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Background and ObjectivesZZAuditory brainstem implantation (ABI) is another option for 
hearing rehabilitation in non-neurofibromatosis type 2 patients who cannot undergo cochlear 
implantation (CI). However, the average performance of ABI is worse than that of CI. We ana-
lyzed the psycho-electrical parameters of each electrode and psycho-acoustic response to differ-
ent frequency sounds in nontumor patients with ABI.
Subjects and MethodZZSixteen patients with ABI from July 2008 to May 2013 were includ-
ed in the study. They were followed up for 4 to 56 months. Among them, 12 were prelingual 
deaf with a narrow internal auditory canal or cochlear ossification. The remaining four were post-
lingual deaf adults with severely ossified cochleae. We analyzed the electrical parameters [im-
pedance, threshold level (T level), and dynamic range] of each of the 12 electrodes. We also 
evaluated the sound field pure-tone threshold, Ling 6 sound detection-identification test (Ling 
6 test), and pitch ranking data of these patients. 
ResultsZZThe impedance, T level, and dynamic range did not significantly differ among elec-
trodes. However, the pure-tone threshold to sound field stimulation was elevated in the high 
tone area, where more variables were found than in the low frequency area. Patients could not 
identify /S/ and /Sh/ sounds in the Ling 6 test. The mean T level and the dynamic range of the 
three highest pitch-perceiving electrodes in each patient was higher and narrower, respective-
ly, than those of the three lowest pitch-perceiving electrodes.
ConclusionZZThe nontumor patients with ABI have difficulty perceiving high pitch sound. 
More sophisticated penetrating type electrodes and, if possible, bimodal stimulation with CI, 
could be considered.                      
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Introduction

Auditory brainstem implantation (ABI) was originally de-
veloped for the hearing rehabilitation of patients with neuro-
fibromatosis type 2 (NF-2).1) Although ABI can generate audi-
tory sensations in most patients with NF-2, the performance 
thereof is much worse than that for cochlear implantation (CI) 
in this group of patients.2,3) Moreover, only a limited number 
of patients (0-21%) reported the ability to understand speech 
in the auditory alone mode after ABI.4-7)

First reported by Colletti, et al.8) the performance of non-
tumor patients who have undergone ABI is much better than 
that in NF-2 patients. Accordingly, ABI has been utilized as 
another option for hearing rehabilitation and speech develop-
ment in patients who have contraindications to CI, such as co-
chlear nerve deficiency and severe cochlear ossification.9-13) 
According to data from Verona University,13) the average open-
set sentence recognition score without visual cue was 63% in 
the nontumor group, which was much better than that in the 
NF-2 group. Sennaroglu, et al.12) also reported that all children 
with inner ear anomaly responded to ABI, and most of them 
discriminated pitch in the auditory only mode. Other reports9-11) 
also showed much better auditory performance after ABI in 
nontumor deafness than that in NF-2 patients. Nonetheless, 
the average performance of ABI is still not as good as that for 
CI and largely varies across patients.14)

The cochlear nucleus, the target site for ABI, has quite dif-
ferent characteristics from the spiral ganglion. The cochlear 
nucleus is composed of various types of cells including inhibi-
tory neuron, and anatomical and physiological information 
regarding tonotopy is very limited.15) As a sequence, the abil-
ity to perceive pitch and pitch-placing patterns widely varies 
in patients who have undergone ABI. Moreover, no good sur-
gical landmark for stimulation of cochlear nucleus exists. For 
these reasons, the average performance of nontumor patients 
with ABI is usually worse than those with CI. Nevertheless, 
most long-term data regarding the performance with ABI 
came from NF-2 patients. Thus, the performance of nontumor 
patients which can be quite different from NF-2 patients need 
to be evaluated more intensively in terms of frequency-specif-
ic hearing levels and pitch perception. 

We analyzed the psycho-electrical parameters of each elec-
trode and the psycho-acoustic response to different frequen-
cy sounds in nontumor patients who received ABI. 

Subjects and Method

ABI and processor fitting
Sixteen subjects who received ABI from July 2008 to April 

2013 were included in the present study. The Pulsar CI100 
ABI device (Med-El Co., Innsbruck, Austria) was implanted 
via a suboccipital approach (n=15) or a translabyrinthine ap-
proach (n=1) with the collaboration of neurosurgeons. Eight 
to ten weeks after the ABI surgery, the speech processor was 
activated. Further adjustments and evaluation of performance 
were scheduled every third month. Patients whose speech pro-
cessor was activated started speech rehabilitation therapy 
once or twice a week. This study received Institutional Review 
Board approval (IRB No. 1-2010-0019).

Surgical procedure
ABI device was implanted via suboccipital approach with 

the collaboration of the Departments of Otorhinolaryngolo-
gy and Neurosurgery. First, craniotomy was performed in 
the suboccipital area, and then a dural incision was made to 
expose and retract the cerebellum so that the cochleovestibu-
lar nerve, facical nerve, and lower cranial nerves were ob-
served, as well as the flocculus of the cerebellum. Further re-
traction of the cerebellum along the glossopharyngeal nerve 
allowed identification of the choroidal plexus. Either removal 
or retraction of the choroidal plexus led to visualization of ce-
rebrospinal fluid gushing from the foramen of Luschka and 
identification of the lateral recess of the fourth ventricle. The 
electrode array was inserted into the lateral recess.9)

All the patients underwent surgery by one surgeon except 
the first patient, who had been operated by Dr. Colletti. In-
traoperative electrically evoked auditory brainstem response 
(eABR) showed good responses in all patients and postoper-
ative three-dimensional reconstruction computed tomogra-
phy confirmed the correct positioning of the electrode array 
into the lateral recess. Based on these the electrode arrays 
were expected to be inserted into the exact area with equiva-
lent depth.

Processor fitting and programming
The patients were fitted with an ABI 8 to 10 weeks after the 

surgery. The activation or initial fitting of the speech proces-
sor was performed in an intensive care unit under the monitor-
ing of pulse rate, blood pressure, and respiratory rate. Refitting 
and adjustments were scheduled three times during the first 3 
months and then every 3 months after initial stimulation.9)
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Assessment of auditory performance
A battery of tests was used to evaluate auditory performance 

after ABI. The overall improvement in auditory performance 
was assessed by category of auditory performance (CAP) 
scores. In addition, Infant Toddler Meaningful Auditory Inte-
gration Scale (IT-MAIS) and Meaningful Use of Speech Scale 
(MUSS) scores were obtained in prelingually deaf children. 
Closed-set measures were evaluated using Ling 6 sound de-
tection-identification test (Ling 6 test) and word identifica-
tion and sentence recognition tests in Korean. One- and two-
syllable word identification tests and Daily Sentences in Korean 
test were used to evaluate open-set speech perception after 
receiving ABI.9)

Ling 6 test and sound field pure-tone audiometry (PTA)
The ability to detect and discriminate six sound phonemes 

(/Ah/, /Oo/, /Ee/, /m/, /Sh/, and /s/) was evaluated in an audito-
ry only, open-set format which included low-, mid-, and high-
frequency components of speech.16) The test was performed 
at a 3-feet distance without visual cues. Sound field audiomet-
ric testing was performed with ABI. Sound field stimuli com-
prised five identical 300-msec, 10-msec rise/fall, pure-tone 

bursts (in sine phase), with 300-msec silent periods between 
bursts, delivered from a speaker located approximately 45° to 
the aided side of the patient 1.0 m away.

Pitch ranking
To determine the appropriate tonotopic order of the elec-

trodes, we performed pitch ranking during the initial ABI ac-
tivation. Briefly, two selected electrodes are stimulated in suc-
cession at a comfortable level (C level), and the patient is asked 
to compare which stimulation is higher in pitch. When the or-
dering of 12 electrodes is completed, the correct tonotopic po-
sition of electrodes is checked again by sweeping all the elec-
trodes.

Statistical analysis
Data are summarized using the mean and standard devia-

tion. Statistical analysis was performed using SPSS for Win-
dows version 16.0 (SPSS Inc., Chicago, IL, USA). A p-value 
less than 0.05 was considered statistically significant in one-
way analysis of variance or Bonferroni-corrected independent 
t-tests.

Table 1. Demographic data of patients with congenital deafness

Patient no. Age* (Y:M) Cause of deafness Combined disease CI history (site)/benefit F/U (M)

1 1:6 CND Facial nerve palsy - 56
2 5:10 CND CHARGE, blindness, MR + (I)/- 30
3 18:11 CND - + (I)/- 32
4 2:10 CND Facial nerve palsy + (C)/+ 47
5 9:4 CND - + (I)/- 7
6 6:1 CND Sacral deformity + (I)/- 41
7 2:5 CND - - 31
8 7:5 CND CHARGE, MR +/(I)/- 25
9 9:4 CND Hemophilia +/(I)/- 25

10   2:11 CND CHARGE, blindness, MR +/(I)/- 9
11 21:11 CND - - 4
12 20:6 Meningitis - - 13

*age at auditory brainstem implantation. Y: year, M: month, CI: cochlear implantation, F/U: follow-up period after auditory brain-
stem implantation, CND: cochlear nerve deficiency, CHARGE: Coloboma of the eye, Heart defects, Atresia of the nasal choa-
nae, Retardation of growth and/or development, Genital and/or urinary abnormalities, Ear abnormalities and deafness syndrome, 
MR: mental retardation, I: ipsilateral to auditory brainstem implantation, C: contralateral to auditory brainstem implantation

Table 2. Demographic data of patients with postligual deafness

Patient no. Age* (Y) Causes of deafness Age at deafness (Y) Deaf duration (Y) F/U (M)

13 49 Chronic otitis media (B) 12 37 51
14 51 Meningitis 9 42 12
15 56 Chronic otitis media (L), Vestibular schwannoma (R) 53 3 46
16 52 Chronic otitis media (B) 9 43 4

*age at auditory brainstem implantation. Y: year, F/U: follow-up period after auditory brainstem implantation, M: month, B: both, 
L: left, R: right
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Results

Subjects and overall performance with ABI
Twelve of the 16 patients were prelingual deaf patients with 

a narrow internal auditory canal or cochlear ossification af-
ter meningitis (Table 1); meanwhile, the remaining 4 patients 
had postlingual deafness due to cochlear ossification after 
meningitis or chronic otitis media (Table 2). The age of the sub-
jects at the time of implantation ranged from 1.5 to 56 years. 
Twelve of 16 patients experienced previous CI. We followed 
up the patients for 4 to 56 months (mean of 28 months) after 
activation of ABI. Except for one patient (#13) who discontin-
ued using the ABI device due to non-auditory stimulation, the 
remaining 15 patients used the ABI device daily. In most pa-
tients, auditory performance gradually improved over time. 
Three patients used the ABI device in the bimodal mode with 
contralateral CI (n=2) or a hearing aid (n=1).

Among 12 patients with congenital deafness, 2 patients un-
derstood the sentences under the open-set condition without 
a visual cue (CAP score ≥5). Aided by lip reading, four pa-
tients were able to understand the sentences after ABI (CAP 
scores 3 and 4). The remaining 6 patients with additional 
handicaps, such as mental retardation or blindness, only re-
sponded to environmental or speech sounds (CAP scores 1 
and 2). Among all patients, four were categorized with post-
lingual deafness due to an ossified cochlear. Two of them un-
derstood the sentences under the open-set condition without 
a visual cue (CAP ≥5). One patient utilized the ABI with lip 
reading (CAP 4). One patient who was deaf for a long period 
of time discontinued the use of the ABI device due to a tingling 
sensation on the upper arm. The early results of these patients 
have been previously reported.9)

Psycho-electrical parameters of each electrode
We compared the impedance of each electrode in 16 patients. 

As shown in Fig. 1A, the impedance ranged from 5.8±2.5 to 
6.8±3.5 kOhm in each electrode. No significant difference 
was noted between the deep and superficial electrodes. In 
four electrodes (Nos. 4, 5, 9, and 11), high impedance was de-
tected from four patients, and the No. 12 electrode could not 
be activated in two patients due to high impedance. We also 
compared the threshold level (T level) for 11 patients in whom 
the behavior or subjective response to electrical stimulation 
was reliable. The T level varied from 117±44 current units to 
209±69 current units in each electrode, but there were no sig-
nificant differences among the electrodes (Fig. 1B). In two 

patients, deeply inserted electrodes (Nos. 1, 2, and 3) could not 
be used due to non-auditory stimulation. In eight patients who 
could describe stimulation intensity, we also compared the 
dynamic range of each electrode. This range was found to be 
between 401±189 current units and 520±194 current units, a 
finding that was similar among all the electrodes (Fig. 1C).

Psychoacoustic parameters 
The PTA threshold in sound field aided by ABI was checked 
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Fig. 1. Psycho-electrical parameters of each electrode. Impedance 
(A), T level (B), and Dynamic range (C). *number of patients in 
whom the corresponding electrode shows high impedance, †num-
ber of patients in whom the corresponding electrode shows a 
non-auditory response. CU: current unit, T level: threshold level. 
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in 10 patients (seven congenital deaf and three postlingual 
deaf). The threshold for high frequency sound (2 k, 56.0±
15.4 dB; 4 k, 71.5±31.3 dB; 6 k, 70.5±32.44 dB) was elevated 
and more variable than that for low frequency sound (250 Hz, 
51.5±12.7 dB; 500 Hz, 56.0±15.4 dB; 1 k, 57.2±18.2 dB) (Fig. 
2). According to the Ling 6 test, all 11 tested patients (eight 
congenital deaf and three postlingual deaf) detect the /Ah/ 
sound, and more than eight patients detected other sounds. 
However, identification of the sounds was more difficult for 
the patients. Two to four patients identified the /M/, /Oo/, Ee/, 
and /Ah/ sound. None could identify the relatively high pitch 
sounds /Sh/ and /S/ (Fig. 3).

Pitch placing relationship
Fig. 4 showed the result of pitch ranking in six patients (three 

congenital deaf and three postlingual deaf) who could respond 
consistently to the question of comparing the pitch of each elec-
trode. Each patient showed a different pitch-placing pattern. 

In two patients (#11 and #12), the deeply inserted electrodes 
represented high pitch sound, and the superficial electrodes 
represented low pitch sound. By contrast, two other patients 
(#15 and #16) showed a reverse pattern. In the remaining two 
patients, the high pitch sound was detected in the center (#14) 
or peripheral electrode (#3). 

Next, in these six patients, we compared the T level and dy-
namic ranges among the electrodes representing the three high-
est pitches and those representing the three lowest pitches 
(Fig. 5). The T level in high-pitch-perceiving electrodes of 234± 

27 current units was higher than that of in the low-pitch-per-
ceiving electrodes of 201±22 current units. The dynamic 

Fig. 3. Ling 6 sound detection-identification test. Most patients 
can detect all Ling 6 sounds but could not identify the /Sh/ and /s/ 
sounds.
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range of the high-pitch-perceiving electrodes was narrower with 
201±22.4 current units than that of the low-pitch-perceiving 
electrodes with 234±27 current units.

Discussion

Although ABI uses almost the same technology as CI, the 
average performance with ABI is not as good as that with CI, 
and a large variation exists regarding the results with ABI among 
patients. Our results indicate that patients using ABI have dif-
ficulty in identifying high pitch sound such as /s/ and /sh/ 
sounds, and the pure-tone threshold for high frequency sound 
was elevated. Furthermore, the electrode representing high 
pitch sound has a narrow dynamic range and elevated thresh-
old. One main reason for poor perception in high pitch sound 
seems to be the different tonotopy of the cochlear nucleus 
from that of the cochlea. The superficial layer represents low 
frequency sound, and the deep layer represents higher frequen-
cy sound in the cochlear nucleus.15) Consequently, the surface 
electrode may have problems in the stimulation of high fre-
quency sound. Another possible reason for the problem in 
high pitch sound involves the interface between the electrode 
and cochlear nucleus. However, our data showed that the im-

pedance, T level, and dynamic range were not different among 
the electrodes. Therefore, more suitable stimulators other than 
surface type electrodes need to be developed to improve per-
formance for high frequency sound. Although the animal study 
showed the greater tonotopic selectivity of penetrating type 
electrode and the NF-2 patients who received ABI with a pen-
etrating type electrode heard sound more similar to pure tones 
with surface electrodes, the clinical trial failed to show im-
proved speech understanding with penetrating electrodes.17) 
Furthermore, more than 75% of electrodes could not provide 
auditory stimulation, and patients using penetrating electrodes 
reported significant side effects, including non-auditory stim-
ulation (e.g., trigeminal nerve stimulation). If a more sophisti-
cated penetrating electrode for improving pitch perception is 
developed, it could be of use in non-tumor patients because 
the poor performance with penetrating type electrodes in NF-2 
patients might come from the destructive neural component 
of the tumor in this group of patients. Another solution for poor 
high pitch sound in patients with ABI is bimodal hearing. Ac-
cording to our preliminary data, CI in the opposite ear helps 
with high pitch perception in some patients using ABI.

Another problem for speech understanding in patients with 
ABI is the difficulty in pitch-ranked stimulation. According 
to a previous report,3) the most frequent pattern in NF-2 pa-
tients was high frequency detection in the medial portion of 
electrodes. In contrast, Vincent, et al.18) reported that most pa-
tients perceive high frequencies at the ventral portion of a 
stimulated brainstem. We found that we could not predict 
which electrode transmits the high frequency sound and 
which transmits the low frequency sound. The pitch ranking 
result is completely different among the patients. Therefore, 
in children, we cannot effectively map in whom pitch ranking 
is impossible. These problems may lead to poor speech un-
derstanding in children with ABI. Comparing speech percep-
tion in users with randomly assigned electrode to ABI users 
with the electrodes assigned to pitch ranking channels showed 
much improved speech perception.19,20) Therefore, a more so-
phisticated mapping technique needs to be developed, partic-
ularly for children. In the future, functional imaging can help 
frequency-specific mapping in these circumstances.
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