro
m s

ubje
cts M

V, A
R an

d JK
 are

 plo
tted

. 
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men
t of 

thre
shol

ds fo
r de

tecti
ng a

 sinu
soid

al si
gnal

 in a
 noi

se w
ith a

 spe
ctra

l
notc

h14–
16

give
s re

sults
 tha

t ar
e qu

ite h
ighl

y co
rrela

ted 
with

 me
asur

es o
f

coch
lear

 com
pres

sion
 obt

aine
d us

ing 
forw

ard 
mas

king
17 . T

his c
orre

latio
n

prob
ably

 occ
urs 

beca
use 

both
 coc

hlea
r co

mpr
essio

n, a
nd t

he s
harp

ness
 of

tuni
ng (

selec
tivit

y) o
f th

e co
chle

a ar
e st

rong
ly d

epen
den

t on
 the

 act
ive

mec
han

ism.
 Th

us, 
the 

stren
gth 

of c
och

lear
 com

pres
sion

 can
 be 

estim
ated

indi
rect

ly fr
om 

the 
dete

ctio
n th

resh
old 

of a
 ton

e in
 a n

oise
 wit

h a 
spec

tral
notc

h.
Dia

gno
sis 

of d
ead

 reg
ion

s in
 the

 co
chl

ea
Coc

hlea
r he

arin
g lo

ss is
 som

etim
es a

ssoc
iated

 wit
h co

mpl
ete d

estru
ctio

n of
the 

inne
r ha

ir ce
lls (

IHC
s)18 . S

ome
time

s th
e IH

Cs m
ay s

till b
e pr

esen
t, bu

t
may

 be 
suff

icien
tly a

bno
rma

l tha
t th

ey n
o lo

nger
 fun

ctio
n. T

he I
HC

s ar
e

the 
tran

sduc
ers 

of t
he c

och
lea, 

resp
onsi

ble 
for 

con
vert

ing 
the 

vibr
atio

n
patt

erns
 on 

the 
basi

lar 
mem

bran
e in

to a
ctio

n po
tent

ials 
in t

he a
udit

ory
nerv

e19 . W
hen

 the
 IHC

s ar
e no

n-fu
ncti

onin
g ov

er a
 cer

tain
 reg

ion 
of t

he
coch

lea, 
no t

rans
duc

tion
 wil

l oc
cur 

in th
at re

gion
. He

nce,
 suc

h a 
regi

on i
s

calle
d a 

dead
 reg

ion8,20
,21 .

A d
ead 

regi
on c

an b
e de

fine
d in

 term
s of

 the
 CF

s of
 the

 IHC
s an

d/or
neu

ron
es i

mm
edia

tely
 ad

jace
nt t

o th
e de

ad 
regi

on21 . F
or e

xam
ple,

 if
ther

e is 
a de

ad r
egio

n at
 the

 bas
al e

nd o
f th

e co
chle

a, a
nd t

he C
F of

 the
IHC

s/ne
uro

nes 
imm

edia
tely

 adj
acen

t to
 the

 dea
d re

gion
 is 2

 kH
z, th

is is
desc

ribe
d as

 a d
ead 

regi
on e

xten
ding

 fro
m 2

 kH
z up

war
ds. 

A to
ne w

ith
freq

uen
cy f

allin
g in

 a d
ead 

regi
on 

is d
etec

ted 
via 

the 
apic

al o
r ba

sal
spre

ad o
f the

 vib
ratio

n pa
ttern

 to p
lace

s wh
ere 

ther
e ar

e su
rviv

ing 
IHC

s
and

 neu
ron

es22 . T
hus

, the
 ‘tru

e’ h
eari

ng l
oss 

at a
 giv

en f
requ

ency
 ma

y be
grea

ter t
han

 sug
gest

ed b
y th

e au
diom

etric
 thr

esho
ld a

t th
at fr

equ
ency

.
The

 aud
iogr

am 
cann

ot b
e us

ed t
o d

eter
min

e w
heth

er o
r no

t a 
dead

regi
on i

s pr
esen

t in 
a gi

ven 
indi

vidu
al, a

ltho
ugh

 a la
rge 

low
-freq

uen
cy lo

ss
or a

 loss
 tha

t inc
reas

es ra
pidl

y wi
th in

crea
sing

 freq
uen

cy is
 ofte

n as
soci

ated
with

 a d
ead 

regi
on21 . I

n th
e lab

orat
ory,

 dea
d re

gion
s ha

ve b
een 

diag
nose

d
by u

sing
 sim

ulta
neo

us m
aski

ng t
o m

easu
re p

sych
oph

ysic
al tu

ning
 cur

ves
(PT

Cs)22,2
3 . T

he s
igna

l is 
fixe

d in
 freq

uen
cy a

nd i
n le

vel, 
usua

lly a
t a l

evel
just 

abo
ve t

he a
bsol

ute 
thre

shol
d. T

he m
aske

r is 
usua

lly a
 nar

row
 ban

d of
nois

e. Fo
r ea

ch o
f sev

eral
 ma

sker
 cen

tre f
requ

enci
es, t

he le
vel o

f the
 ma

sker
need

ed 
just 

to m
ask 

the 
sign

al i
s d

eter
min

ed. 
For 

norm
ally 

hear
ing

subj
ects

,the
 tip 

of th
e PT

C (i
.e. t

he f
requ

ency
 at w

hich
 the

 ma
sker

 leve
l is

low
est) 

alw
ays 

lies 
clos

e to
 the

 sig
nal 

freq
uen

cy; 
the 

mas
ker 

is m
ost

effec
tive 

whe
n its

 freq
uen

cy is
 clo

se to
 tha

t of 
the 

sign
al.

Wh
en h

eari
ng-i

mpa
ired

 list
ener

s ar
e te

sted
, PT

Cs h
ave 

som
etim

es b
een

foun
d w

hose
 tips

 are
 shif

ted 
well

 aw
ay f

rom
 the

 sign
al fr

equ
ency

20,2
3 . T

his
hap

pen
s w

hen
 the

 sig
nal 

freq
uen

cy f
alls 

in a
 dea

d re
gion

. Fo
r ex

amp
le,

New
 dev

elop
men

ts in
 hea

ring
 and

 bal
anc

e

Brit
ish 

Med
ical

 Bu
llet

in2
002

;63
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whe
n th

ere i
s a l

ow-
freq

uen
cy d

ead 
regi

on, 
the 

dete
ctio

n of
 low

-freq
uen

cy
tone

s is
 me

diat
ed 

by 
neu

ron
es w

ith 
high

 CF
s, s

o a
 hig

h-fr
equ

ency
mas

ker 
is m

ore 
effe

ctiv
e th

an a
 ma

sker
 clo

se to
 the

 sign
al fr

equ
ency

.
PTC

s are
 rath

er ti
me c

onsu
min

g to
 det

erm
ine, 

and
 hav

e ra
rely

 bee
n us

ed
in c

linic
al p

ract
ice. 

Rec
entl

y, M
oore

 et 
al20

desc
ribe

d a
 tes

t fo
r th

e
iden

tific
atio

n o
f de

ad r
egio

ns w
hich

 is i
nten

ded
 to 

be s
hort

 and
 sim

ple
eno

ugh
 for

 use
 in c

linic
al p

ract
ice. 

The
 test

 is b
ased

 upo
n th

e de
tecti

on o
f

sinu
soid

s in
 the

 pre
senc

e of
 a b

road
-ban

d n
oise

, de
sign

ed t
o p

rodu
ce

alm
ost 

equ
al m

aske
d th

resh
olds

 (in 
dB S

PL) 
over

 a w
ide 

freq
uen

cy r
ang

e,
for 

norm
ally 

hear
ing 

liste
ners

 and
 for

 list
ener

s w
ith 

hear
ing 

imp
airm

ent
but 

with
out 

dead
 reg

ions
. Th

is n
oise

 is c
alled

 thr
esho

ld e
qua

lizin
g no

ise
(TE

N). 
The

 det
ectio

n th
resh

old 
is ap

prox
ima

tely 
equ

al to
 the

 leve
l of 

the
nois

e in 
a on

e-ER
B w

ide b
and

 cen
tred

 at 1
 kH

z; E
RB 

stan
ds fo

r eq
uiva

lent
rect

ang
ular

 ban
d-w

idth
 of t

he a
udit

ory 
filte

r, an
d its

 nor
mal

 valu
e at 

100
0

Hz 
is a

bou
t 13

2 H
z15 . F

or e
xam

ple, 
a no

ise l
evel

 of 
70 d

B/ER
B u

sual
ly

lead
s to

 a m
aske

d th
resh

old 
of a

bou
t 70

 dB 
SPL

.
Wh

en a
 ton

e ha
s a f

requ
ency

 tha
t fal

ls w
ell w

ithin
 a de

ad r
egio

n, th
e to

ne
is de

tecte
d us

ing 
neu

rone
s wi

th C
Fs r

emo
te fr

om 
the 

sign
al fr

equ
ency

. Th
e

amp
litud

e of
 bas

ilar 
mem

bran
e vib

ratio
n at

 the
 rem

ote 
plac

e wi
ll ge

nera
lly

be l
ess 

than
 the

 am
plitu

de i
n th

e de
ad r

egio
n. T

here
fore

, the
 bro

ad-b
and

nois
e m

asks
 the

 ton
e m

uch
 mo

re e
ffect

ively
 tha

n w
ould

 nor
mal

ly b
e th

e
case

, as
 the

 noi
se o

nly 
has 

to m
ask 

the 
redu

ced 
resp

onse
 at 

the 
rem

ote
plac

e. T
hus,

 if t
he t

hres
hold

 for
 det

ectin
g a 

tone
 in t

he T
EN 

is m
arke

dly
high

er t
han

 no
rma

l, th
is in

dica
tes 

a la
ck o

f fu
ncti

onin
g IH

Cs/n
euro

nes
with

 CF
s co

rres
pon

ding
 to t

he f
requ

ency
 of t

he t
one

 ( i.e
. a d

ead 
regi

on).
 

Tov
alid

ate 
the 

TEN
 test

, M
oore

 et a
l20

mea
sure

d PT
Cs a

nd a
ppli

ed t
he

TEN
 test

 in t
he s

ame
 hea

ring
-imp

aire
d lis

tene
rs. T

he h
ypo

thes
is te

sted
 was

that
 hig

her-
than

-nor
mal

 thr
esho

lds 
in th

e TE
N w

ould
 be 

asso
ciate

d w
ith

PTC
s wi

th sh
ifted

 tips
. Re

sults
 for 

a he
arin

g-im
pair

ed p
erso

n w
ho d

oes 
not

app
ear 

to h
ave 

a de
ad r

egio
n ar

e sh
own

 in 
Figu

re 5
. Th

e lo
wer

 pan
el

show
s re

sults
 obt

aine
d w

ith t
he T

EN,
 exc

ept 
that

 fille
d sq

uare
s in

dica
te

abso
lute

 thr
esho

lds (
in d

B SP
L). O

ver 
the 

freq
uen

cy r
ang

e wh
ere 

the 
TEN

prod
uces

 ma
skin

g, t
he m

aske
d th

resh
olds

 are
 on

ly s
ligh

tly 
high

er t
han

norm
al, b

eing
 aro

und
 71

–75
 dB

 for
 the

 TE
N l

evel
 of 

70 
dB/E

RB.
 Fo

r
freq

uen
cies 

of 3
000

 Hz
 and

 abo
ve, 

the 
TEN

 lev
el o

f 70
 dB

/ER
B is

 not
suff

icien
t to

 pro
duc

e m
aski

ng, 
so t

he m
aske

d th
resh

olds
 are

 clo
se to

 the
abso

lute
 thr

esho
lds.

The
 upp

er p
anel

 of 
Figu

re 5
 sho

ws 
PTC

s de
term

ined
 for

 thr
ee s

igna
l

freq
uen

cies
. In 

each
 cas

e, th
e sig

nal 
leve

l an
d fr

equ
ency

 are
 ind

icat
ed b

y
a fil

led 
sym

bol.
 Th

e co
rres

pon
ding

 PT
C is

 ind
icat

ed b
y an

 ope
n sy

mbo
l

of th
e sa

me 
shap

e. F
or e

ach 
PTC

, the
 tip 

is cl
ose 

to th
e sig

nal 
freq

uen
cy.

The
 PT

Cs a
re c

ons
isten

t wi
th t

he r
esul

ts u
sing

 the
 TE

N, i
ndic

atin
g th

at
each

 sign
al w

as d
etec

ted 
via 

IHC
s/ne

uro
nes 

with
 CF

s clo
se to

 the
 sign

al
freq

uen
cy.

Psyc
hoa

cou
stics

Brit
ish 

Med
ical

 Bu
llet
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Figu
re 6

 sho
ws r

esul
ts fo

r a h
eari

ng-i
mpa

ired
 per

son 
who

 pro
bab

ly d
oes

hav
e a 

dead
 reg

ion.
 Th

is p
erso

n ha
s ne

ar-n
orm

al h
eari

ng f
or f

requ
enci

es
up t

o 10
00 H

z, b
ut a

 sev
ere-

to-p
rofo

und
 los

s at
 hig

her 
freq

uen
cies.

 For
sign

al fr
equ

enci
es o

f 15
00 

Hz 
and

 abo
ve, 

mas
ked

 thr
esho

lds 
in t

he 7
0

dB/E
RB 

nois
e we

re 1
0 dB

 or m
ore 

high
er th

an t
he m

ean 
norm

al va
lue. 

For
sign

al fr
equ

enci
es fr

om 
300

0–5
000

 Hz
, the

 ma
sked

 thr
esho

lds 
in th

e 30
dB/E

RB 
nois

e w
ere 

elev
ated

 abo
ve t

he a
bso

lute
 thr

esho
lds 

and
 we

re a
t

New
 dev

elop
men

ts in
 hea

ring
 and

 bal
anc

e

Brit
ish 

Med
ical

 Bu
llet

in2
002

;63

Fig.
 5R

esu
lts f

or a
 hea

ring
-imp

aire
d p

erso
n w

ho 
doe

s no
t ha

ve a
 dea

d re
gion

. Th
e lo

wer
pan

el s
how

s re
sult

s ob
tain

ed w
ith 

the
 TEN

, ex
cep

t th
at f

illed
 squ

are
s in

dica
te a

bso
lute

thre
sho

lds.
 The

 up
per

 pan
el s

how
s PT

Cs d
ete

rmi
ned

 for
 thr

ee s
igna

l fre
que

ncie
s. In

 eac
h

case
, th

e si
gna

l lev
el a

nd 
freq

uen
cy a

re i
ndic

ate
d b

y a 
fille

d sy
mbo

l. Th
e co

rres
pon

ding
PTC

s ar
e in

dica
ted

 by 
ope

n sy
mbo

ls o
f th

e sa
me 

sha
pe.
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120
 dB

 SPL
, i.e

. 90
 dB

 hig
her 

than
 for

 no
rma

l-he
arin

g su
bjec

ts! T
his

stro
ngly

 sug
gest

s th
at to

nes 
with

 freq
uen

cies
 of 1

500
 Hz

 and
 abo

ve w
ere

bein
g de

tect
ed v

ia IH
Cs/n

euro
nes 

with
 CF

s be
low

 150
0 H

z.
The

 PT
C fo

r th
is su

bjec
t fo

r a s
igna

l fre
que

ncy 
of 5

00 H
z ha

s a t
ip a

t
500

 Hz
. Ho

wev
er, t

he P
TCs

 for
 sign

al fr
equ

enci
es o

f 12
00 a

nd 1
500

 Hz
are 

shif
ted 

dow
nwa

rds 
to a

bou
t 10

00–
120

0 H
z. T

his 
sugg

ests
 tha

t th
e

dead
 reg

ion 
star

ts a
t 10

00–
120

0 H
z, a

nd e
xten

ds u
pwa

rds 
from

 the
re,

Psyc
hoa

cou
stics

Brit
ish 

Med
ical

 Bu
llet

in2
002

;63

Fig.
 6R

esu
lts f

or a
 per

son
 wit

h a 
dea

d re
gion

 at 
high

 fre
que

ncie
s. O

the
rwis

e, a
s Fig

ure
 5.

Sym
bols

 wit
h u

p-p
oint

ing 
arro

ws 
indi

cate
 cas

es w
her

e th
e th

resh
old 

was
 too

 hig
h to

 be
mea

sure
d; t

he h
ighe

st m
eas

ura
ble 

thre
sho

ld (
det

erm
ined

 by 
equ

ipm
ent

 lim
itat

ions
) wa

s
120

 dB
 SPL

. Th
e sp

ecif
ic sy

mbo
l us

ed w
ith 

the
 arr

ow 
indi

cate
s th

e lo
wes

t TE
N le

vel 
for

whi
ch a

 thr
esh

old 
cou

ld n
ot b

e m
eas

ure
d.
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whi
ch i

s co
nsis

tent
 wit

h th
e fin

ding
 tha

t th
resh

olds
 in 

the 
TEN

 we
re

near
 nor

mal
 for

 freq
uen

cies
 up 

to 1
000

 Hz
, bu

t we
re h

ighe
r th

an n
orm

al
for 

freq
uen

cies
 of 1

500
 Hz

 and
 abo

ve.
In t

otal
, M

oor
e et

 al20
teste

d 20
 ear

s of
 14 

sub
jects

 wit
h se

nso
rine

ural
hear

ing 
loss

. Ge
nera

lly, 
ther

e w
as a

 ver
y go

od c
orre

spo
nde

nce 
betw

een
the 

resu
lts o

btai
ned

 usi
ng t

he T
EN 

and
 the

 PT
Cs; 

if, f
or a

 giv
en s

igna
l

freq
uen

cy, t
he m

aske
d th

resh
old 

in th
e TE

N w
as 1

0 dB
 or 

mor
e hi

gher
than

 nor
mal

 and
the 

TEN
 pro

duc
ed a

t lea
st 1

0 dB
 of 

mas
king

 ( i.e
. th

e
mas

ked
 thr

esho
ld w

as 1
0 d

B o
r m

ore 
abo

ve t
he a

bso
lute

 thr
esho

ld),
then

 the
 tip

 of 
the 

PTC
 det

erm
ined

 usi
ng 

that
 sig

nal 
freq

uen
cy w

as
shif

ted.
 If 

the 
mas

ked
 thr

esho
ld i

n th
e T

EN 
was

 no
t 10

 dB
 or 

mor
e

high
er t

han
 no

rma
l, th

e ti
p o

f th
e PT

C w
as n

ot s
hifte

d. H
ence

, th
e

follo
win

g ‘ru
le’ w

as f
orm

ulat
ed: 

if th
e th

resh
old 

in th
e TE

N is
 10 

dB o
r

mor
e ab

ove 
the 

TEN
 leve

l/ER
B, a

nd t
he T

EN 
pro

duc
es a

t lea
st 1

0 dB
 of

mas
king

, th
is is

 ind
icat

ive 
of a

 dea
d re

gion
 at 

the 
sign

al f
requ

ency
. It

sho
uld 

be n
oted

, ho
wev

er, t
hat 

if th
e TE

N d
oes 

not 
pro

duc
e at

 lea
st 1

0
dB 

of m
aski

ng, 
the 

resu
lt m

ust 
be r

egar
ded

 as 
inco

nclu
sive

; a 
dead

regi
on m

ay o
r m

ay n
ot b

e pr
esen

t.
The

 pr
esen

ce 
or 

abse
nce 

of 
dea

d r
egio

ns 
can

 ha
ve 

imp
orta

nt
imp

licat
ions

 for
 the

 fitt
ing 

of h
eari

ng 
aids

. Pe
ople

 wi
th m

ode
rate

-to-
seve

re 
high

-fre
que

ncy
 he

arin
g l

oss 
ofte

n d
o n

ot 
ben

efit 
from

amp
lific

atio
n of

 hig
h fr

equ
enci

es24–
26 . I

n se
vera

l of
 the

se s
tudi

es, i
t wa

s
susp

ecte
d th

at t
here

 we
re d

ead 
regi

ons
 at 

high
 fre

que
ncie

s, a
ltho

ugh
ther

e w
as li

ttle 
dire

ct e
vide

nce 
to s

upp
ort 

this
 ide

a. R
ecen

tly, 
Vick

ers 
et

al27
mea

sure
d th

e id
enti

fica
tion

 of 
non

sens
e sy

llab
les 

by 
peo

ple 
with

high
-freq

uen
cy h

eari
ng l

oss.
 On

e gr
oup

 of 
sub

jects
 wa

s di
agn

osed
 as

hav
ing 

high
-freq

uen
cy d

ead 
regi

ons
, usi

ng t
he t

ests
 des

crib
ed a

bov
e. T

he
othe

r gr
oup

 did
 no

t ha
ve d

ead 
regi

ons
. Fo

r bo
th g

rou
ps, 

the 
stim

uli
wer

e su
bjec

ted 
to fr

equ
ency

-dep
end

ent 
line

ar a
mpl

ifica
tion

 acc
ord

ing 
to

the 
‘Cam

brid
ge’ f

orm
ula28 , w

hich
 is i

nten
ded

 to r
esto

re th
e au

dibi
lity 

of
spee

ch 
pres

ente
d a

t a 
mod

erat
e le

vel 
(abo

ut 6
5 d

B S
PL).

 Th
en, 

the
stim

uli 
wer

e lo
w-p

ass 
filte

red 
with

 va
riou

s cu
t-of

f fr
equ

enci
es. 

For
sub

ject
s w

itho
ut 

dea
d r

egio
ns, 

perf
orm

anc
e g

ene
rall

y i
mpr

ove
d

pro
gres

sive
ly w

ith 
incr

easi
ng c

ut-o
ff fr

equ
ency

. Fo
r m

ost 
sub

jects
 wit

h
dead

 reg
ions

, pe
rfor

man
ce i

mpr
oved

 wit
h in

crea
sing

 cut
-off

 fre
que

ncy
unti

l th
e cu

t-of
f fr

equ
ency

 wa
s so

mew
hat 

abo
ve t

he 
estim

ated
 ed

ge
freq

uen
cy o

f the
 dea

d re
gion

, bu
t ha

rdly
 cha

nged
 wit

h fu
rthe

r inc
reas

es.
For

 a f
ew 

sub
jects

, pe
rfor

man
ce in

itial
ly im

pro
ved 

with
 inc

reas
ing 

cut-
off 

freq
uen

cy a
nd 

then
 wo

rsen
ed w

ith 
furt

her 
incr

ease
s. T

he c
ut-o

ff
freq

uen
cy g

ivin
g op

timu
m p

erfo
rma

nce 
was

 esti
mat

ed t
o be

 1.5
–2 t

ime
s

the 
estim

ated
 edg

e fr
equ

ency
 of 

the 
dead

 reg
ion.

 Ba
er e

t al
29

foun
d

simi
lar r

esul
ts fo

r sp
eech

 pre
sent

ed i
n ba

ckgr
oun

d no
ise.

The
 pra

ctica
l im

plic
atio

ns o
f th

ese 
resu

lts a
re a

s fo
llow

s. F
irstl

y, fo
r a

pers
on 

with
 an

 ex
tens

ive 
high

-freq
uen

cy d
ead 

regi
on, 

the 
abil

ity 
to
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und
erst

and
 spe

ech 
will

 pro
bab

ly b
e ra

ther
 poo

r, an
d a 

hear
ing 

aid 
may

be o
f lim

ited
 ben

efit.
 Ho

wev
er, a

s no
ted 

abo
ve, 

amp
lific

atio
n sh

ould
 be

app
lied

 for
 fre

que
ncie

s up
 to 

abo
ut 1

 oct
ave 

abo
ve t

he e
stim

ated
 edg

e
freq

uen
cy o

f th
e de

ad r
egio

n. T
here

 ma
y be

 sev
eral

 ben
efits

 of r
edu

cing
the 

gain
 for

 fre
que

ncie
s ab

ove 
this

. Fi
rstly

, th
is m

ay a
ctua

lly 
lead

 to
imp

rove
d sp

eech
 int

ellig
ibili

ty, 
as d

escr
ibed

 ab
ove.

 Sec
ond

ly, i
t m

ay
redu

ce p
rob

lem
s as

soci
ated

 wit
h ac

ous
tic f

eedb
ack 

(wh
istli

ng).
 Th

irdl
y,

it m
ay 

redu
ce d

isto
rtio

n in
 the

 he
arin

g a
id. 

Fina
lly, 

it a
llow

s th
e

disp
ense

r to
 con

cent
rate

 effo
rts o

n pr
ovid

ing 
app

rop
riate

 am
plifi

cati
on

over
 the

 freq
uen

cy r
ang

e w
here

 the
re is

 use
ful r

esid
ual 

hear
ing.

Per
cep

tua
l st

rea
min

g
A r

apid
 seq

uen
ce o

f so
und

s m
ay p

erce
ived

 as 
com

ing 
from

 a s
ingl

e
sou

rce 
(cal

led 
fusi

on),
 or 

as c
omi

ng f
rom

 mo
re th

an o
ne s

our
ce (

calle
d

fissi
on o

r str
eam

 seg
rega

tion
)30,3

1 . T
he t

erm
 ‘str

eam
ing’

 is u
sed 

to d
eno

te
the 

pro
cess

es d
eter

min
ing 

whe
ther

 one
 stre

am 
or m

ultip
le st

ream
s ar

e
hear

d. S
trea

min
g ha

s of
ten 

been
 stu

died
 usi

ng s
equ

ence
s of

 the
 for

m
ABA

–AB
A–..

., w
here

 A a
nd B

 rep
rese

nt b
rief 

sinu
soid

al to
ne b

urst
s an

d
–re

pres
ents

 a si
lent

 inte
rval

30 . W
hen

 the
 freq

uen
cy s

epar
atio

n of
 A a

nd
B is

 larg
e, tw

o st
ream

s ar
e he

ard,
 one

 (A 
tone

s) go
ing 

twic
e as

 fast
 as t

he
othe

r (B
 ton

es). 
Wh

en t
he f

requ
ency

 sep
arat

ion 
is sm

all, 
fusi

on o
ccur

s
and

 a ch
arac

teris
tic ‘

gall
op’ 

rhyt
hm 

is he
ard.

 For
 inte

rme
diat

e fre
que

ncy
sepa

ratio
ns o

f A 
and

 B, t
he s

ubje
ct m

ay e
ithe

r he
ar t

wo 
stre

ams
 or 

one
.

The
 fre

que
ncy 

sepa
ratio

n a
t w

hich
 the

 sub
ject 

cann
ot p

erce
ive 

two
stre

ams
, bu

t on
ly h

ears
 the

 gal
lop 

rhyt
hm,

 is c
alled

 the
 fiss

ion 
bou

nda
ry.

It h
as b

een 
pro

pos
ed32,3

3 th
at s

trea
min

g de
pen

ds p
rima

rily 
upo

n th
e

filte
ring

 tha
t ta

kes 
plac

e in
 the

 coc
hlea

. Fo
r ex

amp
le, t

he c
omp

uter
mod

el o
f Be

auv
ois 

and
 Me

ddis
33

is b
ased

 on
 the

 ide
a th

at s
trea

min
g

dep
end

s u
pon

 th
e o

verl
ap 

of 
the 

exci
tatio

n p
atte

rns 
evo

ked
 by

succ
essiv

e so
und

s in 
the 

coch
lea; 

a la
rge 

degr
ee o

f ov
erla

p le
ads 

to fu
sion

whi
le a

 sm
all d

egre
e le

ads 
to f

issio
n. P

eop
le w

ith 
coch

lear
 hea

ring
 los

s
usu

ally
 ha

ve 
redu

ced 
freq

uen
cy 

sele
ctiv

ity, 
whi

ch 
lead

s to
 br

oad
er

exci
tatio

n pa
ttern

s3 . If
 the

 mo
del 

of B
eauv

ois 
and

 Me
ddis

 is c
orre

ct, t
he

fissi
on b

oun
dary

 sho
uld 

be l
arge

r th
an n

orm
al in

 peo
ple 

with
 coc

hlea
r

hear
ing 

loss
.

This
 pre

dict
ion 

was
 tes

ted 
by 

Ros
e an

d M
oor

e34 . T
hey 

mea
sure

d
fissi

on b
oun

dari
es f

or t
he A

BA–
ABA

– se
que

nce 
desc

ribe
d ab

ove,
 usi

ng
both

 nor
mal

ly h
eari

ng s
ubje

cts a
nd s

ubje
cts w

ith u
nila

tera
l an

d bi
late

ral
coch

lear
 hea

ring
 los

s. F
or t

he u
nila

tera
lly 

hear
ing-

imp
aire

d li
sten

ers,
ther

e w
as n

o co
nsis

tent
 dif

fere
nce 

in t
he f

issio
n bo

und
ary 

acro
ss e

ars.
The

 bil
ater

ally
 he

arin
g-im

pair
ed 

liste
ners

 so
met

ime
s sh

owe
d fi

ssio
n

bou
nda

ries 
with

in th
e no

rma
l ran

ge, a
nd s

ome
time

s sh
owe

d la
rger

 tha
n
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nor
mal

 fiss
ion 

bou
nda

ries.
 Th

ese 
resu

lts i
ndic

ate 
that

 fac
tors

 oth
er th

an
over

lap 
of e

xcit
atio

n pa
ttern

s mu
st in

flue
nce 

stre
ami

ng f
or s

equ
ence

s of
pur

e to
nes.

 It 
may

 be 
that

 the
 pit

ches
 of 

succ
essiv

e to
nes 

need
 to 

be
clea

rly 
diffe

rent
 for

 fiss
ion 

to b
e he

ard.
 If t

he p
itch

es o
f th

e to
nes 

are
unc

lear,
 thi

s m
ay l

ead 
to l

arge
r-th

an-n
orm

al f
issio

n b
oun

dari
es. 

It is
kno

wn 
that

 the
 fre

que
ncy 

disc
rimi

nati
on 

of s
inus

oids
 is 

wor
se t

han
nor

mal
 in p

eop
le w

ith c
och

lear
 hea

ring
 los

s2 , an
d th

is m
ay i

ndic
ate 

that
the 

pitc
h se

nsat
ion 

is le
ss c

lear.
Grim

ault
et a

l35
stud

ied 
strea

min
g fo

r se
que

nces
 of 

harm
onic

 com
plex

tone
s, c

omp
arin

g th
e re

sults
 for

 yo
ung

, no
rma

lly h
eari

ng 
subj

ects
 an

d
elde

rly 
subj

ects
 hav

ing 
eith

er im
pair

ed o
r no

rma
l he

arin
g fo

r th
eir a

ge.
The

y u
sed 

the 
ABA

–AB
A– 

sequ
ence

. Th
e to

nes 
A a

nd 
B d

iffer
ed 

in
fund

ame
ntal

 freq
uen

cy (
F0),

 but
 we

re b
and

-pas
s fil

tere
d so

 as 
to c

onta
in

harm
onic

s in 
the 

sam
e fre

que
ncy 

regi
on (

137
5–1

875
 Hz)

. Wh
en t

he F
0s o

f
the 

A an
d B 

tone
s we

re lo
w (a

roun
d 88

 Hz)
, the

 har
mon

ics w
ould

 not
 hav

e
been

 reso
lved

 by 
the 

aud
itory

 syst
em36 , a

nd e
xcit

atio
n pa

ttern
s wo

uld 
hav

e
been

 ver
y sim

ilar 
for t

he A
 and

 B to
nes.

 In t
his c

ond
ition

, per
form

ance
 was

simi
lar f

or t
he y

oun
g an

d fo
r th

e eld
erly

 hea
ring

-imp
aire

d su
bjec

ts. T
hus,

con
siste

nt w
ith e

arlie
r res

ults 
usin

g sim
ilar 

stim
uli, 

the 
resu

lts in
dica

te th
at

strea
min

g c
an 

occu
r in

 the
 ab

senc
e o

f di
ffere

nces
 in 

the 
exci

tatio
n

patt
erns

37–
39 . P

resu
mab

ly, t
he s

trea
min

g de
pen

ds o
n di

ffere
nces

 in t
he t

ime
patt

ern 
(F0)

 of t
he s

ucce
ssive

 ton
es.

Whe
n th

e F0
s of 

the 
tone

s we
re h

ighe
r (ar

oun
d 25

0 H
z), s

ome
 of t

he h
ar-

mon
ics w

ould
 hav

e be
en r

esol
ved 

in th
e au

dito
ry p

erip
hery

 of t
he n

orm
ally

hear
ing s

ubje
cts, 

but 
the h

arm
onic

s pro
bab

ly w
ere n

ot re
solv

ed b
y th

e eld
erly

subj
ects,

 ow
ing 

to th
eir r

educ
ed f

requ
ency

 sele
ctivi

ty. I
n th

is co
ndit

ion,
 the

form
er sh

owe
d sig

nific
antl

y m
ore 

strea
m se

greg
atio

n th
an t

he la
tter.

The
 resu

lts o
f Ro

se a
nd M

oore
34

and
 of 

Grim
ault

 et a
l35

sugg
est t

hat 
the

strea
m se

greg
atio

n of
 bot

h pu
re a

nd c
omp

lex t
ones

 can
 be a

dver
sely 

affec
ted

by c
ochl

ear 
hear

ing 
loss.

 Thi
s ma

y co
ntrib

ute 
to th

e di
fficu

lties
 exp

erien
ced

by h
earin

g-im
pair

ed p
eopl

e in 
und

ersta
ndin

g sp
eech

 in s
itua

tion
s wh

ere t
here

are 
com

petin
g so

und
s su

ch a
s oth

er sp
eake

rs an
d m

usic
.

Key
 po

ints
 for

 cli
nic

al p
rac

tice
•

Coc
hlea

r he
arin

g lo
ss is

 usu
ally

 ass
ocia

ted 
with

 dam
age 

to t
he a

ctiv
e

mec
han

ism 
in th

e co
chle

a. T
his 

resu
lts i

n re
duc

ed f
requ

ency
 sele

ctiv
ity,

whi
ch c

ontr
ibut

es to
 diff

icul
ty in

 und
erst

and
ing 

spee
ch i

n no
ise, 

and
redu

ced 
coch

lear
 com

pres
sion

, wh
ich 

is p
rob

ably
 the

 ma
in c

ause
 of

loud
ness

 rec
ruit

men
t. C

och
lear

 com
pres

sion
 can

 be 
asse

ssed
 in t

he
labo

rato
ry u

sing
 for

war
d m

aski
ng, 

but 
in th

e cli
nic 

it ca
n be

 mo
re e

asily
mea

sure
d by

 an 
indi

rect
 me

thod
, ba

sed 
on t

he d
etec

tion
 of 

a to
ne i

n
notc

hed
 noi

se.
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•
Coc

hlea
r he

arin
g lo

ss is
 som

etim
es a

ssoc
iate

d w
ith c

omp
lete 

loss
 of

func
tion

 of 
inne

r ha
ir ce

lls o
ver 

a ce
rtain

 reg
ion 

of t
he c

och
lea, 

calle
d a

dead
 reg

ion.
 Peo

ple 
with

 ext
ensi

ve d
ead 

regi
ons

 oft
en d

o no
t be

nefi
t

muc
h fr

om 
a he

arin
g ai

d, a
ltho

ugh
 the

re c
an b

e so
me 

ben
efit 

of
amp

lifyi
ng f

requ
enci

es u
p to

 an 
octa

ve a
bov

e th
e ed

ge f
requ

ency
 of 

a
high

-freq
uen

cy (
basa

l) de
ad r

egio
n. 

•
Dea

d re
gion

s ca
n be

 dia
gno

sed 
in th

e la
bor

ator
y us

ing 
psyc

hop
hysi

cal
tuni

ng c
urve

s. A
 me

thod
 sui

tabl
e fo

r cli
nica

l us
e in

volv
es m

easu
ring

dete
ctio

n th
resh

olds
 for

 ton
es in

 qui
et a

nd i
n th

resh
old-

equ
alisi

ng n
oise

(TE
N).

•
Coc

hlea
r he

arin
g lo

ss is
 oft

en a
ssoc

iate
d w

ith a
bno

rma
litie

s in
 the

perc
epti

on o
f ra

pid 
sequ

ence
s of

 sou
nds

 (str
eam

 seg
rega

tion
). T

his 
may

be a
 sid

e-ef
fect

 of r
edu

ced 
freq

uen
cy s

elec
tivit

y, an
d it 

may
 con

trib
ute 

to
the 

diffi
cult

ies e
xpe

rien
ced 

by h
eari

ng-i
mpa

ired
 peo

ple 
in u

nde
rsta

ndin
g

spee
ch i

n si
tuat

ions
 wh

ere 
ther

e ar
e co

mpe
ting

 sou
nds

 suc
h as

 oth
er

spea
kers

 and
 mu

sic.
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