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Objectives: Psychoacoustic tests assessed shortly after cochlear
implantation are useful predictors of the rehabilitative speech outcome.
While largely independent, both spectral and temporal resolution tests
are important to provide an accurate prediction of speech recognition.
However, rapid tests of temporal sensitivity are currently lacking. Here,
we propose a simple amplitude modulation rate discrimination (AMRD)
paradigm that is validated by predicting future speech recognition in adult
cochlear implant (Cl) patients.

Design: In 34 newly implanted patients, we used an adaptive AMRD
paradigm, where broadband noise was modulated at the speech-rele-
vant rate of ~4 Hz. In a longitudinal study, speech recognition in quiet
was assessed using the closed-set Freiburger number test shortly after
cochlear implantation (#)) as well as the open-set Freiburger monosyl-
labic word test 6 months later (t,).

Results: Both AMRD thresholds at ¢, (r = —0.51) and speech recognition
scores at £, (r= 0.56) predicted speech recognition scores at . However,
AMRD and speech recognition at £, were uncorrelated, suggesting that those
measures capture partially distinct perceptual abilities. A multiple regres-
sion model predicting 6-month speech recognition outcome with deafness
duration and speech recognition at ¢, improved from adjusted R? = 0.30 to
adjusted R? = 0.44 when AMRD threshold was added as a predictor.

Conclusions: These findings identify AMRD thresholds as a reliable,
nonredundant predictor above and beyond established speech tests for
Cl outcome. This AMRD test could potentially be developed into a rapid
clinical temporal-resolution test to be integrated into the postoperative
test battery to improve the reliability of speech outcome prognosis.
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INTRODUCTION

Cochlear implants can restore hearing in deaf patients by
means of direct electric stimulation of the auditory nerve. The
Cl-transduced speech signal is considerably distorted, however,
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and CI recipients vary largely in how well they adapt to their
device. Some learn to comprehend speech signals even under dif-
ficult listening conditions while others hardly benefit from their
device. The source of this variability is still elusive (Moberly et
al., 2016). Clinical factors such as age at implantation, duration
and etiology of deafness, the number and position of electrodes,
as well as cognitive abilities have all been acknowledged to
impact speech recognition in adult CI recipients (Blamey et al.,
1992; Lazard et al., 2012; Holden et al., 2013). However, those
factors can merely explain approximately 20% of the observed
individual variability (Lazard et al., 2012). Currently, diagnos-
tic assessment batteries reliably predicting CI patients’ speech
recognition success are lacking. Therefore, psychoacoustic tests
are needed to aid prediction of speech outcome.

As the CI provides limited spectral resolution, listeners
are forced to rely on temporal information to extract speech
cues. Various psychoacoustic studies have shown that sen-
sitivity to temporal envelope cues, as characterized by the
temporal modulation transfer function (TMTF; Bacon and
Viemeister, 1985), is crucial for speech comprehension in
CI listeners, both in direct electric and acoustic stimulation
experiments. The motivation of the present study was to use
low-rate temporal modulation sensitivity to predict 6-month
speech outcome.

In direct electrical stimulation experiments bypassing the
sound processor, Fu (2002) assessed AM detection thresh-
olds at the rate of 100 Hz in experienced CI users (> 6 years
postimplantation). AM sensitivity was significantly correlated
with phoneme recognition scores. Characterizing full electric
TMTFs across a larger range of modulation rates, Shannon
(1992) showed that CI patients’ detection performance was
best at rates of 80 to 100 Hz and declined above 140 Hz. Fur-
ther, at 50 to 100 Hz, AM rate discrimination and detection
thresholds were found to correlate with lexical tone recognition
in Mandarin (Luo et al., 2008). Similarly, speech intonation
was recognized more accurately by CI listeners with higher
sensitivity to amplitude modulations at 50 to 300 Hz (Chat-
terjee and Peng, 2008), suggesting that these high-frequency
amplitude modulations are important in conveying intonation
information. TMTFs typically have low-pass characteristics, in
both normal-hearing and CI listeners (Park et al., 2015). The
rate of decay of the TMTF at high-frequency modulations is
also associated with vowel and consonant recognition with a
CI (Cazals et al., 1994).

However, direct electric stimulation bypasses the clini-
cal sound processor. In a more realistic setting where stimuli
are played through the clinical sound processor, recent stud-
ies evaluated AM detection through sound presentation in
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free field. Gnansia et al. (2014) observed a correlation of CI
users’ acoustic AM detection thresholds at 8 Hz with phoneme
identification in quiet. Two further studies comprehensively
characterized TMTFs in pre- and postlingually deafened expe-
rienced CI users (Won et al., 2011; De Ruiter et al., 2015).
They confirmed a correlation of AM detection thresholds
averaged across different rates (Won et al., 2011: 10 to 300
Hz; De Ruiter et al., 2015: 5 to 100 Hz) with word recogni-
tion scores. A recent longitudinal study attempted to prospec-
tively predict 1-year speech recognition outcome by assessing
TMTFs immediately after CI activation, but failed to do so,
possibly due to the relatively high modulation rates tested (10
to 300 Hz; Drennan et al., 2016). Thus, while accumulating
evidence confirms that CI user’s AM sensitivity correlates
with speech comprehension, evidence for its predictive power
for future speech recognition abilities and adaptation to the
Cl-transduced speech signal is lacking.

Most previous modulation detection experiments have con-
centrated on relatively high modulation frequencies above 10 Hz
although lower frequency modulations potentially play a crucial
role in CI speech perception. It is known that in normal-hearing
listeners the low-frequency temporal-envelope information of
3 to 5 Hz is most important for speech comprehension (Drul-
Iman et al., 1994a; Shannon et al., 1995; Elliott and Theunissen,
2009); the modulation spectrum of speech also peaks in this
frequency range (Giraud and Poeppel, 2012; Ding et al., 2017).
Moreover, in normal-hearing adults, listening to a CI simulation
(vocoded speech), AMRD thresholds at 4 Hz are predictive of
their ability to adapt to degraded speech (Erb et al., 2012) and
exhibit correlations with brain structure (grey-matter density
in the pulvinar, a thalamic structure; Erb et al., 2012) as well
as functional dynamics (as assessed using functional magnetic
resonance imaging; Erb et al., 2013).

Nonlinguistic psychophysical tests have two advantages over
the more commonly employed speech tests. First, nonspeech
tests can predict performance for individuals with native lan-
guages for which validated speech tests are currently unavail-
able (Drennan et al., 2016). Besides the temporal resolution
tests (see above), other nonlinguistic psychoacoustic measures,
namely spectral resolution, as assessed by spectral ripple dis-
crimination, are strongly associated with CI speech recognition
in quiet and particularly in noise, when spectral cues become
critical (Henry and Turner, 2003; Won et al., 2007; Drennan et
al., 2016; Holden et al., 2016; Lawler et al., 2017). Crucially,
temporal and spectral sensitivities are uncorrelated, indicating
that the two measures assess fundamentally different, comple-
mentary psychoacoustical abilities (Won et al., 2011). There-
fore, early acute assessment of both spectral and temporal
resolution is needed to improve the reliability of speech out-
come prognosis.

Second, some studies argue that nonlinguistic measures are
less sensitive to learning, that is, psychophysical abilities tend
to remain relatively constant over the first year after implanta-
tion (Drennan et al. 2016; Won et al. 2007). Note, however, the
caveat, that stability of psychoacoustic thresholds is debated;
a recent study reported good threshold reproducibility in both
spectral and temporal resolution tasks for same-day testing, but
observed a learning effect over a 2-week period after cochlear
implantation (de Jong et al., 2017).

The rationale of the present study was to test whether AMRD
performance at slow rates shortly after implantation could

prospectively predict 6-month CI speech outcome. We present
a novel psychoacoustic approach with respect to the following
points: (1) We designed a psychoacoustic test assessing AMRD
at speech-relevant 4 Hz that was administered shortly after CI
activation; (2) We evaluated patients’ speech recognition in a
longitudinal approach at CI activation and 6 months later. Given
that the current version of this AMRD test was already rela-
tively rapid to administer (~20 minutes), it has the potential to
be developed into an even more rapid, clinical temporal-resolu-
tion test to improve prediction of CI speech outcome.

MATERIALS AND METHODS

Participants

Thirty-four adult CI patients (aged 23 to 85, median 60
years, 24 female) participated in this study and were recruited
from the CI center of the University Clinic, Leipzig. Partici-
pants gave informed consent, and procedures were approved
by, and in accordance with, the guidelines of the local ethics
committee (University of Leipzig). Patients were provided with
unilateral implants from either cochlear (13 patients; implant:
CI512; processor: CP910) or Med-El (21 patients; implant:
Concerto; processor: Opus 2). Patients were tested using
their standard clinical sound processor settings (without noise
reduction), which encoded signals using the following strat-
egies: cochlear: advanced combination encoder, stimulation
with 22 electrodes; Med-El: fine structure 4 (FS4) combined
with channel-specific sampling sequence (CSSS), stimulation
with 12 electrodes.

All patients were native speakers of German. Etiology and
types of severe-to-profound sensorineural hearing loss (HL)
were variable, including otitis media, measles, meningitis,
sepsis, acute HL, congenital and progressive HL. Duration of
profound HL before implantation varied from 0 to 58 years
(Table 1): Four patients had early-onset deafness; 27 patients
were late, that is, postlingually deafened; for three remaining
patients, we were not able to obtain a reliable estimate of onset
of deafness (for detailed demographic information and individ-
ual subject characteristics see supplemental Table S1, Supple-
mental Digital Content 1, http://links.lww.com/EANDH/A424).

Amplitude modulation rate discrimination

AMRD thresholds were assessed using an adaptive staircase
procedure. Stimuli were sinusoidally amplitude-modulated ran-
dom broad-band noises. The standard stimulus was modulated
at 4 Hz. The deviant stimulus was modulated at different rates
of 2 to 6 Hz (for determination of deviant modulation rate on
each trial see adaptive tracking procedure below). The onset
phase of the sinusoidal modulation varied randomly, and stimu-
lus length varied randomly between 900 and 1100 ms to avoid

TABLE 1. Descriptive Statistics for Collected Measures

Variables Median Range IQR
Speech t, (% correct) 45 5-80 30
Speech t, (% correct) 85 0-100 30
AMRD threshold (Hz) 0.41 0.13-1.5 0.31
Deafness duration (yrs) 23 0-58 255

AM rate was varied around a 4-Hz AM rate standard.
AMRD, amplitude modulation rate discrimination.
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the possibility that listeners could discriminate stimuli based on
the number of cycles in an interval. Modulation depth was held
constant at m = 100% to ensure that it was well above thresh-
old and could be perceived by all patients to avoid effects of
modulation depth on thresholds. Stimuli were presented with an
inter-stimulus interval of 800 ms. Stimuli were peak-normalized
with respect to each other.

Experimental Procedure ¢ Patients were tested approxi-
mately 6 weeks after initial activation, that is, approximately
10 weeks after cochlear implantation. Testing took place in a
sound-proof audiometric cabin. Stimuli were played on a PC
in Matlab 2010b and were presented in a free-field set-up via
an AT900-audiometer (Auritec). The presentation level was
set to 30 dB above the patient’s absolute hearing threshold
for band-limited noise averaged across the center frequencies
of 500 to 4000 Hz to ensure audibility of the stimuli for all
patients. Thus, presentation levels ranged from 54 to 90 dB
sound pressure level (SPL; the median was 69 dB SPL). Note
that during mapping, the acoustic dynamic range was differ-
ent for individual subjects. The most comfortable level as well
as threshold level were set individually. Although changing
the presentation level could lead to the effect of the automatic
gain control being different for each patient, previous research
indicates that AM detection thresholds are robust to these fac-
tors. Won et al. (2011) observed that modulation detection
thresholds were independent of presentation levels (ranging
from 50 to 75 dBA) and not affected by the operation of auto-
matic gain control when stimuli were presented at 65 dBA.
Note, however, the potential caveat, that in contrast to the psy-
chophysics task where we could adjust the presentation level
individually, for the speech task, presentation level was fixed
at 65 dB SPL, due to the speech test being part of a standard-
ized clinical routine.

AMRD thresholds were estimated using a three-alternative
forced choice (3-AFC) adaptive staircase procedure. On each
trial, participants heard two standards and one deviant stimu-
lus; the position of the deviant within the trial was randomly
varied from trial to trial. The patients’ task was to verbally indi-
cate the position (“one,” “two,” or “three”) at which they heard
the deviant sound. The experimenter entered the response and
started the next trial. We used a 2-down, 1-up adaptive stair-
case procedure to measure the AMRD threshold converging on
70.7% correct responses (Levitt & Rabiner, 1971). The initial
step size was 0.5 Hz and changed to 0.25 Hz after four reversals.
The staircase procedure was terminated after 12 reversals. The
AMRD threshold was calculated as the absolute value of the
difference between average level at the last eight reversals and
the standard modulation rate.

Each participant completed two tracking procedures: In the
first descending track, the deviant AM rate starting level was
6 Hz (i.e., deviant stimuli were modulated at a faster rate than
standard rate of 4 Hz, starting at 6 Hz and descending to 4 Hz).
In the second ascending track, deviant AM rate starting level
was 2 Hz (i.e., the deviant rate was slower than the standard
AM rate). The initial AM rate difference of 2 Hz was chosen to
ensure that standard and deviant modulation rate were initially
well discriminable by all patients.

Therefore, we obtained two threshold estimates of which
we took the smaller one (“whenever the participant did best”).
Note that the ascending and descending AMRD thresholds
were significantly correlated (Pearson’s » = 0.47; p = 0.01).

The aggregate measures, that is, average threshold and mini-
mal threshold were also highly correlated (Pearson’s » = 0.9;
p <0.001). Importantly, the results of the correlational analyses
did not depend on the choice of threshold selection, that is, both
average and minimal AMRD threshold correlated significantly
with speech recognition at ¢, (supplemental Table S2, Supple-
mental Digital Content 2, http://links.lww.com/EANDH/A425).
Note further that 31 participants completed both tracking histo-
ries, but 3 participants finished only one tracking history due to
time limitations.

Speech Tests

Speech recognition in quiet was assessed as part of the
follow-up program a few days and 6 months postactivation
using the “Freiburger Sprachaudiogramm” [speech audio-
gram (Hahlbrock, 1953, Keller, 1977)], which is the gold
standard in clinical speech testing in Germany. In the tests,
participants were asked to repeat 20 numbers or monosyl-
labic words. The Freiburger number test in quiet was applied
shortly after CI activation (#,) and the Freiburger monosyl-
labic word test in quiet was administered 6 months postacti-
vation (¢,). The signal (recorded female voice) was presented
in free field through loudspeakers placed in front of the par-
ticipant (distance: 1 m) at a presentation level of 65 dB SPL.
Speech recognition scores were calculated as percent cor-
rectly repeated items. For reference, normal-hearing listen-
ers attain speech recognition scores of at least 90% correct
in these tests.

Statistical Analyses

To predict 6-month speech outcome, we computed the cor-
relation coefficient Pearson’s » in Matlab 2014a. Because a
Kolmogorov-Smirnov test indicated that the variables AMRD
threshold, Freiburger number test at 7, (speech ¢,) and Freiburger
monosyllabic word test at 7, (speech ¢,) were not normally dis-
tributed (p < 0.001 for all three variables), we used permutation
statistics to determine significance. We obtained the empirical
null-distribution of Pearson’s » by randomly permuting partici-
pants (n = 10,000 permutations; e.g., the AMRD threshold of
one subject was randomly paired with the speech #, score of a
different subject) and computing the correlation coefficient for
each permutation. The two-tailed p-value was calculated as the
proportion of permutations that yielded a test statistic equal or
more extreme than the observed one. Missing data (e.g., deaf-
ness duration for three patients) were excluded from the analy-
sis using pairwise deletion.

When correlating two noisy measures, ordinary least square
regression will underestimate the slope of the relationship
between the two measures. Therefore, we used Model II Stan-
dard Major Axis Regression in R to estimate regression slopes
(Legendre and Legendre, 1998; Legendre, 2008).

We ran multiple linear regression models to test the contri-
bution of single variables to the prediction of 6-month speech
outcome. We then compared goodness of fit of different linear
regression models by determining the Bayesian information
criterion (BIC), which penalizes for the number of fitted param-
eters and thereby allows for a fair comparison between models
(Schwarz, 1978). To triage the risk of poor speech outcome, we
also calculated the odds ratio. All data are available on open sci-
ence framework (DOI 10.17605/OSEIO/SYPWC).
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RESULTS

Correlations

The Freiburger monosyllabic word test at 7, correlated nega-
tively with AMRD thresholds (Fig. 1A) and positively with the
Freiburger number test at 7, (Fig. 1B). Both correlations were
significant after Bonferroni correction for multiple compari-
sons. These results indicate that 6-month speech recognition
was predictable already shortly after CI activation from (1)
higher sensitivity to temporal modulations and (2) better speech
recognition scores. The correlation between speech recognition
at ¢, and AMRD thresholds remained significant after removing
the outlier AMRD threshold of 1.5 Hz that was > 3 standard
deviations away from the mean (Fig. 1A).

In contrast, the correlation between speech recognition at
t, and AMRD thresholds had a relatively low r-value and did
not reach significance (r = —0.29; p = 0.088, permutation test),
indicating that both measures capture partially distinct aspects
of auditory sensitivity. Note that the number test at ¢, is less
demanding than the monosyllabic speech test at ¢; 13 partici-
pants performed at ceiling in the number test at the beginning
of rehabilitation.

Deafness duration correlated negatively with speech recog-
nition at 7, (Fig. 1C) and with speech recognition at 7, (= —0.36;
p = 0.048, permutation test), suggesting that longer periods of
deafness before cochlear implantation tend to be associated
with poor future speech recognition. Note, however, that both
correlations did not survive correction for multiple compari-
sons. Deafness duration was not related to AMRD thresholds
(r=0.2; p =0.276), indicating that the period of auditory depri-
vation did not affect AMRD ability substantially. Descriptive
statistics for all variables are provided in Table 1.

De Ruiter et al. (2015) demonstrated that modulation detec-
tion thresholds differ for pre- and postlingually deafened lis-
teners. Here, we did not find a difference in AMRD thresholds
between pre- and postlingually deafened patients, according to a
two-tailed Wilcoxon rank-sum test (median prelingual: 0.34 Hz;
median postlingual: 0.41 Hz; W=48,z=-0.92, p=0.36), nor in
speech recognition at 7, (median prelingual: 50% correct; median
postlingual: 45% correct; W= 65.5, z=0.06, p = 0.95), possibly
due to the small number of prelingually (n = 4) compared with

r=-051,p=0001* B r=056p<0001* C

postlingually deafened listeners (n = 27). Consistent with De
Ruiter et al. (2015), all correlations remained significant when
ran exclusively on postlingually deafened patients (supplemental
Figure S1A, Supplemental Digital Content 3, http://links.lww.
com/EANDH/A426).

In contrast, we found significant differences of CI type,
that is, between users of cochlear (n = 13) and Med-El
(n=21) devices. According to a two-tailed Wilcoxon rank-sum
test, cochlear users (median: 0.289 Hz) had significantly smaller
(better) AMRD thresholds than Med-El users (median: 0.531
Hz; W= 142, z = -3.02, p = 0.003). Cochlear users also per-
formed significantly better in speech recognition at ¢, (median:
60% correct) than Med-El users (median: 40% correct;
W=302,z=2.65, p=0.008, Wilcoxon rank-sum test). We fol-
lowed this up calculating separate correlations for cochlear and
Med-El users (supplemental Figure S1B, Supplemental Digital
Content 3, http://links.lww.com/EANDH/A426). Note, how-
ever, that we had not hypothesized about differences between
users of different CI types, as the respective subgroup sizes are
too small to yield powered results for all but very large effect
sizes. Nevertheless, as exploratory analyses we include supple-
mental Figure S1B showing correlations separately for cochlear
and Med-El users between the following variables: (1) speech #,
and AMRD thresholds; (2) speech 7, and speech 7,; (3) speech ¢,
and deafness duration.

Multiple Regression

We ran multiple linear regression analyses with the depen-
dent variable speech recognition at ¢, and the independent
variables speech recognition at 7, AMRD threshold, deafness
duration, and CI type. The results are shown in Table 2.

Linear regression on speech recognition at ¢, with the sole
predictor speech recognition at #, resulted in R* = 32% of
explained variance (Table 2). Adding deafness duration to the
linear regression model did not improve the fit according to a
likelihood ratio test (%*(1) = 1.73, p = 0.188). Notably, how-
ever, when adding AMRD thresholds to the model, AMRD abil-
ity accounted for an additional 12-14% of the variance (after
adjustment) in speech recognition at ¢, (Table 2). The likelihood
ratio test was significant (y*(1) = 7.47, p = 0.006), confirming

r=-0.38,p=10.038

Speech t6[% correct] I>
20 40 60 80

02 06 10 14 0 20 60 100 0 20 40 60
AMRD threshold [Hz] Speech t0[% correct] Deafness duration [yrs]

Figure 1. Correlations of 6-month speech recognition with all other measures. Scatter diagrams show the standard major axis regression line (red) and its
95% confidence region (grey). Pearson’s correlation coefficients are indicated above scatter plots; p values were obtained using exact permutation test
(n = 10,000 permutations). A, Speech recognition scores 6 months postactivation (speech t,) significantly correlate with AMRD thresholds. The correlation
remains significant when removing the outlier AMRD threshold of 1.5 Hz (r = 0.4; p = 0.02). The median for AMRD thresholds and speech ¢, are shown with
the dashed line. According to this sample (n = 34), the odds for an adverse speech-comprehension outcome after 6 months (i.e., comprehension < 50%)
are 17.6 higher in CI recipients who presented with elevated AMRD thresholds briefly after Cl implantation and activation (lower-right quadrant, red).
B, Correlation of speech t, with speech recognition scores shortly after Cl activation (speech t ), and deafness duration (C). *Significant after Bonferroni cor-
rection for multiple comparisons.
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TABLE 2. Multiple Linear Regression Models Predicting Speech Recognition at t;

Predictors R? Adjusted R? F-statistic p Value
Speech t, 0.32 0.30 F(1,32) = 14.44 0.001
Speech t, + deafness duration 0.35 0.30 F(2,27) = 7.53 0.002
AMRD threshold 0.26 0.24 F(1,32) = 11.51 0.002
Speech t, + AMRD threshold 0.45 0.42 F(2,31) =12.53 < 0.001
Speech t, + deafness duration + AMRD threshold 0.49 0.44 F(3,27) = 8.74 < 0.001
Speech t, + AMRD threshold + Cl type 0.55 0.51 F(3,30) = 12.47 < 0.001

AMRD, amplitude modulation rate discrimination.

a better goodness of fit for the model including AMRD thresh-
olds. Thus, AMRD constitutes a promising novel predictor for
future speech recognition in CI recipients. This model also
had a better fit than the model using AMRD thresholds as only
regressor (¥*(1) =9.69, p = 0.002). Due to the effect of CI type
on speech recognition at 7, (see above), we included CI type
as an additional predictor in the multiple regression analyses.
This model accounted for adjusted R’ = 51% of the variance
(Table 2) and had a significantly better fit than the nested model
including speech recognition at ¢, and AMRD thresholds (x*(1)
=7.38, p=0.006).

We then formally compared the model including solely
speech recognition at 7, to the model additionally including
AMRD thresholds: The model including both speech recogni-
tion at 7, and AMRD thresholds had a smaller Bayes information
criterion (BIC = 85.9) than the nested model including speech
recognition at 7, only (B/C = 89.9) and thus a better fit even
when penalizing for the higher number of fitted parameters.
This can also be expressed as a Bayes Factor of 7.2, indicating
more than sevenfold higher probability to observe these data
under the combined model including AMRD compared with the
nested model including speech recognition at ¢, only.

What are the potential clinical implications of our findings
for the outcome prognosis after cochlear implantation? To find
a tentative answer, we defined the clinically important cutoff in
6-month speech recognition as 50% correct (median was 45%,
Table 1 and Fig. 1A). AMRD performance was split into poor
(> 0.4 Hz; note that the median threshold was 0.4 Hz) and good
discriminators (< 0.4 Hz; Fig. 1A). To quantify how strongly
the occurrence of poor AMRD was associated with poor speech
outcome, we calculated the odds ratio and relative risk. Poor
AMRD performers were significantly more likely to have a
poor 6-month speech outcome than good AMRD performers
(odds ratio = 17.6; 95% CI, 2.9-107.6; relative risk = 2.8 [1.6—
31.2]; Fig. 1A). Thus, poor AMRD shortly after CI activation
increases the odds for poor 6-month speech recognition by a
factor of 17.6 relative to good AMRD.

DISCUSSION

The main objective of the present study was to investigate
whether auditory temporal sensitivity shortly after implanta-
tion could prospectively predict speech recognition abilities
and adaptation to the CI-transduced speech signal. Our results
show that AMRD thresholds constitute a promising novel pre-
dictor for 6-month CI outcome. Thus, for the prediction of
6-month speech recognition, adjusted R improved from 0.3 to
0.44 when AMRD thresholds were added to speech recogni-
tion and deafness duration in a multiple regression. An odds
ratio of 17.6 confirmed that poor AMRD performance shortly

after CI activation constitutes a risk factor for poor CI outcome
6 months later. A shorter clinical test of AMRD ability could be
developed as predictor of CI speech outcome in addition to the
more commonly assessed word recognition tests, as they inde-
pendently assess distinct auditory sensitivities.

Temporal Sensitivity and Speech Recognition

Our finding of a correlation between AMRD and speech rec-
ognition scores (both at the time of CI activation and 6 months
later) is consistent with previous observations of temporal
sensitivity being crucial for speech comprehension with a CI.
A large body of experiments assessing electric (Cazals et al.,
1994; Fu, 2002; Luo et al., 2008; Chatterjee and Oberzut, 2011)
and acoustic modulation thresholds (Won et al., 2011; Gnansia
et al., 2014; De Ruiter et al., 2015) demonstrate a relationship
between AM sensitivity and speech perception in experienced
CI users.

Above and beyond these previous studies, we show that sen-
sitivity to slow AM rates is also helpful in prospectively pre-
dicting CI users’ speech comprehension over a time scale of
half a year after implantation. In normal-hearing participants,
listening to a CI simulation we observed that AMRD thresh-
olds centered at 4 Hz are predictive of short-term adaptation:
Improvement during 20 minutes of listening to noise-vocoded
speech correlated with AM rate sensitivity (Erb et al., 2012,
2013). Yet, in CI patients, Drennan et al. (2016) failed to pro-
spectively predict 1-year outcome based on TMTFs, possibly
due to the focus on higher AM rates: The authors did not mea-
sure sensitivities to temporal rates below 10 Hz although those
are known to be crucial for speech recognition (Drullman et al.,
1994a, b; Elliott and Theunissen, 2009).

Clinical Implications

Our results suggest that assessment of AMRD abilities
could be a valuable addition to the clinical postoperative test
battery and has the potential to improve the reliability of
speech outcome prognosis. AMRD thresholds as predictor for
prospective speech recognition abilities have several practi-
cal advantages over the more commonly employed speech
tests (e.g., Freiburger speech audiogram). First, nonlinguistic
psychoacoustic tests are independent of native language and
can thus be employed in speakers of languages for which no
validated speech tests are currently available (Drennan et al.,
2016). Second, AMRD assessment was relatively rapid and
efficient. In contrast to previous studies characterizing com-
plete TMTFs that involved extensive testing of ~2 hours (Won
et al., 2011; De Ruiter et al., 2015; Drennan et al., 2016), our
psychoacoustic test took ~20 minutes per patient. An even
shorter clinical screening test could be developed based on our
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results. Instead of using an adaptive procedure, a shorter clini-
cal version could be based on the method of constant stimuli
(cf. Drennan et al. (2014) for a clinical spectral ripple test),
with only few trials presented at a fixed modulation rate at a
critical level (e.g., the median = 0.4 Hz; Fig. 1 A). Patients who
fail this test (i.e., perform at chance level) would be at risk of
poor speech comprehension 6 months later.

Consequently, additional training measures would be in
order for those poorly performing patients to improve their per-
ception of temporal speech cues. One of the major challenges
for future CI research is to develop treatments and interventions
for patients who respond poorly to their CI (Pisoni et al., 2018).
While the currently available computer-based training programs
(e.g., Angel Sound, LACE, Sound and Way Beyond; for review
see Olson, 2015) are generic programs that often only benefit
a subgroup of patients, novel individualized interventions for
poorly performing listeners are needed. Comprehensive assess-
ment of both auditory and cognitive profiles is critical for
the development of evidence-based treatments for individual
patients. Some success has been observed with the training of
discrimination of specific acoustic cues. For example, pitch
discrimination training improved sensitivity to spectral cues
in speech signals (Fu and Galvin, 2008; Ingvalson and Wong,
2013).

Moreover, regarding sound encoding strategies of the clini-
cal sound processor, our findings imply that accurate transmis-
sion of temporal modulation information is crucial for speech
recognition (Won et al., 2011). Thus, temporal resolution tests
can also help choosing the most suitable stimulation strategies
during the first 6 months after activation, to accurately deliver
temporal cues. Actually, the observed effect of CI type on
AMRD thresholds and speech recognition at 7, may relate to
differences in stimulation strategy, in particular, the difference
in how low AM rate is encoded by FS4 (Med-El) and advanced
combination encoder (cochlear).

A caveat of the Freiburger number test at 7, was that
13 participants performed at ceiling (Fig. 1B), most likely due
to the number test being relatively easy (in contrast to the more
challenging monosyllabic speech test at t,). Ceiling effects
may artificially have reduced the predictive power of the easier
speech task. Our adaptive psychoacoustic AMRD task has the
benefit that it inherently avoids the problem of ceiling effects
and can thus better capture variability in auditory performance.

Our approach was limited to predicting perception of CI-
transduced speech in quiet. Hence, whether our results gener-
alize to more natural listening situations, where usually some
levels of background noise are present, needs further investiga-
tion. Speech perception in noise relies more heavily on spectral
cues. Spectral discrimination abilities also become crucial in
different listening situations, such as music perception with a
CI (Drennan and Rubinstein, 2008).

CONCLUSIONS

The present results demonstrate that future speech recogni-
tion in CI listeners can be predicted with notably high accu-
racy based on AMRD abilities early after implantation. The
current data provide compelling evidence that psychoacoustic
assessment 10 weeks postoperatively delivers relevant informa-
tion about CI patients’ speech comprehension abilities scores
6 months later. A shorter clinical test of AMRD ability could

potentially be designed to be incorporated into the postopera-
tive rehabilitation program. Based on our results, personalized
rehabilitation strategies could be developed to identify and
train poor performers in efficiently exploiting temporal cues for
speech recognition.
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