
UCSF
UC San Francisco Previously Published Works

Title
Cochlear Implant Compression Optimization for Musical Sound Quality in MED-EL 
Users

Permalink
https://escholarship.org/uc/item/3r21x8p7

Journal
Ear & Hearing, 43(3)

ISSN
0196-0202

Authors
Gilbert, Melanie L
Deroche, Mickael LD
Jiradejvong, Patpong
et al.

Publication Date
2022-05-01

DOI
10.1097/aud.0000000000001145

Copyright Information
This work is made available under the terms of a Creative Commons Attribution 
License, available at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3r21x8p7
https://escholarship.org/uc/item/3r21x8p7#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


D
ow

nloaded
from

http://journals.lw
w
.com

/ear-hearing
by

BhD
M
f5ePH

Kav1zEoum
1tQ

fN
4a+kJLhEZgbsIH

o4XM
i0hC

yw
C
X1AW

nYQ
p/IlQ

rH
D
3i3D

0O
dR

yi7TvSFl4C
f3VC

1y0abggQ
ZXdtw

nfKZBYtw
s=

on
11/26/2021

Downloadedfromhttp://journals.lww.com/ear-hearingbyBhDMf5ePHKav1zEoum1tQfN4a+kJLhEZgbsIHo4XMi0hCywCX1AWnYQp/IlQrHD3i3D0OdRyi7TvSFl4Cf3VC1y0abggQZXdtwnfKZBYtws=on11/26/2021

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited
1

<zdoi; 10.1097/AUD.0000000000001145>

Cochlear Implant Compression Optimization for  
Musical Sound Quality in MED-EL Users

Melanie L. Gilbert,1 Mickael L. D. Deroche,2 Patpong Jiradejvong,1  
Karen Chan Barrett,1 and Charles J. Limb1 

Objectives: Variations in loudness are a fundamental component of the 
music listening experience. Cochlear implant (CI) processing, including 
amplitude compression, and a degraded auditory system may further 
degrade these loudness cues and decrease the enjoyment of music lis-
tening. This study aimed to identify optimal CI sound processor com-
pression settings to improve music sound quality for CI users.

Design: Fourteen adult MED-EL CI recipients participated (Experiment 
No. 1: n = 17 ears; Experiment No. 2: n = 11 ears) in the study. A soft-
ware application using a modified comparison category rating (CCR) test 
method allowed participants to compare and rate the sound quality of 
various CI compression settings while listening to 25 real-world music 
clips. The two compression settings studied were (1) Maplaw, which 
informs audibility and compression of soft level sounds, and (2) auto-
matic gain control (AGC), which applies compression to loud sounds. 
For each experiment, one compression setting (Maplaw or AGC) was 
held at the default, while the other was varied according to the values 
available in the clinical CI programming software. Experiment No. 1 
compared Maplaw settings of 500, 1000 (default), and 2000. Experiment 
No. 2 compared AGC settings of 2.5:1, 3:1 (default), and 3.5:1.

Results: In Experiment No. 1, the group preferred a higher Maplaw set-
ting of 2000 over the default Maplaw setting of 1000 (p = 0.003) for 
music listening. There was no significant difference in music sound qual-
ity between the Maplaw setting of 500 and the default setting (p = 0.278). 
In Experiment No. 2, a main effect of AGC setting was found; however, no 
significant difference in sound quality ratings for pairwise comparisons 
were found between the experimental settings and the default setting 
(2.5:1 versus 3:1 at p = 0.546; 3.5:1 versus 3:1 at p = 0.059).

Conclusions: CI users reported improvements in music sound quality 
with higher than default Maplaw or AGC settings. Thus, participants 
preferred slightly higher compression for music listening, with results 
having clinical implications for improving music perception in CI users.

Key words: Automatic gain control, Cochlear implants, Compression, 
Maplaw, Music perception.
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INTRODUCTION

Cochlear implants (CIs) are surgically implanted devices, which 
partially restore hearing to individuals with moderate to profound 
sensorineural hearing loss and poor speech recognition scores. As 

CIs have become the standard of care over recent years, CI signal 
processing has greatly improved and is now able to provide users 
with very good speech recognition in quiet (Holden et al. 2013). 
Nevertheless, more complex auditory stimuli such as speech rec-
ognition in noise continues to be an area of significant difficulty 
for CI recipients (Wilson & Dorman 2018), and, along these lines, 
significant variability exists among CI users in terms of both appre-
ciation of music and accuracy of music appraisal, with few reliable 
predictors of such abilities (Gfeller et al. 2008; Philips et al. 2012; 
Moran et al. 2016). Music is a complex signal, much more so than 
speech, and there is significant room for improvement for CI users 
in the many aspects of music listening, such as pitch discrimina-
tion, timbre perception, melody recognition, and dynamic range 
(DR) perception (Roy et al. 2012a,b; Limb & Roy 2014; Roy et 
al. 2015a,b; Caldwell et al. 2017; Jiam et al. 2019). Since CI users 
often report music stimuli as unenjoyable to listen to, studies that 
better elucidate the elaborate structure of music and their process-
ing in CIs offer unique insight and creative solutions to this issue.

A broad range of efforts have already been made to improve 
music appreciation in CI users, including music preprocessing 
methods, sound coding strategies, and improved stimulation 
modes (Nogueira et al. 2019). Algorithms that assess the degree 
of musical stimuli complexity (Buyens et al. 2017; Nagathil et 
al. 2018), and others which reduce this complexity directly (e.g., 
through harmony attenuation) have been created (Nagathil et al. 
2017). CI users have been shown to prefer solo instrumentation 
and predictably structured music over multi-instrumentation 
and unpredictable structures (Limb & Roy 2014). Additionally, 
music preprocessing strategies, which alter the music directly, 
have pointed to CI listener preferences for vocal amplification, 
accentuation of bass lines and drums, and stereo separation of 
accompanying instruments (Buyens et al. 2014; Buyens et al. 
2015; Gajęcki & Nogueira 2018; Tahmasebi et al. 2020).

While these strategies are a critical means to achieving better 
music enjoyment in CI users, many studies have alternatively 
tuned and altered built-in parameters of CI devices for this 
same goal. Several of these have looked at modifying sound 
coding strategies with respect to spectral resolution and fre-
quency distribution, which have reportedly led to improvements 
in melody and timbre recognition (Li et al. 2013; Wouters et 
al. 2015; Nogueira et al. 2019). It should be noted that each CI 
manufacturer utilizes a continuous interleaved sampling (CIS)-
based coding strategy, but that each implementation is unique; 
strategies that work for a certain set of devices are not necessar-
ily generalizable to others. More recently, current steering and 
novel stimulation modes have emerged as another technique 
to improve both speech and music perception. With the aim of 
reducing broad current spread, current steering techniques (e.g., 
phantom electrode stimulation), have shown clinical relevance 
in improving low high-frequency balance and general music 
perception in CI users (Nogueira et al. 2009, 2015).
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Significant strides have been made across this field, as 
described in the studies above. However, there is a dearth of stud-
ies specifically examining the role of DR compression on music 
enjoyment in CI users. A specific area of sound perception that can 
be difficult to encode for a CI listener is the DR of sound intensity, 
ranging from very soft to very loud. According to Zeng (2004), 
the normal hearing (NH) human ear can comfortably perceive a 
span of about 100 dB, with 60 to 100 discriminable steps delin-
eating the incremental range from the softest sound heard to the 
loudest sound tolerable. An ear with a CI, however, has a DR of 
only 6 to 20 dB, with around 20 discriminable steps (Zeng 2004). 
This limited DR of the implanted ear requires that the input sig-
nal be heavily compressed to present the listener with an adequate 
representation of speech and environmental sounds. However, it is 
worth noting that increasing compression ratios (e.g., from 1:2 to 
1:3) reduces modulation depth of the audio signal to CI devices, 
which thereby reduces loudness peaks that may help a CI user 
distinguish between speech and background noise. A limited DR 
is problematic for music perception because music typically has a 
wide DR, with the Classical genre having the largest (Kirchberger 
& Russo 2016). In music, variations in loudness are a fundamental 
component of the listening experience and provide important cues 
(e.g., emotional content) to the listener. The variation in DR can 
occur over just 1–2 seconds, or also over the course of several min-
utes, and the fluctuations may provide the listener with feelings 
of excitement or suspense (e.g., the theme from the movie Jaws).

Two studies altered the compression of music directly, before 
CI processing. The first was a study by Halliwell et al. (2015) 
which found that CI listeners did not prefer music that had 
an input compression of 1.5:1 applied to the music before the 
experiment as compared to original unaltered music samples. 
The second was previous work from our laboratory, in which 
we assessed the effect of compression on music for both NH and 
CI subjects (Gilbert et al. 2019). The study used the MUltiple 
Stimulus with Hidden Reference and Anchor (MUSHRA) test 
paradigm to compare NH listeners and CI users’ abilities to 
detect and rate the sound quality of commercial music with addi-
tional compression applied directly to the audio clips via Adobe 
Audition software (San Jose, CA). The MUSHRA test is a tool 
used to assess relative changes in the perceived sound quality of 
music across increasingly degraded listening conditions. In the 
2019 study, multiple iterations of a compression algorithm were 
applied to music clips across various musical genres. Subjects 
were also presented with a Reference excerpt, which was the 
original music clip without any additional compression applied, 
and were asked to rate the sound quality of the compressed clips 
compared to the Reference. It was found that both the NH and 
CI groups could discriminate between the original and the com-
pressed music clips, although the CI group was less sensitive 
to the effects of the compression than the NH group. In other 
words, both NH and CI groups could detect sound quality differ-
ences as a function of compression level, but the discriminatory 
ability of the CI group was blunted compared to the NH group.

No studies were found; however, that specifically address 
optimal amplitude mapping functions of CIs for music appre-
ciation. In the present study, we independently manipulated two 
parameters that control DR compression in MED-EL CIs to 
evaluate their impact on CI recipients’ appreciation of music 
quality. In the MED-EL CI system, DR compression is imple-
mented via the Maplaw and automatic gain control (AGC) 
parameters (Stöbich et al. 1999; Vaerenberg et al. 2014). The 

electrical (output) DR is defined on a per-channel basis as the 
difference in charge levels between the maximum comfort level 
(MCL) and threshold of audibility (THR).

The Maplaw determines the steepness of the curve of loud-
ness growth within the electrical DR of the channels (Vaerenberg 
et al. 2014), as illustrated in Figure 1. Changing the Maplaw 
setting primarily affects the loudness perception of sounds rang-
ing from the soft to mid level. The default Maplaw setting in 
the programming software is 500, and the available range is 0 
to 8000. A higher Maplaw makes soft sounds more audible by 
applying greater levels of compression to the sounds below the 
knee point, whereas a lower Maplaw reduces the prominence 
of soft- to mid-level sounds and allows for greater modulation 
depth. The Maplaw setting can affect speech recognition, and 
the literature suggests that a Maplaw in the range of 500 to 1000 
is ideal for soft speech in quiet, and average-level speech in both 
quiet and in noise (Spahr & Dorman 2005).

AGC of the MED-EL system is a front-end feature that 
applies compression to average and loud sounds and is designed 
to maximize speech recognition while preserving comfort for 
transient and very loud sounds (Loizou 1999). The MED-EL 
system utilizes a dual-loop AGC with slow and fast detectors. 
The slow detector monitors the acoustic environment and com-
pensates for variations in the overall level of sound, whereas the 
fast detector identifies and quickly reduces gain for loud tran-
sient sounds (Stöbich et al. 1999; Hochmair et al. 2006). The 
knee point of the AGC can be manipulated within the MED-EL 
system by changing the sensitivity of the microphone(s), with 
the lowest sensitivity setting corresponding to the highest knee 
point and the highest sensitivity setting corresponding to the 

Fig. 1. Input–output functions for Maplaw settings. Maplaw primarily 
affects the perceived loudness of soft mid-level sounds. The x axis repre-
sents the level of the incoming sound in sound pressure level (SPL) in deci-
bels (dB). The y axis represents the corresponding charge level delivered 
to the cochlear implant (CI), displayed as a percentage of electric dynamic 
range (EDR). Each line on the graph represents the input–output function 
corresponding to a particular Maplaw, ranging from highly compressed 
(2000) to less compressed (250).
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lowest knee point. The AGC settings available in the program-
ming software are: off, 2:1, 2.5:1, 3:1 (default), and 3.5:1. 
As illustrated in Figure  2, a higher AGC compression ratio  
(e.g., 3.5:1) means more compression is applied to sounds above 
the knee point, and thus more overall gain is applied throughout 
the input DR. Lowering the AGC (e.g., 2:1) necessitates rais-
ing the MCLs to ensure that the whole setting is not too soft, 
which means very loud sounds (e.g., door slam), consequently 
can be uncomfortably loud in some cases. For music perception, 
however, some people may prefer less compression so they can 
better appreciate a fuller DR of the music. Within the MED-EL 
system, any sound at or above 106 dB SPL is stimulated at 
MCL; the upper limit for signal level is 100 dB SPL with 6 dB 
headroom available to allow for rapid fluctuations and transient 
sounds (Katelyn Glassman & Josh Stohl, Reference Note 1).

A critically important unanswered question in the literature 
pertains to what the specific impact of different CI loudness-
processing algorithms is on appreciation of music. The purpose 
of this study was to identify Maplaw and AGC sound process-
ing settings that will optimize the CI handling of compression 
with regards to music sound quality for MED-EL CI users. 
We hypothesized that changing the compression ratios would 
have a significant impact on musical sound quality for CI users. 
More specifically, we anticipated that CI users might prefer less 
DR compression, as it would provide greater amplitude mod-
ulation depth of the auditory signal. To better understand our 
study results, we also wanted to examine whether the following 
demographic and CI factors impacted subjects’ ratings of sound 
quality as a function of compression ratios: musical genre, CI 

laterality, gender, threshold-level setting, electrode array length, 
processing strategy, number of active electrodes, number of fine 
structure channels, and musical training; these additional analy-
ses may be found in the Figures 1–8 in Supplemental Digital 
Content 1–8, http://links.lww.com/EANDH/A925; http://links.
lww.com/EANDH/A926; http://links.lww.com/EANDH/A927; 
http://links.lww.com/EANDH/A928; http://links.lww.com/
EANDH/A929; http://links.lww.com/EANDH/A930; http://
links.lww.com/EANDH/A931; http://links.lww.com/EANDH/A932; 
and Supplementary Data Analysis in Supplemental Digital 
Content 9, http://links.lww.com/EANDH/A924.

MATERIALS AND METHODS

Subjects
Fourteen MED-EL CI recipients (7 men and 7 women, aver-

age age 60.3 years ± one standard deviation of 13.5 years) par-
ticipated in the study. Four subjects were bilaterally implanted 
and 10 unilaterally implanted, yielding 18 CI ears tested. In 
Experiment No. 1, Maplaw manipulations were studied in 17 CI 
ears and in Experiment No. 2, AGC manipulations were studied 
in 11 CI ears.

Thirteen CI recipients were postlingually deafened and 1 
was prelingually deafened; all used oral/aural communication 
as their primary method of communication. The mean length 
of implant use was 3.4 ± 2.3 years and the mean duration of 
severe to profound hearing loss before implantation was 8.4 ± 
12.9 years (range: <0.1 to 47.2 years). The CI users utilized a 
variety of devices and processing strategies (Table  1). Some 
of the subjects used a different sound processor model in day-
to-day listening than the model used for this research experi-
ment (i.e., a Sonnet), which may have affected results. The 
Institutional Review Board at the University of California, San 
Francisco (UCSF) approved this study, and informed consent 
was obtained from all participants.

Nine subjects reported formal music training, beginning at 
age 8.4 ± 5.4 years and lasting 9.0 ± 7.3 years. Of those nine 
subjects, three reported being self-taught musicians as did one 
additional subject who had no formal music training, with train-
ing beginning at age 32.0 ± 19.2 years and lasting for 3.9 ± 2.2 
years. Six of the CI subjects reported that they do not listen 
to music in their day-to-day life, while the other eight subjects 
listen to music an average of 6.7 ± 4.3 hours/week (range: 2 to 
15 hours/week).

Most study subjects were using clinical default settings for 
Maplaw (500, 1000) and AGC (3:1). For the CI ears that were 
included in Experiment No. 1, three used Maplaw of 500, 12 
used Maplaw of 1000-1024, and two used Maplaw of 1500. Of 
the CI ears included in Experiment No. 2, only one was using 
an AGC setting (3.5:1) in their clinical program different than 
the default setting (3:1).

Musical Stimuli
A corpus of 25 real-world music clips assembled during 

earlier studies was used (Roy et al. 2012a,b). Each clip is 5 
seconds long; there are five clips from each of five common 
musical genres (Classical, Jazz, Country, Rock, and Hip-Hop), 
and 60% of clips are commonly known while the other 40% are 
considered obscure. See Roy et al. (2012a) for additional details 
regarding the selection of musical clips. Music clips were each 
normalized to 65 dBA. The average acoustic DR for the stimuli 

Fig. 2. Input–output functions for automatic gain control (AGC) settings. 
The AGC primarily affects the perceived loudness of loud sounds. The x 
axis represents the level of the incoming sound in sound pressure level 
(SPL) in decibels (dB). The y axis represents the corresponding charge level 
delivered to the cochlear implant (CI), displayed as a percentage of electric 
dynamic range (EDR). Each line on the graph represents the input–output 
function corresponding to a particular AGC, ranging from the most com-
pressed (3.5:1) to least compressed (2:1) settings available in the CI pro-
gramming software.

http://links.lww.com/EANDH/A925
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was 32.7 dB; by genre, Hip-Hop: 39.9 dB, Jazz: 34.9 dB, Rock: 
27.1 dB, Country: 29.0 dB, and Classical: 32.4 dB. For greater 
detail on the intensity-level distribution functions of the music 
clips, broken down to 1/3 octave bands and grouped by genre, 
see Figure 1 from Gilbert et al. (2019).

Testing took place in a calibrated sound booth. The stimuli 
were presented from a speaker located at 0 degrees azimuth 
with the listener seated 1 m from the speaker at an average RMS 
level of 65 dBA.

Test Conditions
All CI recipients used a Sonnet sound processor designated 

for research use only. To increase consistency of audibility of 
musical clips across test subjects, their preferred everyday fit-
tings were modified as follows: upper stimulation levels (MCLs) 
were loudness-balanced at 80% of incoming MCLs, and then 
the new MCLs were swept at 100% to ensure comfort. There 
were no predetermined restrictions imposed upon the patients’ 
electrical DR (the difference between MCL and THR). Volume 
control was fixed at 100%. Microphone directionality and wind 
noise reduction features were disabled. Other parameters (except 
Maplaw, AGC, MCLs, and THRs) were not altered for either 
experiment, in order to minimize acclimatization effects to the 
new programs. For the first seven subjects, the subjects’ thresh-
old levels (THRs) were measured on each electrode and set at 
the highest inaudible level. For the remaining eight subjects, the 
THRs were set to either 0% or 10% of MCLs. Any changes to 
THRs were made before making other experimental changes.

We then created multiple new programs for the CI user with 
the Maestro software. For Experiment No. 1, Maplaw was varied 
(i.e., 500, 1000, and 2000), while AGC was fixed at the default 
(compression ratio 3:1 and sensitivity 75%). For Experiment 
No. 2, AGC compression ratio was varied (i.e., 2.5:1, 3:1, and 
3.5:1), sensitivity was fixed at 100%, and Maplaw was fixed 
at the default (1000). In the MED-EL signal processing strate-
gies, the sensitivity sets the knee point above which the AGC 
will become active. At the default sensitivity setting of 75%, 
the knee point is at 52.7 dB SPL. By changing the sensitivity 
to 100%, the AGC knee point is changed to 48 dB SPL and so 
more of the musical stimuli (delivered at 65 dBA) is presented 
in the DR where the AGC is active.

After the new programs were created, the MCLs were 
adjusted up or down globally in small (1%) increments in order 
to obtain equivalent loudness in all programs. This loudness-
matching process involved presenting a pink noise at 65 dBA 
and switching back and forth between the default Maplaw 
program (program 1) and each of the other two experimen-
tal Maplaw programs in turn to ensure that programs 2 and 3 
were loudness-matched to program 1. Once both programs 2 
and 3 had been individually adjusted to match program 1, all 
three programs were cycled through a final time to confirm the 
pink noise was the same loudness level to the listener in each 
program. This process was then repeated with the three AGC 
programs.

Program 1 was always the program with both Maplaw and 
AGC set to defaults (Maplaw = 1000, AGC = 3:1), while pro-
grams 2 and 3 were experimental programs and the program 
order was not randomized. For Experiment No. 1, program 2 
used Maplaw of 2000, and program 3 used Maplaw of 500. 
For Experiment No. 2, program 2 used AGC of 3.5:1 and pro-
gram 3 used AGC of 2.5:1. It was important to rebalance the TA

B
LE

 1
. 

S
ub

je
ct

 d
em

o
g

ra
p

hi
cs

ID
 

N
o.

E
ar

A
ge

 
(y

rs
)

D
O

D
 

(y
rs

)

Le
ng

th
  

C
I U

se
 

(y
rs

)

Le
ng

th
 

M
us

ic
al

 
Tr

ai
ni

ng
 (y

rs
)

E
tio

lo
gy

S
ou

nd
  

P
ro

ce
ss

or
 

M
od

el
Im

p
la

nt
 

M
od

el
E

le
ct

ro
d

e 
A

rr
ay

P
ro

ce
ss

in
g 

S
tr

at
eg

y

M
ap

la
w

 
E

xp
er

im
en

t 
P

ar
tic

ip
an

t

A
G

C
  

E
xp

er
im

en
t 

P
ar

tic
ip

an
t

In
co

m
in

g 
TH

R
  

S
et

tin
g

TH
R

  
U

se
d

 fo
r 

Te
st

in
g

In
co

m
in

g 
M

ap
la

w
 

S
et

tin
g

In
co

m
in

g 
A

G
C

  
S

et
tin

g

1
R

53
.8

0.
5

7.
2

0
S

ud
d

en
 S

N
H

L
R

on
d

o
S

on
at

a
S

ta
nd

ar
d

FS
4-

p
x

 
M

ea
s

M
ea

s
10

00
3:

1
1

L
53

.8
3.

6
4.

0
0

S
ud

d
en

 S
N

H
L

R
on

d
o

C
on

ce
rt

Fl
ex

28
FS

4-
p

 
x

M
ea

s
M

ea
s

10
00

3:
1

2
L

48
.9

47
.2

1.
6

10
.5

U
nk

no
w

n
S

on
ne

t
S

yn
ch

ro
ny

Fl
ex

28
FS

4
x

 
0%

M
ea

s
10

00
3:

1
3

L
53

.8
0.

2
4.

3
12

U
nk

no
w

n
O

p
us

 2
C

on
ce

rt
Fl

ex
28

FS
4-

p
x

 
0%

M
ea

s
10

24
3.

5:
1

4
R

71
.4

0.
4

2.
9

12
G

en
et

ic
S

on
ne

t
C

on
ce

rt
Fl

ex
24

H
D

C
IS

x
 

M
ea

s
M

ea
s

50
0

3:
1

4
L

71
.4

14
.1

6.
2

12
G

en
et

ic
O

p
us

 2
S

on
at

a
M

ed
iu

m
FS

4-
p

x
 

10
%

M
ea

s
10

00
3:

1
5

R
66

.8
2.

7
2.

1
0

U
nk

no
w

n
R

on
d

o
C

on
ce

rt
Fl

ex
28

FS
4-

p
x

x
M

ea
s

M
ea

s
10

00
3:

1
6

R
35

.8
15

.1
0.

7
2

G
en

et
ic

S
on

ne
t

S
yn

ch
ro

ny
Fl

ex
28

FS
4

x
 

10
%

M
ea

s
10

00
3.

5:
1

7
R

59
.3

0
2.

2
4

G
en

et
ic

S
on

ne
t

C
on

ce
rt

Fl
ex

28
FS

4-
p

x
x

M
ea

s
M

ea
s

10
00

3:
1

7
L

59
.3

0
5.

3
4

G
en

et
ic

S
on

ne
t

C
on

ce
rt

S
ta

nd
ar

d
FS

4
x

x
M

ea
s

M
ea

s
10

00
3:

1
8

R
75

.8
0.

5
3.

3
10

U
nk

no
w

n
R

on
d

o
C

on
ce

rt
Fl

ex
24

FS
P

x
x

10
%

0%
50

0
3:

1
9

R
56

.4
4.

5
1.

9
12

M
en

ie
re

 d
is

ea
se

S
on

ne
t

S
yn

ch
ro

ny
Fl

ex
24

FS
4-

p
x

x
10

%
0%

10
00

3:
1

10
L

87
.6

0.
3

1.
8

0
U

nk
no

w
n

S
on

ne
t

S
yn

ch
ro

ny
Fl

ex
24

FS
4

x
x

10
%

10
%

10
00

3:
1

11
R

55
.8

1.
9

6.
9

0
U

nk
no

w
n

S
on

ne
t

S
on

at
a

S
ta

nd
ar

d
FS

P
x

 
0%

10
%

15
00

3:
1

11
L

55
.8

8.
4

7.
4

0
U

nk
no

w
n

S
on

ne
t

S
on

at
a

S
ta

nd
ar

d
FS

P
x

x
0%

10
%

15
00

3.
5:

1
12

R
72

.7
10

.3
0.

4
25

U
nk

no
w

n
S

on
ne

t 
E

A
S

S
yn

ch
ro

ny
Fl

ex
28

FS
4-

p
x

x
10

%
10

%
10

00
3:

1
13

R
60

.5
7.

4
3.

2
11

U
nk

no
w

n
R

on
d

o
C

on
ce

rt
Fl

ex
24

FS
4

x
x

5%
0%

10
00

3:
1

14
R

45
.5

34
.5

0.
6

0
S

ud
d

en
 S

N
H

L
S

on
ne

t
S

yn
ch

ro
ny

S
ta

nd
ar

d
FS

4-
p

x
x

5%
0%

50
0

3:
1

A
G

C
, a

ut
om

at
ic

 g
ai

n 
co

nt
ro

l; 
C

I, 
co

ch
le

ar
 im

p
la

nt
; D

O
D

, d
ur

at
io

n 
of

 d
ea

fn
es

s;
 E

A
S

, e
le

ct
ric

 a
co

us
tic

 s
tim

ul
at

io
n;

 ID
, i

d
en

tifi
ca

tio
n;

 L
, l

ef
t;

 M
ea

s,
 m

ea
su

re
d

; R
, r

ig
ht

; S
N

H
L,

 s
en

so
rin

eu
ra

l h
ea

rin
g 

lo
ss

; T
H

R
, t

hr
es

ho
ld

.



Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited

	 Gilbert et al. / EAR & HEARING, VOL. XX, NO. XX, 00–00	 5

loudness within these programs because, without doing so, 
programs with a higher Maplaw or AGC would seem louder 
to the CI user, and it is known from previous research that the 
loudness of music may significantly influence the sound qual-
ity perception (Vickers 2011). For the 10 subjects who com-
pleted both Experiments No. 1 and No. 2, eight subjects began 
with Experiment No. 1 and 2 subjects began with Experiment 
No. 2.

We began the experiments with the intention of includ-
ing even lower (i.e., more linear) compression settings under 
the test conditions, but the first few subjects tested with these 
settings were unable to tolerate these programs. More specifi-
cally, when the Maplaw was decreased to 250 or the AGC was 
decreased to 2:1, the music clips became too soft overall to be 
evaluated fairly. We attempted to correct for this by increasing 
the MCLs globally to make the music clips equally loud under 
all of the conditions. Unfortunately, this resulted in the intensity 
peaks in the music clips becoming uncomfortably loud in the 
programs with the lowest compression settings, and therefore, 
those test conditions (i.e., Maplaw of 250 and AGC of 2:1) were 
discontinued.

CI users listened with the test ear only. If the nontest ear had 
any residual hearing, a foam earplug was used. In one case, a CI 
recipient had a Lyric hearing aid in the nontest ear that was situ-
ated deep in the ear canal and could not be removed for testing. 
The Lyric was therefore turned off and functioned as an earplug. 
All CI users were asked if they could hear the test stimuli with 
the nontest ear, while the earplug was in place and the CI on 
their test ear was turned off; all indicated they were not able to 
hear the stimuli with the nontest ear.

Participants completed the experiment using a Dell Latitude 
E7470. Subjects were given the option of using a touchscreen, 
mouse, or touchpad. The computer ran the program with 
MATLAB software version R2012b (Mathworks, Natick, MA).

Test Paradigm
The method used for testing closely resembles a com-

parison category rating (CCR) approach, which allows for 
assessment of relative changes in the perceived sound quality 
of music across various listening conditions (ITU 1996). The 
present study utilized a user-controlled CCR method, which 
is different from the standard CCR in that the presentation 
order is not predetermined or randomized; the users may 
play the sound samples in any order and with the possibility 
of unlimited repetitions. Participants were asked to rate the 
relative sound quality of a particular music clip while using 
three different programs on their CI (“Prog 1,” “Prog 2,” and 
“Prog 3”).

The ratings were on a sliding scale with the following cat-
egorical labels: “Much better,” “Slightly better,” “Same as Prog 
1,” “Slightly worse,” and “Much worse” (see Figure 3). The slid-
ing scale corresponded to numbers from 0 to 200; scores from 
0 to 99 represented sound quality worse than program 1, a score 
of 100 represented sound quality equal to program 1, and scores 
from 101 to 200 represented sound quality better than program 
1. Program 1 was always set to 100, the midpoint (“Same as 
Prog 1”). The subjects were not explicitly required to use the 
whole range of the sliding scale. Although the term typically 
used to describe the results of a CCR-style test is the compari-
son mean opinion score, per ITU standards (1996), we opted to 
describe comparison mean opinion score results using the term 
“Sound Quality Ratings.”

There were 25 trials in each experiment. Subjects were 
given verbal instructions, along with a live demonstration of 
the software interface functionality on the computer, and then 
were required to complete a practice round supervised by the 
researcher. The subject was responsible for switching between 
programs using the FineTuner remote control. The instructions 
were: (1) Click “Play” to listen to the music clip. You may replay 
the music clip as often as you wish. (2) Move the program 1 
slider to “Same as Prog 1” (i.e., the midpoint of the scale). (3) 
Switch the CI processor to program 2 using the remote control. 
(4) Play the music clip and move the program 2 slider to rate the 
sound quality as it compares to program 1. (5) Switch the CI 
processor back to program 1 and listen to the music clip again. 
(6) Repeat steps (3) and (4) for program 3. (7) Click “Save and 
proceed” when you are satisfied with your ratings of programs 2 
and 3 as compared to program 1. This procedure enabled a sub-
ject to express whether the experimental program(s) provided 
better or worse sound quality than the clinical default settings, 
and to what degree.

During the practice round, the subjects were required to 
complete the task for at least three trials (music clips), but 
were allowed to do additional trials until they reported they 
were comfortable using the computer, interacting with the 
software interface, and using the FineTuner remote con-
trol. To ensure the programs were changed correctly, the 
researcher enabled the indicator light on the processor and 
observed the number of light flashes to verify that they corre-
sponded with the intended program change. During a practice 
round, subjects used whichever programs they were going to 
use for the following experiment. Each experiment took an 
average of 30 to 60 minutes per ear. The CI recipient was 
given a break between ears (for the bilateral subjects) and 
between Experiments No. 1 and No. 2 (to allow for device 
reprogramming and to rest).

Fig. 3. Screenshot of the test interface. Participants were asked to compare 
the relative sound quality of three cochlear implant programs on a sliding 
scale while listening to a real-world musical clip.
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Statistical Analyses
All statistical analyses were completed using the R statisti-

cal computing program (R Core Team 2020). A linear mixed 
effects (LME) approach was applied using the “lme4” package 
(Bates et al. 2015). For specific models and factors, see results 
below. To test for significant differences between test condi-
tions within a single ear, comparisons were made with pairwise 
t-tests (paired, 2-tailed) and Bonferroni correction were applied.

RESULTS

Experiment No. 1: Maplaw
We used an LME approach where the initial model had a 

single fixed factor: Maplaw, and no random factor. Noting 
that there was a large variability among the 17 CI ears tested 
(14 participants, three of whom were tested on both sides), 
we first considered a random intercept with the random factor 
Ear being nested within Participant. A likelihood ratio test 
compared the initial model against this more complex model: 
it accounted for significantly more variance [χ2(1) = 20.2, p 
< 0.001]. Next, we considered random slopes for the effect 
of Maplaw and the model improved further [χ2(5) = 259.9, 
p < 0.001]. On the other hand, random intercepts by test 
Item (i.e., 25 different musical excerpts) did not improve the 
model, even before including Ear:Participant [χ2(1) = 0.1, p 
= 0.713], nor did random slopes for the effect of Maplaw by 
Item [χ2(6) = 4.3, p = 0.632]. Thus, the final model of this first 
analysis was of the form: “Score ~ Maplaw + (1 + Maplaw 
| Ear:Participant)” and compared to a null model without 
Maplaw as fixed factor, to reveal a significant main effect 
of Maplaw [χ2(2) = 11.8, p = 0.003] (Bates et al. 2015). The 
LME notation above simply states that the dependent vari-
able Score varies as a function of the experimental factor, but 
that there are additional variables (without direct relevance to 
the experimental design) accounting for some variance. The 
effect of the program with Maplaw of 2000 was estimated at 
10.2 points above the default program (p = 0.003), while the 
program with Maplaw of 500 was not significantly different 
than the default program (p = 0.278, with an estimate of −6.1 
points). In summary, the experimental condition with Maplaw 
of 2000 was rated highest in sound quality by the group (with 
a mean score of 110.2 ± 4.7, 95% confidence interval), the 
Maplaw of 500 was rated lowest in sound quality (93.9 ± 7.3), 
with the default program (Maplaw of 1000) always fixed at 
100, as seen in Figure 4. It is worth noting that the Maplaw of 
2000 group average score of 110.2 falls in the “Slightly better” 
range and Maplaw of 500 group average score of 93.9 corre-
sponds to the “Slightly worse” range. Additionally, while the 
“Raw” Sound Quality Scores ranged from 0 to 200, in several 
figures, including the left panel of Figure 4, the y axis displays 
“Normalized” sound quality scores, which range from −100 to 
100. This was done so that the midpoint/default program is at 
0 on the y axis, allowing for positive ratings to be above the 
x axis and negative ratings to be below the x axis. The linear 
adjustment to create “Normalized” scores consisted of sub-
tracting 100 from all “Raw” scores.

The average sound quality scores of the programs with 
Maplaws of 500 and 2000 for each individual showed con-
siderable intersubject and interaural variability, as seen in 
Figure  5. Bilateral CI subject No. 4, for example, trended 
toward a slight preference for music sound quality with a 

Maplaw of 500 in the right ear (p = 0.064), but in the left ear 
they had a distinct preference for a higher Maplaw of 2000 (p 
= 0.012) and dislike for a lower Maplaw of 500 (p = 0.008). 
In contrast, bilateral CI subject No. 7 preferred a Maplaw of 
2000 compared to the default for each ear individually (p < 
0.001). On the whole, 53% of the CI ears (9 of 17) preferred 
a Maplaw of 2000 to the default 1000 (p < 0.025), and the 
remaining 47% had ratings that were not significantly differ-
ent. For the lower Maplaw of 500, ratings were better than the 
default 1000 for 12% of CI ears (2 of 17; p < 0.025), worse for 
41% (7 of 17; p < 0.025), and not significantly different for the 
remaining 47%. Interestingly, subject 3L rated both the higher 
and lower Maplaws as better than the default (p < 0.001 and p 
= 0.002, respectively), possibly indicating a placebo effect or 
general positive bias towards the experimental programs, but 
most other subjects were consistent in their judgments, that is, 
opposite appraisals for the two nondefault Maplaws (see also 
Panel A of Supplemental Digital Content 3, http://links.lww.
com/EANDH/A927).
Musical Genre  •  Next, we looked at the effect of musical 
genre and whether it influenced the effect of Maplaw. Following 
a similar reasoning, we compared the previous model—that 
included Maplaw as a fixed factor and random intercepts and 
slopes by Ear:Participant—to a more complex model that had 
Genre as a second fixed factor, without and then with interac-
tion term. There was a significant main effect of Genre [χ2(4) 
= 24.8, p < 0.001] and Genre interacted with Maplaw [χ2(8) = 
16.3, p = 0.038]. To better understand the origin of this inter-
action, we performed pairwise comparisons. As illustrated in 
Figure 6, the program with Maplaw of 2000 was significantly 
better than the default program for Classical by 11.3 points  

Fig. 4. Experiment No. 1—Group Results. Music sound quality ratings for 
the group when using Maplaws of 500 and 2000, as compared to Maplaw 
of 1000 (the default condition, fixed at 0 on the y axis). The vertical columns 
(on the left) represent the average across all subjects; error bars represent 
95% confidence interval. **The group average for Maplaw of 2000 was 
significantly different from the default condition (p < 0.01). The horizontal 
bars in the histogram (on the right) display the distribution of raw scores.

http://links.lww.com/EANDH/A927
http://links.lww.com/EANDH/A927
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(p = 0.005), Country by 11.0 points (p = 0.007), and Jazz by 
14.7 points (p < 0.001), but did not reach significance for 
Hip-Hop (p = 0.088) or Rock (p = 0.133). The program with 
Maplaw of 500 was worse than the default program for Rock 
by 11.1 points (p = 0.050), but did not reach significance for 
the others: Classical (p = 0.353), Country (p = 0.238), Hip-Hop  
(p = 0.189), or Jazz (p = 0.856).

Following on the effect of musical genre, we were particu-
larly interested in examining how well genres with purely instru-
mentals versus vocals would be perceived. Thus, we reiterated 
an analysis by replacing Genre by Mode (with Instrumentals 
consisting of Classical and Jazz, and Vocals consisting of 
Country, Hip-Hop, and Rock). There was a main effect of Mode  
[χ2(1) = 14.9, p < 0.001] and a significant interaction [χ2(2) = 
8.5, p = 0.014]. As illustrated in Figure 6, the program with 
Maplaw of 2000 outperformed the default by 13.0 and 8.4 
points (p < 0.001, and p = 0.015, for instrumentals and vocals, 
respectively]. The program with Maplaw of 500 did not differ 
from the default for either instrumentals (p = 0.883) or vocals 
(p = 0.091).
Demographic Factors and Musical Training  •  We rea-
soned that appreciation of musical excerpts might have much 
to do with experience with music in the first place. We plot-
ted the random slopes (for the effect of Maplaw for each 
Ear:Participant combination, similarly to the analysis of 
CI-related factors) as a function of years of musical training. 
Curiously, as illustrated in Panels A and B in Supplemental 
Digital Content 2, http://links.lww.com/EANDH/A926, the 
differences between the experimental Maplaw programs (500 
and 2000) tended to disappear with more musical training, 
although these are weak correlations (r = 0.5, p = 0.043 and r 
= −0.47, p = 0.056, respectively).

Additionally, the differences were inversely related to 
one another (r = −0.64, p = 0.006), shown in Panel A in 

Supplemental Digital Content 3, http://links.lww.com/
EANDH/A927. This is an interesting finding: somehow, the 
users who would benefit most from the higher Maplaw pro-
gram (2000) were also the ones most disliking the lower 
Maplaw program (500), and vice-versa (although all partici-
pants exhibited positive slope for the program 2000, that is, 
always better than the default program).

To explore whether other variables could somehow contrib-
ute to this relationship, a similar attempt was made with number 
of hours listening to music per week, but either slope failed to 
reach significance (p = 0.37 and p = 0.63) (not shown). A simi-
lar attempt was made with chronological age, but again, both 
failed (p = 0.83 and p = 0.25, Panels C and D in Supplemental 
Digital Content 2, http://links.lww.com/EANDH/A926). 
Similar attempts were made with duration of CI use, onset of 
HL, and onset of severe-profound HL, without any success 
(Panels E through J in Supplemental Digital Content 2, http://
links.lww.com/EANDH/A926).

Overall, therefore, the effect of musical training does not 
appear to be a byproduct of another variable covarying with it. 
In an attempt to turn this variable into a categorical one, we 
defined a cutoff of 4 years of training to split the cohort into two 
halves (below which one is considered “less musically trained”, 
and above which one is considered “more musically trained”). 
A repeated-measures ANOVA on random slope as a dependent 
variable with one between-subject factor (music training) and 
one within-subject factor (Maplaw) revealed a main effect of 
Maplaw [F(1,15) = 13.7, p = 0.002], no main effect of music 
training [F(1,15) = 2.5, p = 0.133], but a significant interac-
tion [F(1,15) = 9.3, p = 0.008]. The results are illustrated in 
Supplemental Digital Content 4, http://links.lww.com/EANDH/
A928, and suggest—in line with the correlation approach—that 
differences between Maplaw setting preference disappeared in 
the group with more musical training.

Fig. 5. Cochlear implant subjects’ individual music sound quality ratings when using Maplaws of 500 and 2000, as compared to the Maplaw of 1000 (the 
default program, fixed at 0 on the y axis). Error bars represent 1 standard deviation from the mean. *The corresponding column was significantly different from 
the default condition (p < 0.025).

http://links.lww.com/EANDH/A926
http://links.lww.com/EANDH/A927
http://links.lww.com/EANDH/A927
http://links.lww.com/EANDH/A926
http://links.lww.com/EANDH/A926
http://links.lww.com/EANDH/A926
http://links.lww.com/EANDH/A928
http://links.lww.com/EANDH/A928
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Experiment No. 2: AGC
We used an LME approach where the initial model had a 

single fixed factor: AGC, and no random factor. Noting that 
there was a large variability among the 11 ears tested (10 
participants, one of whom was tested in both ears), we first 
considered a random intercept with the random factor Ear 
being nested within Participant. A likelihood ratio test com-
pared the initial model against this more complex model: it 
accounted for significantly more variance [χ2(1) = 59.9, p < 
0.001]. Next, we considered random slopes for the effect 
of AGC and the model improved further [χ2(5) = 192.7, p < 
0.001]. On the other hand, random intercepts by Item (i.e., 
25 different musical excerpts) did not improve the model, 
even before including Ear:Participant [χ2(1) = 0.5, p = 
0.460] nor did random slopes for the effect of AGC by Item 
[χ2(6) = 5.9, p = 0.432]. Thus, similar to Experiment No. 1, 
the final model was of the form: “Score ~ AGC + (1+AGC | 
Ear:Participant)” and compared to a null model without fixed 
factor it revealed a significant main effect of AGC [χ2(2) = 6.3,  
p = 0.042]. This key finding supports the idea that different 
compression ratios (than those used by default) can enhance 
music appreciation in CI users. It was, however, not a strong 
effect. Pairwise comparison between the 3.5:1 AGC relative 
to the default 3:1 AGC did not reach significance (p = 0.059, 
despite a 14.6 point difference). Comparison between the 2.5:1 
AGC relative to the default AGC was also not significant (p 
= 0.546, with an estimate of 2.4 point difference). In other 
words, this main effect should be taken with caution, but, if 
anything, it was driven by the preference granted to a stronger 
compression.

To summarize, the AGC 3.5:1 program was rated higher 
overall in sound quality (114.6 ± 10.7, 95% confidence inter-
val) relative to the default. The program with an AGC of 2.5:1 
was rated similarly to the default (102.4 ± 3.9). The average 
scores for the group are shown in Figure 7, which also includes 

a histogram showing the frequency distribution of each score. It 
is notable that the vast majority of scores were at 100, labeled 
“Same as Prog 1” on the user interface.

Figure 8 displays the individual results for music sound qual-
ity between programs with various AGCs, and shows much less 
difference between programs for most subjects as compared 
to Experiment No. 1. Most of the significant difference in the 
group data for this cohort can be attributed to subjects No. 1L 
and No. 13R. There were three subjects, No. 1L, No. 8R and No. 
14R, who consistently rated both experimental programs higher 
than the default—which is counterintuitive and may point to a 
placebo effect, that is, the belief that any of the experimental 
programs was supposed to be an improvement on their current 
perception of music.
Additional Factors  •  Please refer to the Supplementary Data 
Analysis in Supplemental Digital Content 9, http://links.lww.
com/EANDH/A924 and Figures 1–8 in Supplemental Digital 
Content 1–8, http://links.lww.com/EANDH/A925; http://links.
lww.com/EANDH/A926; http://links.lww.com/EANDH/A927; 
http://links.lww.com/EANDH/A928; http://links.lww.com/
EANDH/A929; http://links.lww.com/EANDH/A930; http://
links.lww.com/EANDH/A931; http://links.lww.com/EANDH/
A932 for more detail on the impact of musical genre, CI-related 
factors, musical training, etc. None of the additional factors 
tested were found to be statistically significant in predicting 
music sound quality scores of Maplaw or AGC programs. Our 
statistical analysis did not reveal what (if any) demographic fac-
tors subjects No. 1L and No. 13R may have had in common that 
resulted in their preference for a higher AGC ratio.

DISCUSSION

In this study, we examined the impact of changing Maplaw 
and AGC settings on music sound quality ratings in MED-EL 
CI users. Previous studies have looked at the impact of DR 

Fig. 6. Effect of Maplaw on sound quality ratings for musical genres and styles. The musical samples used in this study included five genres: Classical, Country, 
Hip-Hop, Jazz, and Rock. The Instrumental category includes Classical and Jazz, while the Vocals category combines the Country, Hip-Hop, and Rock music 
clips. *p < 0.05; **p < 0.01; ***p < 0.001.

http://links.lww.com/EANDH/A924
http://links.lww.com/EANDH/A924
http://links.lww.com/EANDH/A925
http://links.lww.com/EANDH/A926
http://links.lww.com/EANDH/A926
http://links.lww.com/EANDH/A927
http://links.lww.com/EANDH/A928
http://links.lww.com/EANDH/A929
http://links.lww.com/EANDH/A929
http://links.lww.com/EANDH/A930
http://links.lww.com/EANDH/A931
http://links.lww.com/EANDH/A931
http://links.lww.com/EANDH/A932
http://links.lww.com/EANDH/A932
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compression parameters on speech recognition in CI users. 
Fu and Shannon (1998) studied the effects of varying levels of 
compression applied to the signal processing in Cochlear Corp. 
N22 devices, and found that NH listeners perform best with a 
linear function while CI users perform best with an exponen-
tial loudness growth function that restored loudness linearity. 

In follow-up studies in a small sample of users (n = 3), Fu 
and Shannon (1998, 1999a,b) found that strongly compressive 
amplitude functions were worse than weakly compressive map-
ping functions for speech recognition in high levels of noise, 
although it should be noted that results may differ for other CI 
brands.

Loizou et al. (2000) examined the effect of varying the 
level of logarithmic compression on speech recognition in CI 
users. The investigators found that near-linear amplitude map-
ping yielded poorer speech recognition in quiet than compres-
sive power functions, but the degree of compression was not 
significant.

Boyd (2006) examined the effects of compression settings 
in MED-EL users on speech recognition and found that more 
compression (Maplaws: 500 and 1000) resulted in better detec-
tion of soft sounds than lower compression settings (Maplaws: 
Linear (0) and 100). The largest difference in acoustic detec-
tion thresholds was seen between Maplaws of 100 and 500 (~7 
dB), and there was a negligible change between 500 and 1000 
(~1 dB). A study by Boyd and Euthymiades (2009) investigated 
the impact of Maplaw settings on speech quality and loudness 
by allowing CI users to adjust the Maplaw while listening to 
speech stimuli. Results indicated that for an average intensity 
level of conversational speech, there is a wide range of preferred 
Maplaw settings to achieve optimum comfort and sound quality, 
albeit all with some degree of compression applied (Maplaw 
range: 10–2000).

There appeared to be very limited literature regarding opti-
mizing AGC parameters. In 1999, Stöbich et al. found that a 
dual-loop AGC was more beneficial than a single fast AGC, and 
that between a 3:1 and a 6:1 compression ratio; the 3:1 was 
more advantageous for recognition of loud speech in quiet.

Taken together, the described studies above have explored 
different intensity mapping functions for speech recognition 
in quiet and in noise, as well as listener preferences. They are 

Fig. 7. Experiment No.2—group results. Music sound quality ratings for 
programs with automatic gain control (AGC) settings of 2.5:1 and 3.5:1, as 
compared to AGC of 3:1 (the default condition, fixed at 0 on the y axis). 
The vertical columns (on the left) represent the average across all subjects; 
error bars represent 95% confidence interval. The horizontal bars in the 
histogram (on the right) display the distribution of raw scores.

Fig. 8. Individual subjects’ ratings of music sound quality for AGC settings of 2.5:1 and 3.5:1, as compared to the default AGC of 3:1 (fixed at 0 on the y axis). 
Of note, subject 7L could not detect a difference between the programs with different AGCs and hence has an average of 0 ± 0 for both programs. Error bars 
represent 1 standard deviation from the mean. *The corresponding column was significantly different from the default condition.
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consistent with the finding that some level of logarithmic com-
pression is needed (and preferred) for optimum speech recogni-
tion at average intensity levels and for audibility of soft sounds. 
The hypothesis of the current study was that CI subjects would 
prefer less compression than the default setting (i.e., Maplaw of 
1000, AGC of 3:1), to increase and possibly better appreciate the 
amplitude modulation depth of the music samples. The results 
of the study, however, indicate that CI users prefer higher than 
default compression settings for recorded commercial music, a 
finding which is also reported in the literature for music appre-
ciation by NH listeners (Vickers 2011; Taylor & Martens 2014; 
Taylor 2015). The CI users reported improvements in music 
sound quality with a higher Maplaw setting (2000) than the clini-
cal default (1000). There was, however, considerable variability 
both within and between subjects regarding which Maplaw set-
ting was preferred. Subjective feedback from subjects regard-
ing higher Maplaw settings indicated better audibility for lyrics 
and softer instruments; typical comments included “more full,” 
“punchier,” “vibrant,” etc. During the test sessions, we observed 
that the CI listeners typically expressed a clear preference for 
one Maplaw setting over another, but that they could not tell the 
difference between AGC programs for music listening.

We did observe a trend toward preference for a higher AGC 
setting (3.5:1) over the clinical default (3:1), although this trend 
was driven primarily by just two subjects and should be inter-
preted with caution. Additionally, the comparison between pro-
grams with different AGCs was made using a Maplaw of 1000. 
It is possible that, when the Maplaw is 1000, the effects of AGC 
ratios are limited, and using a lower Maplaw (e.g., <500) would 
have accentuated the impact of changes to the AGC ratios on 
perception of acoustic stimuli. We opted to fix Maplaw at a value 
of 1000, a common clinical default setting, to make the results 
applicable to the most common clinical scenarios encountered 
in practice. We decided not to examine the interaction between 
simultaneous manipulation of both AGC and Maplaw since it 
was beyond the scope of the present study and would have made 
the experiment significantly longer. Investigation of this interac-
tion, and with greater numbers of subjects, would be an impor-
tant topic for further study. Another area of future study would 
be investigation of preferred compression settings for various 
intensity levels of music. It is possible that the lack of significant 
impact of AGC was a function of the presentation level of the 
stimuli. It should be noted that these Maplaw and AGC find-
ings apply specifically to MED-EL CIs, and other CI brands 
have parameters that handle compression differently, and as such 
these results are not generalizable to all CI devices.

Since people listen to music in a wide variety of situations 
(e.g., in a quiet room, at a live concert, in the car listening to 
the radio, etc.), these results likely do not apply in all listening 
situations. For example, in the case of a higher Maplaw, which 
improves audibility for soft sounds, that change may be prefer-
able for listening to music in a quiet room but be detrimental in 
a vehicle due to interference from road noise. One limitation of 
the study was that the interaction between compression settings 
and other automatic sound management features (i.e., noise 
reduction algorithm and directional microphone mode) was not 
investigated. It is possible that having these sound management 
features enabled may alter the findings of the study, and this 
interaction is a potential area for future research.

Contrary to common clinical thought that using DR com-
pression settings that are as linear as possible is optimal for 

music listening, as with hearing aids, our results suggest that CI 
programming for electric hearing needs to be treated differently 
than is hearing aid programming for acoustic hearing due to DR 
differences (Chasin & Russo 2004; Chasin 2012; Croghan et 
al. 2014). The root cause of the difference in compression ratio 
preference for music between electric and acoustic listening is 
unclear. It is possible our findings are due in part to the underly-
ing damage to the auditory system that led to the ear receiving a 
CI in the first place. Whether the difference in compression ratio 
preference is due to a degraded auditory system or the mecha-
nism of electrical listening is beyond the scope of this article. 
What is clear is that there is a difference in DR perception of CI 
listeners as compared to NH, as exemplified by the difference in 
electric and acoustic DR, both total DR and also discriminable 
step size resolution (Zeng 2004).

One potential clinical application of the findings of the pres-
ent study is that when an audiologist is creating a program spe-
cifically for music listening, it may be beneficial to the patient 
to use a program with a higher Maplaw (i.e., 2000). This would 
increase audibility for softer instruments and/or lyrics in the 
music. It may be necessary to also decrease MCLs globally to 
compensate for an overall upward shift in loudness from the 
higher Maplaw. The effects on speech recognition tests were not 
specifically assessed using different Maplaw settings.

Spahr and Dorman (2005) examined the effects of minimum 
stimulation levels (THRs) in MED-EL signal processing. They 
found no difference between mean speech recognition abilities 
for CI users when THRs were set to 0 and when they were set at 
10% or at measured levels. This was true for both soft speech in 
quiet and average speech with +10 dB SNR background noise. 
Setting THRs to measured thresholds provided better audibil-
ity for soft sounds (on average 9 dB for soft sounds as com-
pared to THRs set to 0). Boyd (2006) examined the effects of 
THRs and Maplaw settings on speech recognition and acous-
tic thresholds. They found that the setting of measured THRs, 
while not statistically significant, did trend (p ~ 0.06) toward 
improving acoustic thresholds, as compared to using minimum 
THRs. The setting of THRs did not have an impact on speech 
recognition at an average conversational level. For our experi-
ment, we opted to use a variety of common clinical settings 
for THR levels: 0, 10% of MCL, and measured THRs. We did 
not see an effect of THR settings on Maplaw or AGC results, 
although the effect would have to be quite large to become 
apparent in our small sample size (Supplementary  Data 
Analysis in Supplemental Digital Content 9, http://links.lww.
com/EANDH/A924 and Supplemental Digital Content 1 and 
7, http://links.lww.com/EANDH/A925; http://links.lww.com/
EANDH/A931). Thus, our study’s findings do not contradict 
the prior research on THR level settings by Spahr and Dorman 
(2005) and Boyd (2006).

We did find a possible placebo effect for preference for the 
experimental programs (some subjects had higher preference 
for both lower and stronger compression than the default). 
This is something to consider when doing this type of study; 
however, it is unlikely to negate the significance of the study 
findings with regards to higher preference for stronger compres-
sion levels because: (1) it did not favor one manipulation over 
another (strong versus weak compression) and (2) it was not 
consistent across the two experiments in any given subject.

In this study, each ear was tested individually, although 
we know that in day-to-day life many CI recipients listen to 

http://links.lww.com/EANDH/A924
http://links.lww.com/EANDH/A924
http://links.lww.com/EANDH/A925; http://links.lww.com/EANDH/A931
http://links.lww.com/EANDH/A925; http://links.lww.com/EANDH/A931
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music with two ears. There was no clear pattern for the bilat-
eral subjects in our cohort, and some had a different preference 
for each ear. Due to time constraints we did not obtain any 
bilateral test data, although it would be interesting for future 
research to explore how the compression setting preferences 
obtained in the unilateral condition compare to those for bilat-
eral, bimodal, and single-sided deafness CI users. We know 
that at least a subset of patients within these groups benefits 
from binaural summation, which is the effect of a sound being 
perceived as louder when it is heard with two ears versus just 
one ear. It also would be interesting to see if the preferences 
that we found in this study for a higher Maplaw and AGC 
while listening unilaterally would be increased, unchanged, 
or decreased by the binaural summation that occurs when lis-
tening bilaterally. Furthermore, exploring the intersection of 
hearing aid and CI compression settings in subjects who use 
both types of devices, such as electroacoustic CI devices or 
use of a hearing aid in the ear contralateral to the CI could 
yield greater insight in our findings.

Another area for future study is the use of single instru-
ments to study compression setting preferences. Perhaps, the 
complexity in this set of musical stimuli, including the large 
number of competing instruments and vocals, reduced the 
prominence of the effect of compression on music sound qual-
ity. It is possible that using single instruments or other less 
complex stimuli may show a clearer preference among CI 
listeners.

CONCLUSION

CI recipients preferred, on average, a higher than default 
Maplaw setting for music listening, with considerable inter-
personal and interaural variability, suggesting that audiologists 
may want to offer their patients a few programs with alternate 
compression settings to compare the sound quality of music to 
that offered by default settings.

The differences in Experiment No. 2 were more subtle, and 
most test subjects could not detect a difference between the vari-
ous AGC settings for music sound quality.
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