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Abstract

Background: Cortical auditory evoked potentials (CAEPs) reflect the function of the auditory thalamo-cortical pathways and
the auditory cortex, and so are a window to the ‘auditory brain. They are a valuable prognosticator for predicting long-term
outcomes in cochlear implantees. This preliminary study evaluated its use in pediatric auditory brainstem implant (ABI) who
had bilateral Michel’s deformity with cochlear nerve hypoplasia.

Objectives: To profile the aided CAEPs in children with ABI and to assess its efficacy as a tool for evaluating ABI outcomes.

Method: This prospective clinical study was performed in 3 pre-lingually deaf, non-syndromic children (aged 3-5 yrs) who
had congenital bilateral hypoplastic cochlear nerves with Michel’s cochlear deformity who underwent ABI at our institute.
All implantees underwent CAEP testing at 6 months and 1 year post-implantation and their results were compared. To com-
pare responses between the various electrodes in contact with the brainstem the 12 ABI electrodes were divided into 4 groups
(G1-G4). These groups were sequentially activated and the CAEPs recorded; the responses were compared to the overall CAEP
response obtained by stimulating the entire electrode array. Testing comprised /m/, /g/, and /t/ acoustic stimuli and respons-
es to them were recorded from each group of electrodes. Latency of P1, amplitude of P1 complex, and morphology of the re-
sponses were analyzed.

Conclusions: Results from our preliminary study showed that CAEP can be successfully recorded in ABI, and CAEP pro-
filing can be an objective method of analyzing the optimal placement and function of the ABI electrodes on the brainstem.
Thus CAEP is an efficient adjunct to electrically evoked auditory brainstem response (EABR) for testing ABIs. When stimu-
lated via the ABI, CAEP may reflect re-organization of higher auditory centers and hence may be a good prognosticator for
long-term assessment of ABI performance.

Key words: cochlear nucleus  auditory brainstem implant « electrically evoked auditory brainstem response (EABR) « cortical
auditory evoked potential (CAEP) « P1 wave

ESTUDIO CLINICO DE LOS POTENCIALES AUDITIVOS CORTICALES EVOCADOS
ELECTRICAMENTE EN LOS NINOS-USUARIOS DE IMPLANTES AL TRONCO
CEREBRAL

Resumen

Introduccion: Los potenciales auditivos corticales evocados (CAEP) son el reflejo del funcionamiento de la via auditiva hipo-
talamo - corteza y del funcionamiento de la misma corteza auditiva, por lo que son una especie de ventana hacia “el cerebro
oyente”. Son un valioso predictor de los resultados auditivos de usuarios de implantes cocleares en el largo plazo. Este estudio
preliminar ha tenido como objetivo evaluar su utilidad en el estudio de los nifios que tuilizan los implantes cocleares al tron-
co cerebral (ABI), con aplasia bilateral de Michel y con hipoplasia del nervio coclear.

Objetivo: Elaboracion de la descripcion de los CAEP eléctricamente evocados en los niflos con ABI y valoracion de la utilidad
de este estudio como herramienta de evaluacién de los resultados ABI.

Método: El estudio prospectivo clinico ha sido realizado en tres nifos con sordera prelocutiva, sin enfermedades adicionales (de
3 a 5 afios), con hipoplasia bilateral del nervio coclear con aplasia de Michel, y a los que se les habia insertado ABI en nuestro
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institudo. En todos los pacientes hemos realizado estudios de CAEP después de 6 meses y de 1 afio después de la implantacion
y hemos hecho la comparacion de sus resultados. Para poder comparar las respuestas entre distintos electrodos en contacto con
el tronco cerebral, hemos dividido 12 electrodos ABI en 4 grupos (G1-G4). Dichos grupos fueron sucesivamente activados re-
gistrando CAEP: Las respuestas han sido comparadas con las respuestas generales CAEP obtenidas a través de la estimulacion
de toda la haz de electrodos. El estudio inclufa estimulos actsticos /m/, /g/ y /t/, hemos registrado la respuesta para cada uno
de los grupos de electrodos. Hemos hecho analisis de latencia y de la amplitud de la onda P1 y de la morfologia de la respuesta.

Conclusion: Los resultados de nuestro estudio prelminiar han demostrado que se puede llevar con éxito el registro de CAEP
en pacientes con ABI, y que el CAEP puede ser un método objetivo del andlisis de la localizacién dptima y del funcionamien-
to de los electrodos ABI. Por este motivo, CAEP es un estudio adicional eficaz, a parte de los potenciales auditivos del tronco
cerebral evocados electricamente (EABR) en el examen de los pacientes con ABI. Durante la estimulacion por el ABI, CAEP
pueden reflejar la reorganizacion de centros auditivos superiores, por lo que pueden ser un buen indicador de los resultados
de los pacientes con ABI en un plazo mas largo.

Palabras clave: nucleo coclear « implante coclear al tronco cerebral « potenciales auditivos del tronco cerebral evocados eléc-
tricamente (EABR) « potenciales auditivos corticales evocados (CAEP) « onda P1

KIMHNYECKOE NCCITEJOBAHME KOPKOBbBIX CIIYXOBbBIX BbI3BBAHHbBIX
MOTEHIIMAJIOB Y IETEN, OJIb3YIOIINXCSA CTBOTIOMO3TrOBbIMU
VMMIIVITAHTATAMMU

W3noxxenue

Beepnenne: Kopkosble cryxoBble Bbi3BanHbIe moTeHuannsl (CAEP) - 310 oTpakeHne QpyHKIIMOHNPOBaHMA KOPKOBO-Ta-
JIAMMYHOTO C/TyXOBOTO YT ¥ CITyXOBOI KOPbI, IO9TOMY OHU ABJIAIOTCA OKHOM K «CTIbIIIaIeMy MO3Try». OHU — BayKHBII
MIPEIKTOP C/TyXOBBIX Pe3y/IbTaTOB I10/Ib30BaTe/Iell yIMTKOBbIX MMIUIAHTATOB B TeYeHMe I/INTe/IbHOTO IIep1ojia BPEMEHN.
Lenb sTOrO IpeBapMUTENIbHOrO UICCTAEJOBaHNA — OLJ€HKA UX IT0/IE3HOCTY B MCCIEJOBAHNM JIeTell, ITO/Ib3YIOUIXCA CTBOJIO-
MO3TOBBIMU CIIyXOBbIMM MMITaHTaTamu (ABI), ¢ pBycTopoHHel! amtasneit Mule/b 1 IUIIOIUIa3nell yIMTKOBOrO HepBa.

Henp: Onncanne snekrpudecky BoisBaHHbIX CAEP y nereit ¢ ABI u olleHKa I10/1I€3HOCTM 3TOTO MCC/IEIOBAHNA B Kaye-
CTBE MHCTPYMEHTA JIJI OLleHKM pe3ynbTaToB ABI.

Merop;: IIpocrekTHBHOe KIMHIYECKOE UCCIefOBaHNe IIPOBEEHO ¥ 3 JeTell ¢ Ipe/IMHIBAIbHOI IJTyXOTOIt, 6e3 Apyrux
3abormeBanmit (Bo3pact 3-5 jieT), KOTOpbIe VIMeIN [ABYCTOPOHHIOI TMUIIOIIA3MIO YIMTKOBBIX HEPBOB C amvasueii Mu-
menb. Jetsim 6pumn BxuBieHpl ABI B Hamem nHctuTyTe. MBI npoBenu uccnenoBanus CAEP y BceX MaiueHToB IO-
c1e 6 MecAILleB U OIHOTO Tofja IOC/Ie BXXVBJICHV Y CPaBHIIN VX pe3y/IbTaTbl. YTOOBI CPaBHUTD OTBETDHI MEXIY Pa3HbI-
MU 9/IeKTPOAaMI, KOTOPbIe ObIIN B KOHTAKTe CO CTBOIOM MO3Ta MBI pasfenmnn 12 snekTponos ABI Ha deTbipe rpynmel
(G1-G4). MbI 1o o4yepeny aKTUBUPOBAIN IPYIIIIbL, IponsBoys 3amuch CAEP. Mbl cpaBHUBaIM OTBETHI C OOIIMMMU OT-
Beramyu CAEP, nmony4eHHpIMU ITyTeM CTUMYIALMM 1e7I0J CBA3KM 9/1eKTPOfoB. ViccienoBanme oXBaTbIBalo aKyCTuyde-
CKMe UMIYIbCBI /m/, /g/ i /t/, MbI IpOM3BEIN 3aIMCU OTBETOB /IS KXX/JO0Il M3 TPYIIII 3/IeKTPOLOB. Mbl IpOBe/IN aHa/MN3
JIaATeHINY aMIUIUTYAbI BOMHBI P1 1 Mopdooruu oTBeTos.

Wrorn: PesynpTaTel Halllero MCCefoBaHNUA ITOKa3ai, YTO MOYKHO ycIlenrHo nponsBectyu 3amuch CAEP y manmeHToB ¢
ABL u uto CAEP MOXeT 6bITh O6'b€KTUBHBIM METOOM aHA/IM32a ONTUMAIbHOIO Pa3MEIEeHNS U JEeICTBIUSA /IEKTPOJIOB
ABI, nostomy CAEP - 570 3¢ deKTUBHOE JOIOMTHUTEIbHOE MCCIENOBAHIE KPOME CTBOIOMO3TOBBIX C/TyXOBBIX 9/IEKTPI-
4yecky BbI3BaHHBIX noteHnanos (EABR) B nccnenoBanuu manmentos ¢ ABIL Bo Bpems ctumynsauun ABI CAEP moryT
OTpa)kaTh PEOPraHM3aLNIO BBICIINX CYXOBBIX LIEHTPOB, II09TOMY OHU MOTYT ObITh XOPOIIUM IIPEJUKTOPOM pe3y/bTa-
TOB y manueHToB ¢ ABI B jyimtenbHOM nepumoe.

KnroueBble clIoBa: yIMTKOBOE PO o CTBOJIOMO3TOBBIN C/IyXOBOJ MMIIIAHTAT » CTBOJIOMO3TOBBIE CJIOXOBBIE 9IeKTpIye-
cku Bpi3BaHHbIe toTeHIyanel (EABR)  kopkoBbie cryxoBble BbisBaHHbIe noTeHIuansl (CAEP) « BonHa P1
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BADANIE KLINICZNE ELEKTRYCZNIE WYWOLANYCH KOROWYCH
POTENCJALOW SEUCHOWYCH U DZIECI KORZYSTAJACYCH Z IMPLANTOW
DO PNIA MOZGU

Streszczenie

Wprowadzenie: Wywolane korowe potencjaly stuchowe (CAEP) sa odzwierciedleniem funkcjonowania wzgorzowo-korowej
drogi stuchowej oraz kory stuchowej, wiec s3 oknem do ‘styszacego mozgu’ Sa cennym predyktorem wynikéw stuchowych
uzytkownikéw implantéw §limakowych w dlugim przedziale czasu. To wstepne badanie mialo na celu ocene ich przydatno-
$ci w badaniu dzieci korzystajacych z implantéw stuchowych do pnia mézgu (ABI), z obustronng aplazja Michela i hipopla-
zja nerwu $limakowego.

Cel: Stworzenie opisu elektrycznie wywolanych CAEP u dzieci z ABI i ocena przydatnosci tego badania jako narzedzia do oce-
ny wynikéw ABL

Metoda: Prospektywne badanie kliniczne zostalo przeprowadzone u 3 dzieci z gluchota prelingwalna, bez dodatkowych cho-
réb (wiek 3-5 lat), ktére mialy obustronng hipoplazje nerwéw slimakowych z aplazja Michela, i ktérym wszczepiono ABI
w naszym instytucie. U wszystkich pacjentéw wykonaliémy badania CAEP po 6 miesiecach i po 1 roku od wszczepienia i po-
réwnali$my ich wyniki. Aby poréwna¢ odpowiedzi pomig¢dzy réznymi elektrodami bedacymi w kontakcie z pniem moézgu, po-
dzieliémy 12 elektrod ABI na 4 grupy (G1-G4). Grupy kolejno aktywowalismy dokonujac zapisu CAEP. Odpowiedzi poréw-
naliémy z ogdélnymi odpowiedziami CAEP uzyskanymi przez stymulacje calej wigzki elektrod. Badanie obejmowalo bodzce
akustyczne /m/, /g/ i /t/, dokonalismy zapisu odpowiedzi dla kazdej z grup elektrod. Przeprowadziliémy analize latencji i am-
plitudy fali P1 i morfologii odpowiedzi.

Whniosek: Wyniki naszego wstepnego badania wykazaly, ze mozna z powodzeniem dokonac¢ zapisu CAEP u pacjentéw z ABI,
i ze CAEP moze by¢ obiektywna metodg analizy optymalnego umiejscowienia i dzialania elektrod ABI. Dlatego tez CAEP jest
skutecznym badaniem dodatkowym oprdcz potencjaléw stuchowych pnia mézgu wywotanych elektrycznie (EABR) w bada-
niu pacjentéw z ABI. Podczas stymulacji przez ABI CAEP moga odzwierciedla¢ reorganizacje wyzszych osrodkéw stuchowych
i stad moga by¢ dobrym predyktorem wynikéw pacjentow z ABI w dluzszym okresie.

Stowa kluczowe: jadro slimakowe « implant stuchowy do pnia mézgu « potencjaly stuchowe pnia mézgu wywotanie elektrycz-

nie (EABR) « korowe potencjaly stuchowe wywotane (CAEP) « fala P1

Background

Normal maturation of central auditory pathways is a pre-
condition for the optimal development of speech and lan-
guage skills in children. There is considerable evidence
from the recent literature that the auditory cortex is highly
plastic for a sensitive period during development. If senso-
ry input to the central auditory system is deprived during
this period, it is susceptible to large-scale cross-modal re-
organization exhibiting abnormal functional characteris-
tics [1]. This emphasizes the phenomenon of a ‘critical age’
for implantation in congenital profoundly deaf individuals.

Factors like neural plasticity, neural scavenging, and cer-
ebral re-organization have been extensively studied using
advanced instruments in recent times [2,3]. With the ad-
vent of cortical auditory evoked potentials (CAEPs), the
way is now open to objectively evaluate higher auditory
centers functions and observe these factors. Cortical po-
tentials have thus become an important diagnostic modal-
ity for evaluating higher auditory function in normal and
hearing-impaired individuals. When CAEPs are record-
ed in normal, hearing-impaired, and cochlear implantees
there are significant differences in the P1 wave character-
istics [3,4]. This supports the idea that early intervention
is paramount, so that by restoring vital inputs to the audi-
tory brain there is the possibility that auditory stimulation
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and speech and language development can occur. CAEPs
reflect the functioning of auditory thalamo-cortical path-
ways up to the auditory cortex. Their efficacy as a valuable
prognosticator for predicting long-term outcomes in coch-
lear implantees have been well documented in the litera-
ture [4,5]. In cochlear implantees CAEPs seem to evolve
over many years as they adapt to their implant-aided hear-
ing; with time, performance generally improves.

A small number of children are born with bilateral cochlear
nerve hypoplasia/aplasia, have Michel’s cochlear deformity,
or may develop a completely ossified cochlea subsequent to
neonatal meningitis. In all these cases, cochlear implanta-
tion is impossible or pointless, and the only clinically avail-
able solution is auditory brainstem implantation (ABI). An
intriguing question is whether the higher auditory centers
might respond to ABI, since such centers have never been
acoustically stimulated. It is possible that stimulating the
cochlear nuclei at the brainstem and stimulating the cochlea
might produce comparable responses. This study is a prelim-
inary attempt to analyze the responses of the auditory brain
using CAEPs in children implanted with an ABI. Our re-
sults provide a first insight into the behavior of higher au-
ditory centers when stimulated via an ABI. This study sug-
gests that CAEPs, which have shown to be a good objective
tool for assessing the performance of cochlear implantees,
may also be a good prognosticator for brainstem implantees.

© Journal of Hearing Science® - 2013 Vol. 3 - No. 2
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Table 1. Measures of ABI outcome

Rehabilitation outcome

Subject A Subject B Subject C
(6 months (6 months (6 months
and and and
12 months) 12 months) 12 months)
Category of
auditory perception 2 3 4
(CAP) score 4 5 5
Speech intelligibility
rating 2 2 4
(SIR) score 3 3 4

Methods

This prospective clinical study was performed in 3 pre-lin-
gually deaf candidates aged 3-5 years with congenital hy-
poplastic cochlear nerves and Michel’s deformity of coch-
lea who underwent auditory brainstem implantation at our
institute between July 2010 and June 2012. The main ob-
jective of our study was to profile the aided cortical audi-
tory evoked potentials in children with ABI and to assess
their efficacy as a tool for evaluating ABI outcomes. This
research was approved by the institutional ethical research
review board and informed written consent from the par-
ents or legal guardians was obtained.

All three candidates were evaluated with CAEP prior to
implantation with and without acoustic amplification and
no significant responses could be obtained, indicating no
auditory cortical activity. They were screened for speech,
language, and neurological development and referrals were
made to the implant audiologist, speech and language pa-
thologist, and child psychologist for assessment of high-
er mental functions and intelligence quotient. They were
also referred to the auditory—verbal rehabilitation thera-
pist at our institute prior to surgery to help them adapt to
the treatment. All three children received auditory brain-
stem implants (Med-El Pulsar, Innsbruck, Austria) from
the same oto-neurological team as per standard protocols
and they were uneventfully ‘switched on’ 8 weeks after the
surgery. The implants were programmed using the default
band settings in the mapping software and rehabilitated at
our implant clinic for a period of one year. When stimulat-
ed via the ABI all three children showed satisfactory aid-
ed auditory thresholds within the speech spectrum. They
developed significant auditory awareness and recogniza-
ble speech development as noted by their category of au-
ditory performance (CAP) and speech intelligibility rat-
ing (SIR) scores at the completion of their rehabilitation
period (Table 1).

CAEPs were tested at intervals of 6 months and one year
in conjunction with their usual mapping schedules. In
cochlear implantation, frequency-specific stimulation of
the electrodes is due to tonotopic distribution of cochlear
neurons, but the tonotopic pattern of the cochlear nucle-
us still remains to be explored. Most authors agree that in
ABI it is not always possible to ascertain which electrode
is stimulating which part of the cochlear nucleus. Due to
wide and overlapping filter bands it is difficult to know
exactly on which electrode what current was presented

Electrode Pad with Grouping

O\®
® Q) ©
O/

)
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Figure 1. ABI electrode pad and its groupings. The 12
electrodes of the Med-El Pulsar ABI were
grouped into G1 (electrodes 1, 2, 3); G2 (elec-
trodes 4, 5, 6); G3 (electrodes 7, 8, 9); and G4
(electrodes 10, 11, 12)

during live stimulation of an implant. Future research is
needed to study the tonotopic responses of higher audi-
tory centers to electrical stimulation.

To study this phenomenon we divided the 12 electrodes
of the Med-El ABI electrode pad into 4 groups of 3 elec-
trodes: G1 (electrodes 1, 2, and 3); G2 (electrodes 4, 5, and
6); G3 (electrodes 7, 8, and 9); and G4 (electrodes 10, 11,
and 12) (Figure 1). When measuring CAEPs in an individ-
ual group, the other 3 groups of electrodes were switched
off. Sequential paired tests of groups G1+G2 and G3+G4
and a combined electrode test of G1+G2+G3+G4 was also
done and the results were compared (Figures 2-4).

CAEP waveforms were recorded with the standard CAEP
instrument (NAL HearLab, Frye Electronics, USA). The
aided cortical assessment module was used to record
CAEPs with synthesized speech stimuli /m/ (low frequen-
cy), /g/ (medium frequency), and /t/ (high frequency) via a
loudspeaker at 55, 65, and 75 dB SPL when different elec-
trode groups were activated. The stimuli were presented at
an angle of zero degrees in front of the child at a distance
of 5 feet. Speech processors were set to each child’s usual
program settings. Subjects were seated comfortably in a
reclining chair placed in a sound booth and they watched
a video tape or cartoon on a TV monitor placed in front
of them. The video tape audio was on mute. Evoked po-
tentials were collected using Cz as the active electrode
(Cz referred to the vertex midline placement). The refer-
ence electrodes were placed on the mastoid and a ground
electrode on the forehead. The recording window includ-
ed -200 ms pre-stimulus time to +600 ms post-stimulus
time. Evoked responses were analog filtered from 1-30
Hz. Approximately 300 response sweeps were collected
for each subject and averaging was automatically per-
formed by the recording computer. Each test session last-
ed about 25 minutes, including electrode application and
evoked response recording. Sweeps greater than +30 uV
were rejected off-line and the remaining sweeps were av-
eraged to compute a final grand-averaged waveform for
the individual subject.

In the NAL HearLab system, the default waveform reports
are generated as average responses measured at one stim-
ulus level. This average response is highlighted as a dark
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Figure 2. Averaged responses of CAEP P1 waveforms in response to three different frequency stimuli and arranged ac-
cording to electrode grouping for patient A after 6 months of implant use. P1 waves were measurable for G1
and G2 electrode stimulation (top row) for all three stimuli at 75 dB SPL. P1 waves were also seen from stimula-
tion of the G3 electrodes at 55 dB SPL (bottom left), but the wave was not recordable at any level of stimulation
of the G4 electrodes (bottom right), possibly due to poor contact of these electrodes with the cochlear nucleus
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Figure 3. Averaged responses of CAEP P1 waveforms (dark bold lines) shown for Patient B after 6 months of implant use.
CAEPs were measured for G1+G2 electrodes (left) and G3+G4 electrodes (right) for all three frequency stimuli at
75 dB SPL. The clear responses suggest there is proper contact and functioning of both these electrode groups

v CAEDPs in the three ABI children were recorded according
M50 Averaged responses at 75 dB SPL to the various groups of electrodes described above, and
jam were done by the same experienced implant audiologist.

73 The waveforms were analyzed and the P1 wave was de-
fined as the first robust positive cortical auditory evoked
0.0+ potential waveform in the 50-150 ms range [4]. P1 wave
data, including amplitudes, latencies, and morphology
BN were recorded for all three implantees at 6 months and

150 G1+62+63+G4 12 months after ‘switch on” of the ABI device.

200 100 0 100 200 300 400 500 600
(ms) Observations and Results

Figure 4. CAEP P1 waveforms are shown for patient C Aided CAEP P1 waveform morphology noted among our
after 12 months of implant use when record- ABI recipients were similar to those aided through a coch-
ed by combined stimulation of all four groups lear implant. The latency of the P1 wave in all 3 of our sub-
(G1+G2+G3+G4) of the ABI electrode pad jects was between 100-150 ms, which is comparable to the
P1 latency evoked by a cochlear implant. Even though we
wide line above other similar waveforms recorded for that expected the ABI-evoked CAEP to have a shorter laten-
stimulus level. We analyzed the parameters from this av- cy than those evoked by a CI, we found no marked dif-
eraged waveform. ference. In subject A, peaks could not be recorded in G4

26 © Journal of Hearing Science® - 2013 Vol. 3 - No. 2



Raghunandhan et al. — Clinical study of aided cortical auditory evoked potentials

Table 2. Latency of CAEP from P1 waveforms for combined stimulation of all groups in ABI electrode pad at 75 dB SPL

Latency (milliseconds)

Stimulus Subject A Subject B Subject C
(6 months and (6 months and (6 months and
12 months) 12 months) 12 months)
/m/ 134 122 149
(low frequency) 139 127 123
/g/ 124 120 131
(medium frequency) 113 114 137
1t/ 117 108 111
(high frequency) 122 104 121
Table 3. ABl-aided auditory thresholds after 12 months of implant use
Aided threshold (dB SPL)
500 Hz 1 kHz 2 kHz 4 kHz 8 kHz

Subject A 40 30 40 50 45

Subject B 15 20 30 25 30

Subject C 30 35 35 40 35

(electrodes 10, 11, 12), possibly due to lack of closeness
of these electrode to the brainstem. However, non-audito-
ry sensations were present when electrodes 10, 11, and 12
were switched on and stimulated in this patient. The G4
group of electrodes were probably not in proper contact
with the cochlear nucleus and were stimulating a different
group of neurons in the brainstem, and so giving no P1 re-
sponses on CAEP testing. This phenomenon was not ob-
served in the other two patients, in whom all groups gave
recordable CAEP waveforms. Thus CAEP testing can in-
dicate whether an ABI implant is in proper contact with
the cochlear nucleus.

Non-auditory sensations are commonly present in adults
stimulated with ABI, but this is not the case in children,
a result which can be attributed to their lack of behavio-
ral feedback. CAEPs may hence shed some light on how
to correctly identify ABI electrodes that evoke non-audi-
tory sensations, especially in children. The morphologi-
cal wave patterns were found to be more robust when all
four groups were stimulated together (Figure 4), and their
amplitude and latencies were found to be similar to wave-
forms recorded by the individual electrode groups.

Acoustic stimuli given at three different levels and at three
different frequencies evoked similar CAEP wave respons-
es. We could not elicit a consistent linear progression in
wave amplitude or latency with increasing stimulus lev-
els. Thus we were not able to study phenomena like am-
plitude growth functions, optimal gain, or pitch ranking
of the ABI electrodes. CAEP characteristics evoked by
stimulation of all electrodes were found to be compara-
ble to responses from individual electrode groups. How-
ever, such comparisons did not give information on an
optimal stimulus level of the ABI implant (Figures 2-4);
we could not infer which group of electrodes was pro-
ducing more robust CAEP waveforms and better cortical

auditory stimulation. For all three acoustic stimuli there
was no statistically significant difference between the am-
plitude or latency measurements recorded while stimulat-
ing the complete electrode pair versus individual electrode
groups. A summary of the latency measures for the three
subjects measured at 6 months and 12 months of implant
use is shown in Table 2. The ABI aided auditory thresh-
olds of these 3 patients as recorded after 12 months of im-
plant use is shown in Table 3.

Discussion

ABIs bypass the hypoplastic or absent cochlear nerves and
stimulate the cochlear nucleus directly, thereby restor-
ing auditory sensation. The implant is placed by access-
ing the cerebello-pontine angle in the lateral recess of the
fourth ventricle abutting the cochlear nucleus. For com-
prehensive auditory stimulation the electrode needs to be
in contact with the dorsal cochlear nucleus and the poste-
rior end of the ventral cochlear nucleus. The convention-
al tool for objective assessment of optimal placement and
function of ABI has been the electrically evoked auditory
brainstem response (EABR). Intra-operative EABR objec-
tively identifies the correct location of the electrodes with
respect to the cochlear nucleus and also confirms opti-
mal implant function. After switch-on, EABR thresholds
can be used as a guide to program the mapping levels in
the ABI. EABRs are sensitive predictors of ABI function,
although sometimes, for various reasons, the EABR re-
sponses are unsatisfactory in spite of correct placement
of the ABI. EABR is a time-consuming and tedious meth-
od for assessing individual ABI electrodes. Factors dur-
ing testing like muscle artifacts, innate EEG interference,
and electrical interface mismatch may affect EABR wave-
forms, resulting in inconclusive recordings. Hence a di-
lemma sometimes arises when, despite good intra-oper-
ative EABR, post-operative electrode functions may not
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give optimal recordings. There is also a small chance of
ABI electrode migration within the lateral recess, possi-
bly influenced by CSF flow and pulsations within the re-
cess. In such cases EABR waveforms can change signifi-
cantly in their amplitude and waveform shape or may even
be unrecordable. EABR reflects the brainstem responses
evoked by an electrode and simultaneous profiling of all
electrodes with EABR is not practical.

Among brainstem implantees, phonemic awareness, au-
ditory discrimination, and speech understanding have
not been clearly achieved to date. PET scans, CT scans,
and fMRI may play an important role in identifying cor-
tical activity in children with ABI, but they do not pro-
vide electrode-specific or stimulus-specific information.
The P1 wave of the CAEP has been established as a bio-
marker for assessing the maturation of the central audi-
tory system.? This test determines if acoustic stimulation
at conversational levels are effectively transduced by the
child’s hearing apparatus and detected at the level of the
auditory cortex. Cortical potentials have previously ena-
bled us to objectively study the phenomenon of neural re-
organization in higher auditory centers in children who
have received Cls at an early age. This same phenomenon
should apply to electrical stimulation among pediatric ABI
patients and may therefore be able to be explored using
CAEDPs. This thought initiated our interest in studying the
CAEP waveforms in a group of pediatric ABI recipients.

The latency of the P1 wave is thought to reflect the sum of
synaptic transmission delays throughout the central audi-
tory pathways. Latency of P1 changes as a function of age
and reflects the maturation of central auditory pathways
occurring in response to auditory stimulation. Lack of ac-
tivity in the infra-granular layers of the cortex in response
to sound and decoupling of communication between the
primary and secondary auditory areas have been implicated
for such changes in P1 waveforms, which have been noted
among congenital profoundly deaf individuals [5]. Early-
onset auditory deprivation relates to waveform negativi-
ties, polyphasic morphology, and low amplitude waveforms
which have often been observed in children who have not
received adequate input to their central auditory pathway
within the optimal timeframe. This finding is seen in the
pre- and post-operative ABI CAEP waveforms of our study
group, which are poor in comparison to a normative CAEP.

Sharma et al. [2] examined P1 latencies in children with
cochlear implants and found prolonged latencies compared
to normal hearing children, especially when they were im-
planted late. Further, P1 wave latency appears to progress
for some few years after implantation. With ABI, there is
currently no literature confirming CAEP trends. Our pre-
liminary study has shown that the morphology of the P1
wave is similar to those obtained in a cochlear implantee.
The CAEP waveforms we noted from ABI were compara-
ble to those aided through cochlear implants. In our pre-
liminary work, we have not seen consistent progression
in latency among all our 3 subjects, but we feel that the
P1 latency recorded in our ABI recipients tend to be sim-
ilar to those obtained among cochlear implantees (even
though theoretically we expect the latency of P1 in ABI
to be shorter than in CI). This interesting phenomenon
needs to be explored in further detail in a larger cohort.
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The latency measures noted in aided CAEPs evoked by Cls
and ABIs suggest that both CI and ABI electrically stimu-
late the cochlear nucleus and higher auditory centers in a
similar way. CAEP stimulation given at different acoustic
levels and at different frequencies evoked the same kind
of aided responses through ABI. Thus we are not able to
categorize amplitude growth functions, optimal gains, or
pitch ranking of the electrodes in the brainstem as done
with an EABR. This means that the cochlear nucleus may
not be as tonotopically organized as the cochlea, and stim-
ulation of different groups of electrodes may not reflect
frequency-specific stimulation of higher auditory centers.

Comparing the overall stimulation of electrodes with the
cumulative responses of individual electrode groups may
not be valid and might not reflect on the optimal perfor-
mance of an ABI implant. Stimulating electrode groups in-
dividually evoked adequate CAEPs, but such an arrange-
ment may still not give optimal ABI function. Interestingly,
we have not seen any noticeable differences in the CAEP
parameters between our subject A (3 years) and subject C
(5 years). Duration of deafness is an interesting parameter
about which further research is necessary. Perhaps CAEP
can help in evaluating central neural re-organization, but
we believe that such neural scavenging can be better stud-
ied with radio-imaging tools like PET-CT and NIRS.

Our preliminary study implies that CAEPs can help ob-
jectively confirm that stimulation of higher auditory cent-
ers can be done through an ABI, and it can also confirm
whether an implant is in proper contact with the cochle-
ar nucleus. In this way, CAEPs might be useful as an ad-
junct tool to EABR in assessing the prognosis for audito-
ry brainstem implantees. Absence of CAEPs via ABI may
indicate improper contact of an electrode with the cochle-
ar nucleus, and CAEPs may also be useful as a vital trou-
ble-shooting tool to identify device failure.

Another unknown factor in patients with congenital ab-
sence of the cochlea and the cochlear nucleus is the de-
gree of development of the brainstem cochlear nucleus.
It is generally assumed that even in patients with absent
cochlear nerves the cochlear nuclei are developed and
centrally connected. In fact, this presumption forms the
very basis of auditory brainstem implantation in children.
However, this may not always be the case. Surgeons and
audiologists should always consider this crucial fact and
include it in the pre-implantation counseling process. In
a few such patients one can expect absent or poorly de-
fined EABRs and CAEPs despite proper placement of the
electrode in the lateral recess.

Our novel experience is a preliminary step towards the as-
sessment of ABI through aided CAEPs; however, a larg-
er sample needs to be studied for a longer period of time
in order to draw solid conclusions. This might be possi-
ble in a multi-center study involving various ABI implant
centers that perform CAEPs.

Conclusions

CAEP is biomarker to monitor the maturation of the audi-
tory cortex. The morphology and latency of the response
helps in gauging the maturation of the auditory cortex in
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children with ABI and it can be correlated with the out-
come over time. Our CAEP study leads us to conclude
that central auditory reorganization does take place with
an ABI, however it does take time to establish. It is possi-
ble to profile ABI electrodes by grouping them in a prede-
fined way and stimulating the auditory cortex. Optimiz-
ing the stimulation parameters is a very challenging task
in programming an ABI. Amplitude of the CAEP may
help as a guide in programming ABIs in young children.

Along with EABR, CAEP has proven to be an additional ob-
jective tool for assessing the optimal functioning of an ABI.
Our study is preliminary and suffers from a small sample
size, but nevertheless it provides a valuable insight into ABI
outcomes and provides a simple way to assess the integrity
of the device. Future directions for research into this field
should include studies to evaluate tonotopicity, amplitude
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