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Introduction

Hearing loss is one of the five most fre-
quent disorders with a substantial impact
on quality oflife [17]. In Germany, an es-
timated 10-12 million adults suffer from
sensorineural hearing loss that requires
treatment [23, 25] without any causal
therapy available. As a rule, a hearing
aid (HA) is indicated in such cases [24].
Here, the primary aim is an improve-
ment of speech recognition in quiet and,
in particular, in noise [5, 13]. In addi-
tion to the indication, an evaluation of
the hearing aid by an ear, nose, and throat
(ENT) physician is also vitally important
(10, 14, 23].

A previous study [7] investigated the
relationship between unaided audiomet-
ric measures and speech recognition
with hearing aids. Speech recognition
in quiet was adopted as a surrogate
parameter for success of the hearing
aid provided. Speech recognition de-
pends on hearing loss, hearing-aid fitting
and age, among other factors [21]. It
was also shown that the hearing-aided
(HA) monosyllable recognition (word
recognition score, WRS) at 65dB sound
pressure level (SPL), WRSgs(HA), for
moderate and severe hearing loss is
on average 20 percentage points below
the maximum word recognition score
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(WRSmax), as measured in the speech
audiogram with headphones. For a sam-
ple of n=181 individuals provided with
hearing aids, a statistical correlation was
found between the mean of the hearing
thresholds at 0.5, 1, 2 and 4kHz (four-
frequency pure-tone average, 4FPTA)
and the WRSn.x or WRSes(HA) was
found. This can be described by the
following equations.

WRSmax[%] =
o (Po+pi-4FPTA) (1)

100- 1 + e(Bo+Pi-4FPTA)

with o = 5.99+0.08 and f; = —0.0793 +
0.0012

WRSes (HA) [%] =
e(ﬁl,+ﬁ1-4FPTA) 2)

100- 1 + e(BotBi4FPTA)

with o = 3.96+0.06 and ; = —0.0673 +
0.0011

In other studies with hearing aid users,
comparable values were found for the
parameters fSoand $:1[12, 21]. For fur-
ther analysis regarding the frequency-
dependent course of hearing loss, the
proposed classification into 10 standard
audiograms by Bisgaard et al. [1] seems
appropriate. This classification is based
on a statistical analysis of 28,244 hear-
ing-threshold measurements; it was mo-
tivated by the requirements of German
Institute for Norms (Deutsches Institut
fiir Normung, DIN) EN 60118-15 and
is intended to represent typical audio-
grams of hearing aid users. This DIN
norm requires a realistic characterization
of the hearing aids and the hearing aid

setting. It therefore makes sense to ap-
ply these standard audiograms to clinical
issues associated with hearing aid provi-
sion. All standard audiograms shown in
O Fig. 1 show increasing hearing loss with
increasing frequency. They have been
classified into those with low to medium
(N-type, with a maximum decay of 20 dB
per octave) and with strong (S-type with
maximum decay of at least 25 dB per oc-
tave) frequency dependence. These types
were subdivided into seven or three sub-
types depending on the degree of hearing
loss (N;-N7 and S;-S;).

The aim of the present study was to
investigate speech recognition with and
without a hearing aid as a function of
the extent and the frequency course of
hearingloss foralarge population ofhear-
ing aid users. In addition, the authors
investigated the extent to which the ear-
lier findings [7] also apply to a present-
day population with modern hearing sys-
tems.

Patients and methods

Patients

In this retrospective study, 2357 hearing
aid examinations were evaluated; these
were performed between August 2012
and September 2017 in the Erlangen
ENT Clinic, Germany. Bilateral hear-
ing aid users with at least 3 months
of hearing aid experience, German as
mother tongue and a minimum age of
18 years were included. The exclusion
criteria included abnormal otoscopic
results, a mean air-bone gap at 0.5,
1, 2 and 4kHz of more than 5dB, an
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Table 1

age
Audiogram classification and group size

I\ 6
N2 110
N3 149
Ng 130
Ns 72
Ne 71
N7 80
St 19
S2 36
Ss 67

SD standard deviation

Audiogram classification, group sizes, four-frequency pure-tone average (4FPTA) and

4FPTA Age (years)
(dB HL) (mean+SD)
19+4 58+4
34+4 6511

47 £4 6515
61+4 66+16
74+6 62+18
89+5 60+16
109+8 50+18
26+4 62+23
46+7 68+13
66+7 6515

asymmetry of 4FPTA on both sides of
more than 20dB and any technical de-
fects in the hearing aids. The data from
a total of 740 ears from 370 users (182
men, 188 women) aged 21 to-98 years
(mean, 62.8 years; standard deviation,
16.2 years) remained.

Measurements

thresholds
were measured for frequencies between
0.125 and 8kHz and bone-conduction
thresholds between 0.25 and 6kHz. The
Freiburg monosyllable test was used
to measure speech recognition. The
measurements in quiet were performed
with monaural presentation using head-
phones, initially at 65dB SPL (WRSss).

Pure-tone air-conduction
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Subsequently, the presentation level
was increased in increments of 5-15dB
until 100% speech intelligibility was at-
tained (unless the sound level became
intolerable for the user or the audiometer
limit of 120 dB SPLwasreached). The un-
comfortable loudness level (UCL) corre-
sponds to the lowest speech presentation
level that is no longer tolerated. In ad-
dition to WRSes, WRSmax was recorded.

The hearing aid check included a vi-
sualinspection and feedback provocation
of oscillation. In addition, qualified per-
sonnel (hearingaid acousticians) checked
whether the type and model of hearing
aid provided were appropriate for the
individual’s hearing loss. The amplifi-
cation was checked by measurement in
situ. The speech test with hearing aid

bers of cases investigated
here are noted

was conducted in free field at 65 dBspr
for the left and right ear separately; the
contralateral side was adequately blocked
with earplugs.

Data analysis

For all patients, the audiometric data of
the 740 ears were analyzed for each side
separately. Cases were classified accord-
ing to their hearing-loss characteristics
into the 10 audiogram types N;-N; and
S$1-S; according to Bisgaard [1] by using
the minimum Euclidean distance.

For comparison of WRSnm.x and
WRSes(HA) the difference

D =mEV —-IEV%s (II(;) (3)

and the quotient

EVes (HG)

Q== Ev

(4)

were calculated for both quantities.

The quotient Q stands for the propor-
tion of the WRSax that can be amplified
by the hearingaid to give a speech percep-
tion of 65 dB SPL. It can be interpreted as
the speech-audiometric efficiency factor
of the hearing aid in question.

Logistical analysis of
speech  recognition, =~ WRSn.x  or
WRSes(HA), as a function of hearing
loss, 4FPTA, was performed in a manner
analogous to that described by Hoppe
et al. [7]. The non-parametric Jonck-

regression



heere-Terpstra test was used to test the
group trends within the two basic types
of audiogram [4]. The statistical tests
were carried out with SPSS V24 (IBM,
Armonk, NY, USA), and the images
were generated with Matlab® R2017a
(Mathworks, Natick/MA, USA).

Results

Classification of Audiograms

The 10 standard audiogram types, ac-
cording to Bisgaard [1], are shown in
O Fig. 1. The case numbers (1) are shown
to the right of the curves.

@ Table 1 summarizes the group sizes
and statistical measures for age and
4FPTA for each type of audiogram after
classification of the 740 cases. The mean
age in the individual groups varied from
50 years to 68 years.

O Fig. 2 shows the monaural speech
recognition by the hearing aid users as
box plots in relation to 4FPTA and audio-
gram type. The upper part (a) shows the
results of the measurement with head-
phones at 65dB SPL, while the middle
part (b) shows the values measured in
free field with hearing aids at 65dB SPL.
The lower part (c) shows the benefit from
hearingaid provision as the difference be-
tween the two measurements. The data
are presented for each audiogram type
separately, with blackbox plots for N-type
and blue box plots for S- type hearing loss.

Formild hearingloss (N, N>andS;)all
hearing aid users achieved a WRSes5(HA)
greater than 50%. For moderate hear-
ing loss (N3 and S), this was achieved
in 75% of the cases. Of the users with
severe hearing loss—groups N, and Ns,
as well as S3—only a quarter had speech
recognition scores above 50%. For the
groups N and N7, with profound hear-
ing loss up to deafness, this 50% score
was observed in only a few isolated cases:
four out of 71 in the N group and one out
of 80 in the N7 group. As shown in
O Fig. 2¢, users with hearing losses be-
tween 40 and 90dB showed the great-
est median improvements on provision
of a hearing aid. However, 5.5% of the
cases show reduced speech understand-
ing in the free-field measurement with
a hearing aid compared with the head-

© The Author(s) 2020

C. Dorfler - T. Hocke - A. Hast - U. Hoppe

English version

Abstract

Background. Improvement of speech
perception in quiet is an important goal of
hearing aid provision. In practice, results are
highly variable. The aim of this study was to
investigate the relationship between type
and extent of hearing loss (audiogram type),
maximum word recognition score, and aided
speech perception.

Materials and methods. Pure tone and
speech audiometric data of 740 ears in

370 patients were reviewed. All subjects
visited our hearing center for hearing aid
evaluation between 2012 and 2017. The
maximum word recognition score (WRSmax)
and the monosyllabic speech recognition
score with hearing aids, WRSes(HA) were
analyzed for 10 different standard audiogram
types.

Results. The WRSes5(HA) with hearing aids for
different degrees of hearing loss is, within
error boundaries, comparable to previous
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Speech recognition with hearing aids for 10 standard audiograms.

investigations and shows a difference of
10-20 percentage points to the WRSmax.
This difference tends to be larger for flat and
moderately sloping audiograms compared
to steep-sloping audiograms. The ratio
WRSs5(HA)/WRSmax can be interpreted as an
efficiency factor for hearing aid provision,
since it relates speech recognition with
hearing aids to the maximally achievable
information carrying capacity of the hearing
impaired.

Conclusion. The expectation regarding
hearing aid provision has to be adjusted
according to maximum word recognition
score, the derived quality measures, degree of
hearing loss, and audiogram type.

Keywords

Maximum word recognition score - Speech
audiometry - Tone audiometry - Speech
comprehensibility - IEC 60118-15

phone measurement. This reduction was
between 5 and 25 percentage points.

O Fig. 3 shows the correlation between
the measured maximum word recogni-
tion score and the scores attained with
a hearing aid. The WRSnax for the in-
dividual groups is shown in @ Fig. 3a.
O Fig. 3b,c represent the difference D and
the quotient Q, respectively, for each au-
diogram type. For values of D near zero
and Q near unity the WRSax is approxi-
mated by the WRS¢s(HA). @ Fig. 3a shows
the reduction in maximum monosylla-
ble recognition associated with increas-
inghearingloss. The differences shownin
O Fig. 3b reveal a similar picture, showing
saturation effects of the test, asin @ Fig. 2c.
The calculation of the quotients Q is only
possible for cases with WRSmax greater
than zero. For example, for the N¢-type
group, WRSn.x above zero was found in
60 of 71 cases. The corresponding results
for the other groups are stated above the
border of B Fig. 3c. For the analysis of the
influence of the audiogram type on Q,
the two basic types (N-type and S-type)
were considered separately. The trend
analysis for the medians was performed

with the Jonckheere-Terpstra test. This
results in a significant dependence of the
efficiency Q on the extent of hearing loss
forbothbasictypes. Theteststatistic /, the
standardized test statistic zand the corre-
sponding p value are: J= 36468, z=-11.7
and p < 0.001 for N-type audiograms and
J=1020, z=-5.8 and p < 0.001 for S-type
audiograms.

O Fig. 4 displays the present results in
relation to earlier data from 2011 and
2012 [7]. The grey areas in the figure
represent the 95% confidence interval
of the logistical regression of the ref-
erence data [7]: dark grey for WRSnax
and light grey for WRSes(HA). The re-
sults of the logistical regression of the
WRSmax or WRSes(HA) are shown sep-
arately for N-type and S-type hearing-
loss audiograms. The regression calcula-
tion was performed for 618 N-type cases
(ears) and for 122 S-type cases. While the
curves for WRSnmay of the N-type groups
lie within the 95% confidence interval,
the fit of WRSmax for the S-type groups
lies below the 95% confidence.

A different picture emerges for speech
recognition with hearing aids: The two
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Fig. 2 A Monaural speech recognition for the 10 audiogram types (black, N-type; blue, S-type), a with-
out and b with hearing aid depending on four-frequency pure-tone average (4FPTA). The correspond-
ing differences (percentage points) are shown in (c). The measurements without a hearing aid were
made with headphones at 65 dB sound pressure level (SPL) and the hearing aid measurements were
made in free field at 65 dB SPL. Each box plot shows the median, first/third quartiles, and minimum/
maximum. The x-position of a box plot corresponds to the mean 4FPTA of the cases that were assigned
to the corresponding audiogram type (as listed in @ Table 1)

regression functions for the WRSss(HA)
are largely within the 95% confidence
interval, with a tendency toward better
values for the S-type groups (severe hear-
ing loss) compared with N-type groups
(mild to moderate hearing loss).
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Discussion

The aim of this work was to investigate the
correlation between the pure-tone and
speech-audiometric measuresasassessed
during hearing aid evaluation. The focus

wason: (i) understanding speechinquiet,
(ii) the improvement through a hearing
aid as the principal effect of hearing-
aid provision and (iii) the relationship
to maximum monosyllable recognition.
Extending the scope of previous work (7,
8], the cases were classified, on the basis
of audiogram progression, according to
the various audiogram types defined by
Bisgaard [1]. Forthe same4FPTA, mono-
syllabic word recognition with a hearing
aid is significantly better for users with
highly frequency-dependent hearing loss
than for those whose audiograms show
only moderate frequency dependence.

Specific audiogram patterns and
speech recognition

WRSss, with or without a hearing aid, is
primarily determined by the 4FPTA. For
the WRSgs(HA), the type of audiogram
provides additional information (see
OFig. 2b). WRSes(HA) decays mono-
tonically, in both N and S audiogram
types, with increasing 4FPTA. However,
the regression function for the hearing
aids in patients with S-type audiograms
is above the regression function for
those with N-type audiograms. In par-
ticular, a comparison of the N; and
S» groups—with nearly equal 4FPTA
and approximately equal age distribu-
tion—shows that the WRSes5(HA) for
the S-type audiograms is 15 percentage
points above the WRSes(HA) for the
N-type audiograms. The results of the
logistical regression support this finding:
In low to moderate hearing loss, good
speech recognition can be achieved with
hearing aids, especially in cases where
the audiogram is steep. While in the
S groups the steep drop in the audio-
gram in the headphone measurement of
WRSax obviously leads to poorer results,
the provision of a hearing aid compen-
sates better for the frequency-specific
attenuation component of hearing loss.

In the N groups, the frequency-in-
dependent amplification in the WRSmax
measurement thus corresponds more
closely to the hearing-aid fitting than
in the S groups, where low frequencies
need no or only small amplification.
This partly explains the differences in



the closeness of approach of WRS¢s(HA)
N, S, N, SN, NS, N, Ng i to WRSax, as shown in B Fig. 3c.

100 — T d A further explanation could be the

T increasing availability of open-fit hear-

ing aids in the last few years, for which

the S-type audiograms are well suited in

respect of the tonal-audiometric prereq-

uisites [11]. An initially lower WRSpax

of the S group can be compensated for by

the advantages associated with the open-
fit design [3, 20].
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for January 2011 to July 2012 [7] shows
differences in the range of a few percent-
- age points. Accordingly, no differences
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nition between the results of that study
ot , , , . ; ‘ : i b and the present results. This finding is
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Fig. 3 A Maximum monosyllable recognition (WRSmay (a) and the relation to speech recognition (b,c) Practical aspects of hearmg

with hearing aid for the 10 types of audiogram (black, N-type; blue, S-type) depending on four-fre- aid evaluation using speech

quency pure-tone average (4FPTA); b shows the difference (percentage points) and ¢ the ratio of the a udiometry

two measurements. The WRSmax was measured with headphones and the hearing aid measurement

in free field at 65 dB sound pressure level. The assignment of the box plots to the types of audiogram Another aspect of the present work was

§hown in qug. 1isshown e.nt.the top.Each box plot shows the median, first/third quartiles and min- the further description of the relation-
imum/maximum. The x-position of a box plot corresponds to the mean 4FPTA of the cases that were .

assignedtothe correspondingaudiogramtype. Inthe lower part (c), only those cases with WRSmax >0% ship between WRSnmax and WRSes(HA)
can be displayed. The proportions of these cases in groups N1—_7and Sq-3 are each given above the box against the background of the speech au-
plotin (c) diometric evaluation of a hearing aid pro-

vision. The Guideline for Hearing Aids
of the German Joint Federal Committee
(Gemeinsamer Bundesausschuss) [5] re-
quires an increase of WRSes(HA) over
WRSss of at least 20 percentage points.
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Fig. 4 A Logistical regression of monosyllable recognition (WRS), maximum WRS (WRSmax) or hear-
ing-aided WRS at 65 dB (WRSss[HA]) as a function of hearing loss, four-frequency pure-tone average
(4FPTA), for N and S-type audiograms according to Bisgaard et al.[1]. The grey areas represent the 95%
confidence interval of the logistical regression according to Hoppe et al. [7]. The black (blue) lines are
the regression curves of the present data for the N-type (S-type) audiograms

Table2 Speech-audiometric parameters for four cases in which the monosyllable recognition
with hearing aid (WRSss[HAl)was 10 percentage points below the maximum word recognition

score (WRSmax). In these cases, the speech-audiometric efficiency factor Q varied between 0 and

0.9

Example WRSmax
#1 100

#2 50

#3 25

#4 10

It also calls for WRSes(HA) to converge
with the WRShax as closely as possible,
even if this is often not achieved [7, 8, 12,
15, 21]. The main reasons for this may
be a lack of acceptance of the required
acoustic amplification, overly low resid-
ual dynamics, reduced adaptation to the
aid provided in elderly users or technical
causes [3, 7, 21, 26]. Only for hear-
ing losses below 40 dB and above 100dB
are the differences between WRSmax and
WRSss(HA) below 20 percentage points
for the majority of hearing aids provided.
For these areas, the known floor and ceil-
ing effects of the language test used will
necessarily limit the difference, and thus
its diagnostic value.

For mild to moderate hearing loss,
most hearing aids can achieve an effi-
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WRSes(HA) D Q
90 10 0.9
40 10 0.8
15 10 0.6
0 10 0

ciency factor greater than 3/4. From
a moderate degree of hearing loss up-
wards (4FPTA >60dB) this falls to 1/2.
The fact that the efficiency factor is not
defined for the case of WRSnax=0% is
of little practical relevance here. In these
cases alternative speech tests should be
considered. If this is not possible, then
speech audiometry is in any case not an
appropriate method for assessing hearing
aid provision.

O Table 2 illustrates the significance
of the efficiency factor Q on the basis of
four examples with identical differences:
If the hearing aid achieves the maxi-
mum word recognition score, WRSmax
and WRSes(HA) are identical. The dif-
ference is zero and the efficiency factor
one. Relevant differences only arise if the

WRShax is not achieved. The efficiency Q
quantifies the actually attained propor-
tion of the greatest possible speech recog-
nition (information-carrying capacity [6,
9]) and can be used, in addition to the
difference, for the assessment of a hearing
aid.

The results presented here, obtained
at a specialized ENT clinic with an as-
sociated hearing-aid and cochlear-im-
plant centre, are confirmed by other work
[12, 15, 18, 19, 21] at similar centres.
Nonetheless, there remains some uncer-
tainty as to whether these results are rep-
resentative of the overall hearing-aid pro-
vision to a wider user spectrum. There-
fore, it would also be desirable to conduct
user-oriented studies, outside large hear-
ing centres, on the current state ofhearing
aid provision. To assess the comparabil-
ity of results, these tests should adhere
to speech-audiometric standards as pro-
posed for clinical studies on hearing im-
provement [22], for example with active
middle-ear implants [16]. These should
also include, as far as possible, speech-
intelligibility measurements in noise.

Practical conclusion

== The ratio between speech under-
standing with the hearing aid,
WRSes(HA), and maximum word
recognition score, WRSm.x measured
with headphones, provides addi-
tional information on the speech-
audiometric efficacy of the hearing
aid.

== The efficiency of a hearing aid pro-
vision is on average higher with
strongly frequency-dependent S-
type audiograms than with the flatter
N-type audiograms.

== For hearing losses below 60dB HL,
the efficiency is close to one; above
60dB HL, on average, values of only
1/2 are achieved.
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