$U®IC

BN EMERBEEZR T (H]), 20o&5BkEHOE
—B LB, WEOHIHFETAEREILREE
Tho BEMOMLPDEEIZL Y ZEOFNEEERD
B, BERAREBEOHEILE 25,

AR CHEEOFMEREFIOVWTHRRS L & HIC,
ROBELER LR T/NEESNEERSEICK S 2R
BEFSERERERO7 70 —FI200nTHENT 5o

INEESNEERSEICHT L TR, TS SBEMNE TR
ENREROBFE, BEEER T B ERR AR 4 121Th
N, BCHEEEROAPBTbNIZEE. BELK
D7OHMEENTEEEBET S LEEETH o720 —
B BAREOADNBEINTLEAOMEIBEY T2V
&L BRICEEBEMICH LT ERRZIT) SEANTER Y,
OO R L 27 7O —FIZL o TI NS DORE
RERRL, HRBELEEFREOMYZEEL NS,

LB G E ) A
BN (51— 45E)

=AB

HIRE
TH (H4EH#)

B B
BH# O
B N gmam
.«'"‘/
pud \iﬁﬁk
B

(1] ENSEMuDRHR

BREOEE

HE S
BEFRONFIHET BHHMOKET, KERSEELH
EHF Ve ENCBHEBHCEET 2OATHET 254
bHEN, BEIBELTRASILLHZOT, MRS
PHEETH S (2)e

BEA o |
BELIC A B OM TR ERO 2 HoBELL., B
NED O 2EMELYH S (M2), ESIEEFHLEHLT
HBN, EBTHBIZETEHO0L 0, FHILo TREE
RETHENDH 2D CRIGDROBISIC R 55, REDO—E
TEDTEEMRLEVWEBRE T LN H 5,

HEZ

HERMCTWEZELTVWELDT, YTEOMERLKEL
BEEEETH S, Fow HPBEODDIFERIBLIFE
NBIRMEE LD, BMICHEZRL 272500 T BEMMICLY
notchZ4E U A% o725 ) RRICE 20T, BITE R
ZISA LB EOTEI T ThNG, AR WIEEM %5
RL7:75% (WEE) AR sTw3 (J3),

76

ALERWAOEMLL. RS B RIGE4 »BORE
SOENEL. BEREADEIEES !

B L 7= EEF

[®2] BIE CEELOSHE]

A ARNEEBHOES, HHOKE B HRITET T » BIEOR
(23] BEE=x



BN OERERSNEE

L INE & constricted ear
PFNEE, BAOLEFEBNEN - TWBERT, BENHE
FEOREEHPEERIDT V) (K4A)o FINFILEWERZ
2L, BERORESHPEHEL T A4, constricted ear & If
iFh5 (F4B)o

WIS ER EHEA OB AR5 TH Y. LMY
DRETERAETT ) UEN DB, 7z constricted earlddEHEL
B R ILT CTHERAMA OO EBET LELT5Y
Ehe %o Constricted ear WSEE 2072 b DAVNEEDE

HANRITHLEEZ OND, ALHNE B : constricted ear
[B4] $#i1H & constricted ear

PEEDEER

CIERE

ENHEO LA TIBE LIREIC 2o T b )
DEIET. AFMICEIEHE 20 F 2T EIBRREBIIRES
7o, YA RDPNROEFICTEE T, AGRIICIEIE
BB IEEZIT) CE Lo TR T BHELH A £
REEOENREFOEREZE) 20, FHCTENMMEEOHD
Bk L BRE R R 1T (K5)0

. .
Y5H o . R L
et : o s . A RIBTDIREE B i1 EORE, Y RODEES
BB MBS b BE IR LIREET, %N FROE o rnacos e

AR5 720, 52 CRERAMEEIRECH e [FO19ES
BB, FICHETIZIIANEEBL LT DL, WD
DHZL bR BIDFHFEPAATON D, FPABOH
BOBSHERORALRET (H6).

A&5—IVE
SHERPLEHETHOA TR EFRWLBINEIHEL
THBLTERLEENMBEL2oTwAELDEIET, X
55 310 (third crus of antihelix) & dFEIEN 5, FLEHIBEAICIX
BIERBEDITONLLY, FHCBWTEREORELEL,
SFESELMAROHmENDHZ (K7)o ' A BIOIRRE

[®e] i15E

B IERRORBHAAETTL . %10 5
BADIRTE ’

A FEEIDIREER B ®BWRRINE 6 » RodkE

[®7] R&—VE

— 19— ' 77



BIEEDEE
Eﬂﬁ.iﬁﬁwf N
INESEEMER RS DRIB L7 IREE T, HEIIH 1AL
IAEEDbN TS, BEFITHLIVEL, FEBERELYS
CEELMENEEDWISIOZREEETH L, £ DEA
SNEBMEZE) BRORRIZLIYTRA 7 PO h0ES
WCHEED DD SEERHIC LV EFEREET 5,

BAEFTHEENORIRICLY. M8DA~ED55 4 712448
b,

INEDILRLEENZEVOIXAOEZERTHY, CO
HERAE, BOAFENRAZNIKS, Ay B, COIAT
WHTIIE LR WD OIEMBIRIREIFN 2 EOEEREIIRT
Hbo MKETEAND TV —LT— 2 %EHT2EIZ, AD
BRUOGEIT HORBWELE - TR H OBV S
ETOEFNERBRT HLENRSY, BELSCHETES

HEOINEETD0107, BLEEFE NSEEBNIBETS 207

ADPBCETICHTRESEWEANIETE  EPHILBITHOS.,

TBE1T
(B8] IWEEDDEE

3. INERE

DREED—ROHRL LD, T L TEREADRET 2

AT TEEND EEF2MER L, TEPRERICE LTIt
BAEDWA 2B AREHNATHI LA TER D, HATN

CEMREOBBDLRTHEL. 2L, WFhoBA T

BB AR U END B,

HEDEBHEERE HED RV EIIE IS VA, AU —5
THBERER Y - VO N VRGBT T OB
DBRONIZY, hairline (BOEDEZBOT L V) pHETFLT
B VER T R EMIAH B L 2 B BN D Y. AR
EXELebe Tz, FEIOERIEET AR %2 6
YT B0 FHRHE CORBBEESHMIIBLC Zhb
DEFHERDVENTERAN R T EEBII DN TR L
TBLEYH B,

C/HENM,

ELEEPORIECERNIEHET 5847

BERBHTH

BE  Marx DT 1 EREMERROIDEOBITEDEDE SN, constricted ear P COERNTRNZEND, 2
BB SD—E%ET 200, BONERNEG B E D OIEHRRIO—EFH%S0. 3 EREEDHEOBERICE S

FDHOT. ADEEEBLUEDEEEN YT 5.

78



BNOFERES LINEBIE

WEAVNEEDEA. BEOREOEH AP LHESEOEEL L OEMTHFUSEAREICMA T, KERLFTENMD ABR
BrT o, BEALOBERERNEEEIOENOT, N7 (auditory brainstem response : FEM:BNERIS) #E % 1T- T
Ny FROBERERFFRT S, ShICIIfERE FHE% WHZBZE L. LEREEISFEEEFIRORMNPFZTT
BRLEDDODRH L, FENEEDS &L, BEIOIEIAH Jo IBBIBEPLDOEREOEER(RT /20, BEHERIEL
HRTNEFOT TR UERCEET 2 HEL EEDbh BREICIERERZERTRETHA ). TDBK, DEEL
25 BEOENMETLTWAEAREHEROEEZ Y 4 A FATER 0RFE) ICEZE T F£1 28O0
FEL4BE4AbH5B. BOA (behavioral observation audiom- BEEZITV, BROBZALEY TEERIREZIT).
etry), COR (conditioned orientation reflex audiometry) 7 & .

HE LT T S EEEE] SR
| EmmERE=SE 000 ’ I
[ - S EEEE | &2l ;

&
g

' BOA®COREABRIZE( TEALBILOOFY N ILOBHELE
SINEEETE REISE) O

e NE S PN |
TRSVRIEEE (SRS E OB :

1 ~CEOERMEEMTRRE
Y~ NTOTS L

§

FRIOSHE. FHICEY RSB

BhErBRSiE. ENE LENEEHROLRTFH

i
§

AR O | SRR SOBAEEIT. BRI TR EOREAT. FECE
1. R ODEEERERS., BNLHREEBELTHRT B0, WEORSRELHET 5. 34
DS THIEAESOENERRT DEHICE. BBLFOEREUTHESCem EBRBREEEN
TWd,

- BEICHT PEEREEE

- EEBLUEREEE

- B PRBI(CEY HIEHREH

- RIERORT

- EEH. BB BTAORE
= o » ‘ DFIvY

A BEHIEE SRR A Y- TOJS LOEEARS

A B AP RRDA VU AREBEHESR
C:APIY RIS VYU RAT Y VEESEREES (Ry—F—T v \VEED)

[®O] NEFEICH T DFiE COESREDOND (E#F oI HEVNEE - S EERRE 2 nz—fl)

—21— 79



TR DFH & FHHEINDRE

INEHE DO BENTERAMTICIE Tanzer DHEY Dsk, HRE%
BRBEEZIT) FENEL TR TwA, hEkEoRbY |z
YAV EONTYE B HEZEREREOfE R
BCREFIZIBEAETONEL Bol. BOMWREL 5
RIS T B 7 DI 3ARUT OB L EDBRETH
N, HEREEOMKEOREZFEOVLENS B, FAY
RBICENERETTo CHEREN OB EIMEAE /D
RIZBWONPR G, INLDEED SHERICENZ2IT
IDEFARBEETHY, DbIITI0EITH T THEZLT,
BEHEVEMRRICEREZEOL I ICho ThLFH 2
TIHEE LTS,

BRI S —HFM e Uik SR, ©kes
WEZHIFME L CHEME L2179 BRI EM s — i
HMTH2, bLbIUIIOEZHFHROBIC, EFAICHL
THVEETR BT & R & BRI oM R LRF
fire LTIT W BB EBEOBROMIY B LT 52,

SYEETE AR OBIRD D 570 & S EATaTOHE B HRCT
(high resolution computed tomography) (X 10) # #& & L.
Jahrsdoerfer D 10 R FEEHIE (JD scores [M11)? 105w
L T Bo NEEDHE. HEOHENERIZOSLD
TIRMALE X, 8~ MIIFEOEEN L {EHREDNT
BETEATE N 6~ 7TRIITE TR B ORI 5 2558 {13 v,
S5ALTIIBIIEEDOTREMAVNE L, LHETL T2,

$-ZOMBEEHRCT 5 3DCT 2 /R L, B L —

T

[=10] REEEBHRCT %

(B212] 7R N —R &8 ML~ 2 &R L BDCT i

AL M2 AR L2E (212) 5, BEE L
NEERET BB ICERNEIMEETL LS, BEESA
DIEBNMBEZRELTVAEY,

COEHIHEE LCBEENA2ERT 2 L5 B uE
BWRET B L FANEEOSEBEERE L PP (4
mmiEE) BHIMEBETEEEhb, L LarlbES,
DRESEETHAOMHEBOT N2 L, SEE IR
BMERAZLIFBEAERV, BLAKELDS v Fv—
7 (BR &P LOMEERE) % LICHREAIE 2ikEs
BHELIILIEHME LICEMMIB T Ltk Y, Bk
BEPHELCONEERRZT 2 L e8I mt L 2
b BLHFM CEARFMETOLRVEEIIBVTYL, F
FACHBEERR 21T S N NBICEAZBRST
HIEFBIEETHLLbNONEEZ TV (M13),

MWANEREERNIC DWW T, B Ess ) & S B
BRIV BILZETEENQOLII AR KESL S
ZEdb, ID score NEVIEED TE LB ) E R
BT FEEL T B, FEVNEEESICB VT, JD
score 7T HU ETHORARIEOFEN S 2P E 1082
BT e LCHRAFMEIT) HéHE LTWB, ID score s
TRZEE, B Vidscoreld & { TORARENFLE L
VG EIIIEEAR BB TOEME L2175,

HEFHOmN % F 1415575,

c T T IBUEB B P rereerrrcirranrernniannin (2)
¢ BIEEZR BN T UV B rrerenenrnennnnnnis (1)
oEi]Eg?‘i&%b) .............................. (])
o BRI R TILIER B vverreeerrnneennne (1)
X RXABYFEHIEBIEHDPeerennn (1)
s HLREBIIE S F N LTNB e (1)
cYFBTTIBEERL TS H e (1)
o B DFEE L IEE preereereriernneninnnnn. (1)
o §EHZE

B DD, (1)

[B11] Jahrsdoerfer @ 10 E3BEETHIER

80 —22—



BENOAXREEC/NEE

A 1¢KT.TE ﬁLﬁ"ﬁbhﬁ“ﬁd ﬁ?&E @E‘?’unﬁﬁ" SRR T ). Biﬁi‘—H‘B}J 'E‘?é’w‘rﬁ
ZOEETIHEERRISTRIET S

2 725G, %LE?FCDE"??:\ SIS N RN
[213] %@Eﬁ@@ﬁﬁfﬂﬁ%m@“ 3DCT#&

5’\‘51._%/&11“5031_130)%,‘“&@@Hﬁ@‘{ BEZER
(JD score. 3DCTIC&kD1&E)

HIERETRHEIC L D BT al (RERLSF ELS)
71088, BWEBOCMLLLEBRICTS
AIEEBRIUERT. BT BRI (CHSRICTHRA

BvE L CHEERRE (2N - B RIREREEREEE)
55 BB SHREERICIT S

ABREAR2ERE. B BB ICHRICTHRAR
R NEE

- JD scoreHBLMEE THEEDQ0OLHIKREEND D
TEBRD %Eﬁﬁﬁﬁﬁﬁﬂéﬁﬁ

FrNERE

- JD score 7R ECHRARBONEEAINE .. ) HEE
FETDHE

- JD score TR, FRERFTHFIARKONE |, FHARSET
BRI ERE LRSS I=vh H i

[E14] ENEZREABERROEEFHOMRN

—23— 81



(2155 1 BRPETFT © BIEREIEHEIC KB BRI

FEREINEEZFICE VMR ZBNT 5 (HI154), F7°
BEEEQOTH2BA~NBE L, BT LHITBHICH- T
WHT 5 (K15B)0 ZOWBMAD LBHKET L -2 T —2
CEBATHRT RSy M RERT A%, HEEIZHEYT 2
B TEE LTREL EAOMFEEL LI 10T 5,
ZLCTERKEZERATICHET 2 (F150),

BEE»O VI, I, IOFEKE ZEE L. VI. IOk
B Thase B &R L, MEEKECEHRZIERT 2. 3T
HigZ 3 Io—E el L. AR OMBREIZE 2

A RIS (B EEEVNELE) B #MRIORE (AESR/NEE BE
THEEFBHL. BELFOBRIC
TRIEMA S AEYDRENAEHE

KTEEL, AIROBEEETHERTS

f ! 5 : 2
DML EOV, VIS Sbase E:{ERLAENTIL—LT—2
BAEMNEE, rSHEREERL
V3
[R15] phexEistEm

FioL—LD—0%BAL.
BEEMIILTLEY OHS

EOBDIAEE$ 570 IR T 12 banking LTH < (M
15D)o 7 V=AU — 2 OYERICIEMVAT Y LR T 4 ¥ —
ZEAL, BAT7V—A7—2 2535 (M15E) o
ENEICRRRS FL— Y 28BLTC, B L7 L—
AT—=0 R TRy MCEALEZT 5 (M15F), &3]
EMPELHORFEBOWE LTV, #ELTEH 2K
T95(H15G) FL—Vid2BE%ICHEL GEEE L,
PR E B AR TIT .

ClLEBEHBEERTICRRLTET
Ry bEfER

G FHHETREDIREE

82 — 24—



ENOLEXRERE/NELE

[B15 2 BRIl « ENE L S EERREEER

FEBIENE LW LN TERRBORRFHR 2175 (K
16A)c B LS RBEBMOEME S o EEEGELEEL,
ENAROWE L eS¢ TRABSET CEREAOE
EEABL. HEAECEMEEETS, I2AYE»S
RUESEZEELTB, EHRD 5 VIIEHRF L~

b2k H 100050124 v FOSBEB®EEST S (I
16B)o ERANERS 2B L CHEBADRE R L, %
LEN% R L CHARNIRMAT 2 (K16C), BEE 141
FEH 21T B, EAVEHIMES X Y banking LT B>
BB ERIY M USSR RS 50 AR L0 B R
PONEEROEMERERLTB . NEERRICLE
BIANATEIOFTHKEDRRBEFE L, HEORE
IR B ES I O — R T B,

EHFHC X AN FBBEM 1T . LEBEE LY B
BRI, #ERT AN EEORLEE T 5, 40
DD o THEAF X 5 EOEH* FE. BEEENKRL
VFBET T IBERRT o BENEIC LY ENEOT
BETF v 2 Lt AELTho BN CHEERE
TERT 5. BB CHERLAZIVATRYFE-FR ¥

ATTHIOERABOFYI2 BN B BRENFZAEREE &5

FIE CERS OB, HREES FEREL, BAESELSLT 5,

ERY COEGITCHEEORBE L TEHE
D—EBEBNIFL TV B

E: DBEETHRELARREERA  FI RS THRLATREEE
[®16] BENg &N EERBORRFN

F D complex D BIZ T, BREEGECHRELZFERT 50
ELLRUEGECERNTEZHEL (M16D). KN
ExFATS (MI6E),

BEME2ZAL, BEARFZHEOBEZEZ1T) (K
16F), ZEBEHECIOXROMBEEHEL <. HH
BAOREEEEL#AL, BABEICEE O BEE
TRCTEBEEERE %179 (R16G) 7 4 +—N—EEZ{To
TFEM2MRTT5 (H16H)o 2BERICY 4 F—1nN—%id
LR, oI LAMBICRARETEHAET .

EEL LTRDIEELRD QENBOERMERETH
bo FMIIEEMBRIMEBICL o TEZ Y — LAV HIT
IDTHEDHN, BHREDZDD F)VIZ & 5820 Dl
BORBIZI > THREFPELLDDEEZ LD, HEIC
BREERD R S N B ATV RE L ORI TR
THAF, ¥¥IVB,2RET 5, £ OBA. MEIR
—BETEy BURICEET 2, F72. @EHROTEMEAK
SWARDOEZ BT CREBBOFMH 2179 720, itk
KRBHEREA2ET525d 5. R EELEZVE
IWEDOEMICEE L 2T IR 5% v,

C: EAERMOTY 1 BERE D ERUASEEREICHA - TRE
ABREDS A . HEEWRTE BEEEEA
B EIRY

BRABHBTRELTENEE H: 214 - -@EEETV. Eiiit
(CHEREEATD

BTLkEZS

—25— 83



IR
CMENIFE AT N FRIER OB EHESEFERLC
HEEL TWwWiz,

BE-BE

@GHRFIZOV TR EIZOWT2ET D, &340 F4H
T BEETED, RAREOHFLRITENENEEDS B
CFERERDLEWEDI ETH otz BEENDELE
BHENBREOBICHIKE 2B DRAA CTHEF HT <& &0
THHDT, MHEOEFEHBOR VDT, BEMHHEED
REBFHS % OBEA ST LEZRIL TS L,
LW FEHEBEERANBLTEEL, FHICE>T—
HBPEHETHEIIPNTOIEEERE LV LIS T, FHoH
TP OEEE T > CTlz, F—EUTOEIEFH L
F2HFEM L OMIBELEOIBM AT 2 LENH L

10i%. BIR

(E17] figioiRaE

(ER118] HHEDIRE (5 HEFH 1 23 » 5. 0 50 1 59 »5E)

. FNIEIRE RN, Gk EREs, KBS E-
NEEREM. BEANEL - NEEREHOIEIT o 720
OMBREBIERTHEFHBEZL 2B, HFE32AT

ThENS %)bﬂ@ﬁﬁiﬁ%ﬁ%%%%%%’é‘% ZEWTES
IOV MEE*EZTEL L2257 (H18A. B)o
ENORBERIFICERENTEY, ATFPTAZDE
FICHHEL CAFLTWA (F18C, D),

2 REDIRT > ~
e b ICZEEOFMIBE T, AELPERD -
HDEMREBE,. BFINHREBE. ZENE L4 EE
. EENEL - S EEBROIBICFERKET 7,
WERBEIER TEAE AP NEOTEXHIERS

CRBAIEEC o TUL D (118A~D),

84 — 96—



NOFERER ENEE

nEpEl 10, BIR

EE- R
@75:0)}#@ HEEINETES L UNEER#OEST, T
FEERZ EMOEHERR SN 2dh o7 (H19A, B,
WHOBEECOWTIRIZIZEREETH Y, HEE
CTDHRIZ]ID score 9 & BIFTah o 77,
GEIIFHE LCHBREBMEL T o200 BUOESDS
PRREDT, MULRESOENRBHET 572012138 E
BRI T hairline I2 2 B IREETH o 720 BEAZ L
BICZOHMSEENEIZL 5720, BICHERITI o &
&L FRRAREEE2HFROFEIZOVTERL L
& B, HEERBMOFRRIT 28 FLEL D, $2
MFMIEA2 LA HERRO AR FEH 217077

[E219] gk

(®121] fiji 5 DR

CMBRBIZIEA T, HEEERS %’6%< o CTEMA

DEETIS LAY, #5756 » A TEHESI 3127 ¥RV DK
BatiEr R (H20), BAOELEF—HR+5THo
nE, BEIZH> THREPLETH - -7 DIBEFH%
Toleds MESELRBLAZOIENZRIFICHEBLT
BY, EED IWREEZHE - Twb (F21A, B),

S -BEDRA > b
iTETODJD score lE 9 M TN N E L RATEIFEL
THRFMEBITL 22, HBEOBHIRZRRIFT (X
20). S5ERBRDRIFATREECHEELHIZL TV 3 (]
21A. B),

125 250 500 1000 2000 4000 8000 Hz

-10

10 ¢ A € 0

wefraseseesd,

20 Leresttt

40 - oo e :':::-..,“
50 seensene = v,
60
70
80
90
100
110
dB

-------- i HT (47.50B)

-------- %1 5 B (35.0dB)
-------- W35 B (21.3dB)
-------- 1i#%6 » B (16.3dB)

[®20] #HiaigD4 —IH IS LR
( YAFADEICEDFIEES

RS
3
.
s

—907— 85



EAQEREETICIZTEA Db OHH ), HRIEIEE
PBEE 72 5o NERICH L CTIRUBTRIVE & BRI
FIASH 4 IR AT o T & 7208, WRDERATF—AT 7
O—F3f7) L0k o T, HELEEOERS WIS
BT ENUEEE B oT VS,
COTHEROERFEMIET Db OFEND 5o B
BRI L o Tty B16C IR0 I8 1T BIFAAE
DR S NN EERR O BHRIEIT T 2 B A
T BHEABH L o Tt EBICHEEIFET S I &I
Lo THEBREADOMIEASL ) BA SN CHEIEIo XY T
BENETOND, LALEHLELAXRFSE, B
2o T200NAEDFEMMPEFICIETCELIETHY,
CHEBEORML - AENRIEE AR (BT B EFL
BN Do HE/NEREDS S IO A OHE T HE LR
CRBEHIEE . AEEBROEGERVEVIERDLD
B, BOBHEDOEBLHELVECERTEEE LV
MEROERIIEETH Y, FEOEFD LVEFICOW
TRAEERROEEHH B, &) DRbROIOEL
Th Do NEREIEHEPESEDOBREFRHEOFLILR L TR

BE

1) Tanzer RC: The reconstruction of the external ear. Plast Reconstr Surg 23:

1-15, 1959.

2) BFERE, MEEFEL, NEEICH T 2EASE LA EEHROREHE

R, FEk 445 46: 779-787, 2003.

3) MFBE, FFEBE: MAVNELE - S EERSICH T 3 F i —2 DOEOH

EHEER BT 5 —. &K 99: 607-619, 2006.

BOADBEIZEETILLOTHLRL, BHOAERDD
LOTLR, FREDTMHZEHR LAV EH-o T A
TTHbo

o, BHEACENEERERAFLELEWEETH, F
EARAADVRALLE ZCHLT A2 Lz vwl, BRA
THEOREENEL CHRREZOES L o TIhe R
JRTEBND NGV, ThbHEEZ L LEIHFHOB
WCELWEBICENMTEEZTT ) & EPBEIFHT L o TR
RLEETHD. COBAEDLELWE, &) DIFFE
I EERRM 7)) L OTWREMEBETH Y, LT
IVEMATORELOEANHZERT LD OTE RV,
FBEAE FEEGRSBEVONG*EEL 2L E
REHLAWV, F—A7 7 0—F %2479 2L TREL#EHR
BB AE & U CHERE O FHAREPZET O N5,
INEEICH T AEBICBVWTY, BELBEOBEOWIL
B L-AROBRE R BEFSHBITITEE IR T
{BHDEBbIG,

(20084E8 A 4IHY)

4) Jahrsdoerfer RA, Yeakley JW, et al: Grading system for the selection of

patients with congenital aural atresia. Am J Otol 13: 6-12, 1992.

5) #EHE, AR E,/NEEICH Y BMEIETHES L TO=RTCTOFIA.

B3 ab—3 3958 15: 7-13, 2007.

86 —98—



The Auditory System

Hans J. ten Donkelaar and Kimitaka Kaga

Contents
7.1 INtroduction........c.cccoovimrniiieeee s 305
7.2 The Cochlea and the Cochlear Nerve..........ccoowoovccoorneree 306
7.2.1 The Middle Ear and the Cochlea: Mechanical

Transmission of SOUNd .......cooivcerneinnnecrcc e 306
7.2.2 Cochlear Hair Cells: Transduction and Amplification.......... 308
7.2.3 Spiral Ganglion Cells and the Cochlear Nerve:

Neural TranSmission w...c.c.cveiieecrereeernenenrenseesseseeessesesenes 308
7.2.4 The Auditory Periphery: Generation of Evoked Activity..... 308
7.2.5 Hearing LOSS ...cocvueirecrteieriricieiteee s s anenesenan 309

Clinical Case 7.1 Cerebellopontine Angle Tumour.............. 310
7.3  The Brain Stem Auditory System..........c.cccoooevvecrueierennnns 312
7.3.1 The Cochlear Nuclei: Diversification

of Cochlear INPut ..........cccvvricrurrrneeriee e 312
7.3.2 The Superior.Olivary Complex: Recreation

Of AUditOry SPACE ....couviuiiiiiccicier et 313
7.3.3 The Upper Brain Stem: Integration

of Ascending Auditory Pathway .......c.cocereicncenincnncncnnn. 313
7.3.4 Brain Stem Topography: Generation

of Evoked POtentials ........ovvveurererrremcireninceeeescsnenscnneecnnscas 314

Clinical Case 7.2 Impaired Sound Localization

Following a Midline Pontine Lesion.......c..cccovevverveeiirvenianne 314
7.4 The Forebrain Auditory System.........c....occcocvrviereirneeeenns 315
7.4.1 The Auditory Thalamus.......cccececovenicireinneie s 315
7.4.2 The Acoustic Radiation ......c..cececoeerirnnnroensensierereeneenennes 315
7.4.3 The Auditory Cortex: Sequential Levels

of Auditory Processing .......cocoeceecvevercvrrieirnsreninssnererercenenene 316
7.4.4 Auditory Disorders Related to Stroke......occeeeevnerercvceeccns 319

Clinical Case 7.3 Auditory Agnosia Caused
by Bilateral Lesions Restricted to the

Auditory Radiations.............. e 321

Clinical Case 7.4 Neuropathology of Auditory Agnosia

Following Bilateral Temporal Lobe Infarction..........c.cve..... 322

Clinical Case 7.5 Auditory Hallucinations

Following a Metastasis in Heschl’s Gyrus......c.cococoecveoeurnens 324
7.5 The Descending Auditory System...........ccococevevnnnrccninncne 325
References...........ccoocinecvcrccennnnencsinrecens! e 326

H.J. ten Donkelaar (£<)

935 Department of Neurology, Radboud University Nijmegen Medical
Centre, P.O. Box 9101, 6500 HB Nijmegen, The Netherlands

e-mail: h.tendonkelaar@neuro.umen.nl

H.J. ten Donkelaar, Clinical Neuroanatomy,

7.1 Introduction

The €ar or vestibulocochlear organ is composed of external,
middle and inner parts (Fig. 7.1). The external ear consists of
the auricle and the external acoustic meatus with the outer
layer of the tympanic membrane. The middle ear is formed
by the tympanic cavity, the auditory ossicles and the inner
layer of the tympanic membrane. The inner ear comprises
the labyrinth, a series of fluid-filled spaces in the petrous part
of the temporal bone. The auditory part of the inner ear con-
sists of the cochlea with the organ of Corti, which contains
hair cells as auditory receptors. Receptors sensitive to high
frequencies are located near the cochlear base and those sen-
sitive to low frequencies near the apex of the cochlea. The
hair cells are innervated by the peripheral processes of bipo-
lar ganglion cells in the spiral ganglion. Their central pro-
cesses form the cochlear division of the vestibulocochlear
nerve and terminate in the cochlear nuclei. The principal
auditory pathway passes from the cochlea, via the cochlear
nuclei, the inferior colliculus and the medial geniculate body
(MGB) to the contralateral auditory cortex on the dorsal sur-
face of the superior temporal gyrus. Each MGB is bilaterally
innervated, so that each hemisphere receives cochlear input
bilaterally. All of the components of the auditory pathway
are tonotopically organized.

At birth, humans have about 20,000 inner and outer hair
cells in the organ of Corti, which often do not last a lifetime
as they do not regenerate when lost (Stone et al. 1998). By
the age of 65-75 years, many individuals have a bilateral,
high-frequency progressive hearing loss known as presbycu-
sis associated with hair cell attrition. Hair cell loss is the
most common cochlear defect causing hearing impairment
in presbycusis and noise-induced hearing loss. Hearing dis-
orders due to brain stem lesions are rare because of the bilat-
eral projections of the central auditory pathways. Midline
pontine lesions may result in impaired sound localization
due to interruption of the input of the superior olivary com-
plex (see Sect. 7.3.2 and Clinical case 7.2). Disorders of
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Fig. 7.1 Overview of the
external, middle and internal ear
(from Brédel 1946)

o
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auditory perception may follow strokes in the territory of the
internal carotid arteries or of the vertebrobasilar system. The
central disorders of auditory perception may resull from
lesions of either the right and the left or both cerebral hemi-
spheres, usually involving parietotemporal cortical areas as
illustrated in Clinical cases (see Sect. 7.4.4).

7.2

The Cochlea and the Cochlear Nerve
7.2.1 The Middle Ear and the Cochlea:
Mechanical Transmission of Sound

The middle ear comprises the tympanic cavity, the tympanic
membrane, the three auditory ossicles, two middle ear muscles,
air-filled cavities formed by the mastoid antrum and mastoid
air cells, and the auditory tube. The tympanic cavity commu-
nicates with these air-filled cavities and through the auditory
tube with the nasopharynx (Fig. 7.1). The three auditory ossi-
cles are the hammer or malleus, the anvil or incus and the stir-
rup or stapes. The head of the malleus is anchored to the
tympanic membrane, whereas the base of the stapes is con-
nected to the fenestra vestibuli or oval window. Sound waves
set the tympanic membrane into vibrating movements, which
via the auditory ossicles are transmitted to the inner ear. The
inner ear or cochlea is a fluid-filled tube that is coiled two and
a half times. In cross-section, it has a broad base, a pointed apex
and a central pillar called the modiolus. The osseous Jabyrinth

Vestibular nerve

Facial nerve

9 “:. {\( % e 1"“: N,

Ik 0\
window N g\\{—:‘ ;
with stapes Roun Q

window 3

Middie ear
cavity

communicates with the tympanic cavity through two openings
in its medial wall, the oval window or fenestra vestibuli and
the round window or fenestra cochleae. The oval window is
closed by the base of the stapes, so that vibrations of the audi-
tory ossicles are transmitted to the perilymph of the inner ear.
Motion of the auditory ossicles is modified by two small
middle ear muscles, the tensor tympani and the stapedius.
The tensor tympani is the largest of the two. It is attached to
the handle of the malleus and is innervated by the trigeminal
nerve. The smaller stapedius attaches anteriorly to the head of
the stapes and is innervated by the facial nerve. The stapedius
and tensor tympani motoneurons form separate cell groups,
situated close to the facial and motor trigeminal nuclei, respec-
tively (Lyon 1978; Mizuno et al, 1982; Shaw and Baker 1983).
The stapedius functions to protect the auditory receptors of the
inner ear against excessive stimulation caused by too strong
sound pressure. The sound pressure depends on the amplitude
of the waves: the greater the amplitude, the higher the sound
pressure. The stapedius contracts in response to sounds above
70 dB (the intensity of loud conversation), damping the move-
ments of the auditory ossicle chain. The tensor tympani con-
tracts to louder sounds, especially impulse noises. The acoustic
middle ear reflex includes projections from the ventral
cochlear nucleus via the superior olivary nuclear complex to
the motor nuclei of the trigeminal and facial nerves (Borg 1973).
With electro-acoustic impedance measurements, stapedius
muscle contraction can be readily detected in response to
ipsilateral or contralateral sound, giving objective information
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Fig.7.2 The foetal cochlear
duct. At 16 weeks of develop-
ment, the cochlear nerve (cn)
fibres pass through a central
pillar, the modiolus (mod),
whereas their cells of origin form
the spiral ganglia (spg). Below,
details of the spiral organ are
shown for 25 weeks of develop-
ment. Abbreviations: bm basilar
membrane; ¢d cochlear duct; ihe.
ohe inner and outer hair cells;

st scala tympani: sva Strig
vascularis; sve scala vestibuli:

{C tunnel of Corti; 1 tectorial
membrane: vm vestibular
(Reissner) membrane (from ten
Donkelaar et al. 2006)

about the functional state of the middle and the inner ear, the
auditory and facial nerves and the central auditory pathways in
the lower brain stem. Ipsilateral and contralateral measure-
ments can distinguish between right, left and midline lesions
of the lower brain stem (Hayes and Jerger 1981).

The cochlea is composed of three chambers or scalae: the
scala vestibuli, the scala media and the scala tympani, sepa-
rated from each other by the vestibular membrane of Reissner
and the basilar membrane (Fig. 7.2). The inner scala media is
filled with endolymph, which is rich in potassium and has the
character of intracellular fluid. The perilymph of the outer
scalae vestibuli and tympani has approximately the same
composition as the cerebrospinal fluid. The two perilymph
compartments form one space, since they are continuous
with each other at the apex of the cochlea (the helicotrema).
The perilymph drains to the subarachnoid space. The scala
media or cochlear duct contains the organ of Corti, which
rests on the basilar membrane (Fig. 7.3). The superior wall of

the cochlear duct (the membrane of Reissner) angles down-
wards from lateral to medial, making the cochlear duct wedge
shaped. The lateral wall is the stria vascularis. The thickened
epithelium that constitutes the organ of Cortican be divided
into hair cells and supporting cells. The hair cells are the
sensory receptor cells of which there is a single row of inner
hair cells and three rows of outer hair cells. The supporting
cells include the inner and outer pillar cells, which are sepa-
rated by the tunnel of Corti extending the Iength of the
cochlea. Both the hair cells and the supporting cells are over-
laid by the gelatinous tectorial membrane. In bumans, there
are 12,000 outer hair cells in three rows al the basal turn,
increasing to four to five rows in the second and apical turns,
and 3,500 inner hair cells in a single row (Retzius 1884;
Bredberg 1968; Kimura 1975). On their apical side, the hair
cells contain contractile proteins, including an actin cuticular
plate, and about 100 stereocilia, graded in length, which
extend to the overlying tectorial membrane. The stereocilia
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Fig. 7.3 Photomicrograph of the human cochlea (from ten Donkelaar
et al. 2006; courtesy Jo Curfs, Nijmegen)

are composed of the active contractile proteins actin and
myosin (Flock 1980; Corwin and Warchol 1991). The affer-
ent fibres from the hair cells pass from the organ of Corti
through small openings in the osseous lamina into the modi-
olus. Their cell bodies are located in the modiolus in
Rosenthal’s canal as the spiral cochlear ganglion (Sect. 7.2.3).
The inner ear is vascularized by the internal auditory artery
which in some 80% is a branch of the anterior inferior cere-
bellar artery (Kim et al. 1990; Schuknecht 1993).

7.2.2 Cochlear Hair Cells: Transduction
and Amplification

The human ear can detect sound waves with frequencies
between 20 and 20,000 cycles per second or Hertz (Hz), i.e.
approximately ten octaves of sound. The human ear has the
greater sensitivity for sounds around 1,000 Hz. The greater the
frequency, the higher the pitch. The sound vibrations that enter
the scala vestibuli and the perilymph at the oval window pro-
duce displacement of the basilar membrane before they finally
dissipate back to the middle ear by movements of the mem-
brane covering the round window. Transduction of sound
occurs in the sensory cells of the organ of Corti. Oscillations
of the basilar membrane produce a shearing force on the
stereocilia of the receptor cells, which are in firm contact with
the non-oscillating tectorial membrane. The tilting of the stiff
cilia is the adequate stimulus for the auditory receptor cells. The

inner and outer hair cells have different roles in the transduction
of energy within the cochlea. Inner hair cells provide direct
input to almost all of the axons in the cochlear nerve. Their
activity is modified by local amplification of the motion of thee
basilar membrane produced by the outer hair cells and hair-ce ll
related supporting cells (Flock et al. 1999; Moore and Linthicurn
2004). Several molecules have been identified as having a vital
role in hair-cell transduction. They are specifically expressedin
and around the stereocilia and mutations in their genes lead to
deafness (Steel and Kros 2001; ten Donkelaar et al. 2006).

7.2.3 Spiral Ganglion Cells and the Cochlear
Nerve: Neural Transmission

The transition from hair cell activity to neural activity occurs
within the cochlea. Activation of the stereocilia results in
changes in the intracellular potential that lead to the release of
a neurotransmitter from synaptic vesicle clusters at the base of
the hair cells. Opposite such a cluster of synaptic vesicles, bu }-
bous nerve terminals are found on the outer surface of the cell
wall, Six to eight such terminals are present on the base of
each inner hair cell, and a smaller number on each outer hair
cell (Nadol 1990). These terminals continue as short unmyel i-
nated processes, forming the “dendritic” segment of cochlear
nerve fibres. They become myelinated when they enter the
osseous spiral lamina. Here, they reach their cells of origin, the
spiral ganglion cells. The spiral ganglion extends only half-
way from the base of the cochlea to the apex. Therefore, the
peripheral processes, containing hair cells in the apical and
middle turns of the cochlea, extend down through the modic-
lus to reach the most apical ganglion cells. In humans, there
are about 35,000 spiral ganglion cells (Hinojosa et al. 1985;
Spoendlin 1985). Two types of ganglion cells are found
(Spoendlin 1985). The majority (90-95%) are type I cells ard
contact inner hair cells. The unmyelinated peripheral pro-
cesses of the remaining ganglion cells (5~10%), the type 1l
cells, contact the outer hair cells. The central processes of both
types of ganglion cells form the cochlear nerve (Spoendlin ard
Schrott 1989). The cochlear nerve enters the ventral cochlear
nucleus on the ventrolateral side of the inferior cerebellar
peduncle (see Fig. 7.6a). Upon entering the brain stem, pri-
mary auditory fibres bifurcate into equally sized ascending
and descending branches (Moore and Osen 1979).

7.2.4 The Auditory Periphery: Generation
of Evoked Activity

Neural activity is reflected in the brain stem auditory-
evoked potentials or responses (BAEPS or BAERS), an
externally recordable series of small amplitude and shoxt
latency wave-like potentials evoked by a transient stimulus
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Fig.7.4 Brain stem (ABR), middle latency (MLR) and cortical (ACR)
auditory-evoked responses (from Pasman 1997, courtesy Jaco Pasman,
Nijmegen)

such as a click (Jewett et al. 1970; Stockard et al. 1978,
1986). Auditory-evoked responses (AERs) can be subdivided
according to their latency into brain stem (ABR), middle
latency (MLR) and cortical (ACR) AERs (Fig. 7.4). In humans,
the ABR or BAEP is characterized by six or sometimes seven
deflections (I-VII) in the first 9 ms after the stimulus. Waves
I, III and V are of greatest interest since they reflect volume-
conducted activity from the levels of the acoustic nerve, pons
and midbrain, respectively. The earliest BAEP waves (waves
I and II) are generated by the cochlear nerve, prior to its
entrance into the brain stem (Stockard et al. 1978, 1986;
Moller and Jannetta 1982; Martin et al. 1995; Fig. 7.5). A
potential corresponding to wave II of the scalp-recorded
BAEP can be recorded intrasurgically from the surface of the
human cochlear nerve as it passes through the internal audi-
tory meatus and crosses the intradural space (Martin et al.
1995). This supports an earlier dipole localization study
(Scherg and von Cramon 1985). Therefore, both waves I and
IT of the human BAEPs are generated by activity in axons of
the cochlear nerve. BAEPs can distinguish between patholo-
gies of the middle and inner ear, the auditory nerve and the
brain stem. There are three major applications of BAEPs in
adults: (1) the detection of tumours in the region of the pos-
terior cranial fossa; (2) evolution of coma; and (3) assess-
ment of patients with suspected demyelinating diseases such
as MS. Acoustic neurinomas may cause complete loss of
wave I on the side of the lesion or a significant increase in the
I to 11l interpeak latency.

7.2.5 Hearing Loss

Two types of hearing loss can be distinguished: conductive
and sensorineural. Conductive hearing loss is related to

10ms

Fig.7.5 Relationship between components of the brain stem-auditory
evoked response and the auditory projection pathway. Abbreviations:
CI colliculus inferior; CN cochlear nuclei; Il lateral lemniscus; MGB
medial geniculate body; nVIII vestibulocochlear nerve; SO superior
olive; I-V waves of BAEP (after Stockard et al. 1978)

defects in conductive mechanisms in the middle ear, result-
ing from conditions such as otitis media and otosclerosis.
Sensorineural hearing loss is caused by disease in the
cochlea or its central connection, the cochlear nerve.
Hearing loss of cochlear origin is common and can result
from a variety of conditions, including tumours, infections,
temporal bone fractures or from exposure to excessive
noise or ototoxic drugs (Schuknecht 1993). In presbycusis,
the hearing loss of the aged, the loss begins with degenera-
tion of outer hair cells at the basal end of the cochlea, but
does not seriously affect hearing until the upper range of
speech frequencies, around 3,000 Hz, is affected. Noise-
induced hearing loss and severe blows to the head tend to
affect the anterior basal turn of the cochlea, the region that
processes 3,000-4,000 Hz (Moore and Linthicum 2004).
Tinnitus, characterized by noise in the ears such as ring-
ing, humming or whistling, is a common symptom in dis-
orders of the inner ear, but it can also occur in disorders
affecting the VIIIth nerve such as an acoustic neurinoma
(see Clinical case 7.1) and with vertebrobasilar disease.
Sudden onset of unilateral or bilateral deafness usually
accompanied by dizziness or vertigo can be a sign of occlu-
sion of the basilar artery (Huang et al. 1993; Levine and
Hausler 2001).
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Clinical Case 7.1 Cerebellopontine Angle Tumour

Electrocochleography and auditory brain stem response
(ABR) are important electrophysiological tools for routine
use in diagnosing vestibular schwannomas (Eggermont
et al. 1980; Chandrasekhar et al. 1995). Kaga et al. (1997)
reported a case of a vestibular schwannoma in which elec-
trocochleography and ABR were correlated with temporal
bone pathology (Fig. 7.6).

Case report: A 74-year-old female presented with a left
hearing impairment. In 1975, she had undergone mastec-
tomy of her left breast and in 1987, at the age of 73, she
was treated with cobalt radiotherapy for a recurrence of the
breast cancer. Pure tone audiometry revealed threshold
elevation in the middle- and high-frequency range. ABR
showed no response in the left ear but electrocochleogra-
phy showed clear compound action potentials. CT scanning

Fig. 7.6 (a) The course of the vestibulocochlear nerve from the inner
ear to the brain stem on the right and (b) the cerebellopontine angle.
The black arrow in (b) points at an acoustic neurinoma and the way
it extends (white arrows). Abbreviations: nlll oculomotor nerve; nlV

and MRI demonstrated the presence of a medium-sized
cerebellopontine angle tumour in the left ear (Fig. 7.7a, b).
Three years later, she died of metastatic lung cancer and
sepsis. At autopsy, metastases of the breast cancer were
found in the right upper lobe of the lung and in the right
temporal lobe of the brain. The temporal bone pathology
consisted primarily of a large schwannoma, originating
from the left inferior vestibular nerve and occupying the
left internal auditory meatus (Fig. 7.7c, d). The organ of
Corti was well preserved in each turn. In the modiolus, the
numbers of spiral ganglion cells and cochlear nerve fibres
in each turn were decreased. These histological findings
suggest that clear compound action potentials were recorded
from the distal part of the cochlear nerve in spite of the
presence of the vestibular schwannoma. ABR could not be
detected because of the blockade of the proximal portion of
the cochlear nerve by the vestibular schwannoma.

trochlear nerve; nVI ophthalmic nerve; nV2 maxillary nerve; nV3
mandibular nerve; nVI abducens nerve; n/X glossopharyngeal nerve;
nX vagal nerve; nX/ accessory nerve; sps superior petrosal sinus ((b)
after ten Donkelaar et al. 2007)
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Fig.7.7 (a,b)CT and MRI demonstrating the presence of a medium-
sized tumour in the left internal auditory canal and the cerebellopon-
tine angle. (¢) Mid-modiolar section of the left ear showing
enlargement of the internal auditory canal occupied by a vestibular
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7.3  The Brain Stem Auditory System

Upon entering the brain stem, the central processes of the
spiral ganglion cells bifurcate and distribute to the cells of
the dorsal and ventral cochlear nuclei (Sect. 7.3.1). The orga-
nization of the terminations was first described by Lorente de
N6 (1933), based on his Golgi studies in a 4-day-old cat. In
squirre] monkeys, fibres from the basal turn of the cochlea
project to dorsal regions of the ventral cochlear nucleus,
whereas apical fibres project to ventral regions (Moskowitz
and Liu 1972). The primary cochlear nuclei contribute bilat-
eral ascending projections to the superior olivary complex
and to the lateral lemniscus (Sect. 7.3.2). The majority of the
lateral lemniscal fibres ascend directly to the inferior collicu-
lus (Sect. 7.3.3). Ascending projections from the inferior
colliculus form the brachium of the inferior colliculus and
reach the MGB (Sect. 7.4.1), which via the acoustic radiation
(Sect. 7.4.2) projects to the auditory cortex (Sect. 7.4.3).

7.3.1 The Cochlear Nuclei: Diversification

of Cochlear Input

The human cochlear nuclei consist of a large ventral nucleus
and a smaller dorsal nucleus (Moore and Osen 1979; Terr
and Edgerton 1985; Adams 1986). The dersal cochlear

Fig. 7.8 (a) Overview of the
auditory projections in the
human brain (after ten Donkelaar
et al. 2007); (b—d) the position
of the cochlear nuclei (in red),
the lateral lemniscus (in light
red) and the colliculus inferior
(in red) in horizontal sections of
the brain stem (after Duvernoy
1995). Abbreviations: ar
acoustic radiation; bei brachium
of colliculus inferior; CI
colliculus inferior; cn cochlear
nerve; Cod, Cov dorsal and
ventral cochlear nuclei; CS
colliculus superior; ¢t corpus
trapezoideum; gt gyrus
temporalis transversus
(Heschl’s gyrus); /I lateral
lemniscus; MGB medial
geniculate body; pt planum
temporale; sad stria acoustica
dorsalis; SO superior olive

nucleus contains a large variety of cell types, and is situated
dorsolateral to the inferior cerebellar peduncle. The ventral
cochlear nucleus contains many different cell types and has
anteroventral, ventral and posteroventral subnuclei, which
borders are not well defined, however. The cochlear nuclei
receive a rich blood supply from multiple sources, including
branches of the anterior and posterior inferior cerebellar
arteries (Oas and Baloh 1992).

The secondary auditory projections from the cochlear
nuclei to the superior olivary complex and the inferior colliculus
take various routes (Fig. 7.8). Ipsilaterally, a major projection
from both ventral and dorsal cochlear nuclei reaches the supe-
rior olivary complex (Sect. 7.3.2). Contralaterally, there are
three major ascending cochlear projections (Strominger 1973;
Strominger et al. 1977): (1) the largest originates in the ventral
part of the ventral cochlear nucleus and forms the trapezoid
body; its axons may proceed directly to the contralateral lem-
niscus or terminate in the superior olivary complex; (2) fibres
from the dorsal part of the ventral cochlear nucleus form the
intermediate acoustic stria; they contribute to the lateral lem-
niscus; and (3) a contralateral projection from the dorsal cochlear -
nucleus, forming the dorsal acoustic stria. The dorsal and
intermediate acoustic striae and the trapezoid body converge to
form the lateral lemniscus. The auditory nuclei do not only
serve as relay nuclei in the ascending auditory projection, but
also as reflex centres. Efferents from the cochlear nuclei enter
the reticular formation, where they contact neurons of the
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Fig.7.8 (continued)

ascending reticular activating system (see Chap. 5), and give rise
to the auditory-evoked startle reflex.

7.3.2 The Superior Olivary Complex:
Recreation of Auditory Space

The superior olivary complex is the first site for binaural
convergence. In primates, the cochlear nuclei project to the
superior olivary complex on both sides of the brain stem
(Strominger 1973; Strominger et al. 1977). The superior oli-
vary complex is located in the caudal pons, lateral to the
medial lemniscus and dorsal to the spinothalamic tract. The
complex contains the medial superior olivary nucleus, the lat-
eral superior olivary nucleus and the nucleus of the tfapezoid
body. The latter nucleus is indistinct in apes and vestigial in
humans (Moore 2000). The superior olivary complex is
important for the localization of sounds (Moore and
Linthicum 2004). A sound is localized by two means depend-
ing on its frequency: (1) low-frequency sounds activate the
two ears at somewhat different times (interaural time differ-
ences); (2) high-frequency sounds activate the two ears with
somewhat different intensities (interaural intensity differ-
ences). Neurons in the medial superior olivary nucleus are
tuned to low-frequency stimuli and are sensitive to interaural
time differences. The projection from the ventral cochlear
nucleus is thought to contribute to this sensitivity. In contrast,
neurons in the lateral superior olivary nucleus are tuned to
high-frequency stimuli and are sensitive to interaural inten-
sity differences. The lateral superior olivary nucleus receives
a monosynaptic excitatory connection from the ipsilateral

ventral cochlear nucleus and a disynaptic inhibitory connec-
tion from the contralateral ventral cochlear nucleus via the
nucleus of the trapezoid body. Since the dorsal cochlear
nucleus does not innervate the superior olivary complex, it is
believed not to play a role in the localization of sounds.

Behavioural studies in cats have implicated the superior
olivary complex in the recreation of auditory space. Cats
with lesions above the level of the superior olivary complex,
in the lateral lemniscus, the inferior colliculus, the MGB or
the auditory cortex, are unable to locate a sound source in the
spatial field contralateral to the lesion, whereas cats with
lesions below the superior olivary complex have more dif-
fuse deficits (Casseday and Neff 1975, Thompson and
Masterton 1978; Jenkins and Masterton 1982). A compara-
ble deficit has been observed in human subjects with exten-
sive midline pontine lesions that eliminated crossed input to
the superior olivary complex on both sides (Griffiths et al.
1997a; Furst et al. 2000; see Clinical case 7.2). These animal
and human studies suggest that the auditory spatial field is
recreated in the brain stem by transformations occurring at
the level of the superior olivary complex.

7.3.3 The Upper Brain Stem: Integration
of Ascending Auditory Pathway

The lateral lemniscus is clearly visible in the rostral pons and
the midbrain. Most of its fibres terminate in the inferior colli-
culus. Many of these fibres send a collateral branch to the
nuclei of the lateral lemniscus, which innervate the inferior
colliculus and also directly the MGB. In most mammalian



