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ABSTRACT

Objective: To discriminate among degrees of auditory performance of the Digits-in-Noise (DIN) test.
Design: We performed Pearson’s correlations and age- and sex-adjusted linear regression models to
examine the correlation between pure-tone average (PTA) from pure-tone audiometric tests and speech
recognition thresholds (SRT) from the DIN test. Then, optimal SRT cut-points by PTA-defined hearing sta-
tus (0-25dB HL [normal], 26-40dB HL [mild hearing loss], 41-50dB HL [moderate hearing loss]) were
compared across three methods: Youden, Nearest, and Liu. SRT-defined categories of auditory perform-
ance were compared to PTA-defined hearing categories to examine the convergence of simi-
lar categories.

Study Sample: 3422 Rotterdam Study participants aged 51-98 years between 2011 and 2014

Results: The correlation between SRT and PTA was 0.65 (95% Confidence Interval: 0.63, 0.67) in the over-
all sample. The variability of SRT explained by PTA after age and sex adjustment was 54%. Optimal cut-
points for the overall sample across the three methods were: <—5.55dB SNR (normal); > —5.55 to
< —3.80dB SNR (insufficient performance); > —3.80dB SNR (poor performance). When comparing the
SRT- or PTA-defined categories, 59.8% had concordant hearing categories and 40.2% had discordant hear-
ing categories.

Conclusions: Discrimination of degrees of auditory performance may add greater utility of the DIN test.
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Introduction individual can correctly reproduce 50% of words or sentences.
This measure is considered to be more representative of an indi-
vidual’s hearing ability in real-life situations than pure-tone audi-

ometry or speech recognition in quiet environments (Grant and

Age-related hearing loss is a highly prevalent condition affecting
up to two-thirds of adults aged 70years and older (Homans
et al. 2017). Older individuals have a higher prevalence of hear-

ing loss with greater levels of severity than younger and middle-
aged individuals (Agrawal, Platz, and Niparko 2008; Goman and
Lin 2016; Homans et al. 2017). Among older adults with hearing
loss, a major complaint is difficulty hearing speech in noisy envi-
ronments (Pronk, Deeg, and Kramer 2018; Pronk et al. 2013).
This difficulty requires additional attentional resources to be
recruited to aid in understanding verbal communication in noisy
environments, which may have cascading effects, leading to lone-
liness, social isolation, and depression. Aside from age, preva-
lence of hearing loss differs between men and women with men
having a higher prevalence of hearing loss, as compared to
women (Agrawal, Platz, and Niparko 2008; Goman and Lin
2016; Homans et al. 2017). Both age and sex need to be consid-
ered when examining the prevalence of hearing loss.

To test the ability to comprehend speech in noisy environ-
ments, assessments have been developed to measure the speech
reception threshold (SRT). SRT is the difference between the
level of presented speech and background noise at which an

Walden 2013; Houtgast and Festen 2008; Taylor 2003). One such
assessment is the Digits-in-Noise (DIN) test, which requires indi-
viduals to repeat three spoken numbers (a digit triplet) that are
presented through a listening device while continuous noise is
playing in the background (Smits, Goverts, and Festen 2013).
These tests are strongly correlated with pure-tone averages
(PTA), ranging from 0.7 to 0.8 from variations in PTA defini-
tions and sample characteristics (Jansen et al. 2010; Koole et al.
2016; Potgieter, Swanepoel, and Smits 2018b; Potgieter et al.
2018a; Smits, Kapteyn, and Houtgast 2004; Watson et al. 2012).
Thus, sensitivity and specificity of the DIN is >80% in terms of
detection of hearing loss (Denys et al. 2019; Folmer et al. 2017;
Jansen et al. 2013; Koole et al. 2016; Potgieter, Swanepoel, and
Smits 2018b; Potgieter et al. 2018a; Smits, Kapteyn, and Houtgast
2004; Vercammen et al. 2018; Vlaming et al. 2014; Watson et al.
2012). The DIN test has been designated as the National Hearing
Test in The Netherlands. Several versions of the DIN in different
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languages have been developed (Dawes et al. 2014; Watson et al.
2012; Zokoll et al. 2012).

While there are established PTA cut-points to define periph-
eral hearing categories, there are no standardised cut-points for
the DIN test. These cut-points tend to vary by study. In a previ-
ous study using Rotterdam Study data, Koole et al. (2016)
reported that an appropriate cut-point for the DIN test to iden-
tify abnormal hearing would be generally in the range between 0
and —5 decibels signal-to-noise ratio (dB SNR). Smits, Merkus,
and Houtgast (2006) reported using the following categories:
good when SRT >—5.5dB SNR, insufficient when —5.5 <SRT <
—2.8dB SNR, and poor hearing ability when SRT >-2.8dB
SNR. Dawes et al. (2014) used the following cut-points:
< —5.5dB SNR for normal auditory performance, —5.5dB SNR
to —3.5dB SNR for insufficient auditory performance, and
> —3.5dB SNR for poor auditory performance. The investigators
of these studies did not examine whether this cut-point would be
appropriate by age and sex, especially since there are differences
in the prevalence estimates of hearing loss by these characteris-
tics (Goman and Lin 2016). Taken together, age and sex may
result in different sets of cut-points, since the overall cut-points
reported by other studies may not reflect differences in both age
and sex. These cut-points can be used to identify older adults
with a relatively poor auditory functional performance by age
and sex. Additionally, these cut-points can be used in prospective
cohort studies as well as studies that only use DIN, not pure-
tone audiometry.

The aims of the study are threefold. First, we created optimal
cut-points of SRT based on PTA-defined categories in the overall
sample to examine agreement across different calculation meth-
ods for the determination of optimal cut-points and to investi-
gate whether these cut-points remained consistent with other
studies. Second, as an exploratory aim, we evaluated whether
these optimal cut-points should be corrected for age and/or sex,
due to differences in prevalence of hearing loss, as defined by
PTA, by age and sex reported by other population-based studies.
Third, we compared SRT- and PTA-defined hearing categories
to determine whether there were incongruent categories between
SRT and PTA. We hypothesised that individuals with incongru-
ent hearing categories could have differences in hearing ability
not found when administered when only pure-tone audiometry
is evaluated. Pure-tone audiometry does not test speech recogni-
tion abilities in background noise (Kramer et al. 1996; Smits,
Kapteyn, and Houtgast 2004), while the DIN can (Smits,
Goverts, and Festen 2013; Taylor 2003).

Materials and methods
Participants

This cross-sectional study was embedded in the Rotterdam
Study, a prospective cohort study of determinants and conse-
quences of aging (Ikram et al. 2017). Enrolment criteria are
described in more detail elsewhere (Ikram et al. 2017). Briefly,
from the population registry of Ommoord, a suburb of
Rotterdam, The Netherlands, adults aged >45years were invited
to participate in the Rotterdam Study. Enrolment took place on
a voluntary basis. In 2011, hearing assessments were introduced
into the study protocol. This study included participants with
both completed pure-tone audiometry and DIN (N=3667).
Participants were excluded if their SRT was greater than two
standard deviations (SD) above the mean (n=169) or their PTA
was >50dB HL (n=76) to avoid that the noise would be

presented below threshold levels. Exclusion criteria were defined
to ensure the examination of the comprehension of digits
through the background noise and lack of reliability with large
intra-test SD. The DIN would be a test of hearing ability if the
participant did not comprehend the digits through the back-
ground noise. The analytic sample consisted of 3422 participants.
The institutional review board (Medical Ethics Committee) and
the review board of The Netherlands Ministry of Health,
Welfare, and Sports approved this study, and participants pro-
vided written informed consent.

Pure-tone audiometry

Pure-tone audiometry, a measure of peripheral auditory system
sensitivity, was performed in a soundproof booth by one trained
health care professional (Ikram et al. 2017). A computer-based
audiometry system (Decos Technology Group, version 210.2.6
with AudioNigma interface) and TDH-39 headphones were used.
dB hearing thresholds were measured according to the ISO-
standard 8253 (International Organisation for Standardisation
[ISO], 2010). Air conduction was tested for both ears at the fol-
lowing frequencies: 250, 500, 1000, 2000, 4000, and 8000 hertz
(Hz). Masking was done according to the method of Hood
(Hood 1960). A speech-frequency PTA of air conduction thresh-
olds at 250, 500, 1000, 2000, 4000 Hz was calculated for each ear.
The best hearing ear for every participant was determined by
taking the average threshold over all hearing frequencies, as
identified by the lowest hearing thresholds of one of the ears.
When hearing thresholds were equal in both ears, alternately the
right or the left ear was chosen. We also examined PTA in low
(250, 500, 1000Hz), middle (500, 1000, 2000Hz), and high
(2000, 4000, 8000 Hz) frequencies. We used WHO-defined hear-
ing categories, defined by PTA: normal hearing (0—25dB HL),
mild hearing loss (26—40dB HL), moderate hearing loss
(41-60dB HL), and severe hearing loss (>60dB HL) (Stevens
et al,, 2013; Tkram et al. 2017). The last category does not play a
role in the current study, as we excluded all participants with
PTA >50dB HL.

Digits-in-noise test

SRT from DIN, a 3-minute speech-in-noise test, was used in sep-
arate analyses. After pure-tone audiometry was performed, the
DIN was administered. The DIN was measured in the best ear
(average of 500 and 4000 Hz in the pure tone audiogram) using
TDH-39P headphones with MX-41/AR cushions. When the aver-
age loss in both ears was equal, left and right ears were measured
alternatively.

Detailed testing procedures regarding the DIN have been pre-
viously reported (Smits, Goverts, and Festen 2013). Briefly, the
DIN test consists of lists with 24 digit triplets. A pre-recorded
male-spoken speech-signal consisted of three consecutive digits
(from 0 to 9). The digits are presented against a background of
65dB of sound pressure level (SPL). The starting level of the
speech is determined by repeatedly presenting the first triplet,
increased more intensely by 4dB, until it is first heard correctly.
The initial starting level was at —8 dB SNR. Participants’ echoed
triplet was rated correct or incorrect by an experienced audio-
metrist. The measurement then follows an adaptive up-down
procedure, using 2-dB steps. If the participant repeated the trip-
let incorrectly, the next triplet was presented 2dB more
intensely. A stable signal-to-noise ratio (SNR) is reached after
the first four presentations. The overall SNR was calculated by



Table 1. Sample characteristics from the Rotterdam Study (N =3422).
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p Value for the

Overall Normal Hearing Mild Hearing Loss Moderate Hearing difference among
Sample Characteristics (N=3422) (n=1583) (n=1422) Loss (n=417) hearing categories
Age Category, n (%) <0.001
<60 years 929 (27.2) 686 (43.3) 221 (15.5) 22 (5.3)
60-70 years 1783 (52.1) 802 (50.7) 821 (57.7) 160 (38.4)
>70 years 710 (20.8) 95 (6.0) 380 (26.7) 235 (56.4)
Male, n (%) 1499 (43.8) 597 (37.7) 679 (47.8) 223 (53.5) <0.001
PTA of all frequencies, 22.0 (10.0) 13.4 (4.1) 26.1 (4.2) 40.5 (4.1) <0.001
dB HL, mean (SD)
PTA of high frequencies, 29.7 (15.3) 17.0 (6.7) 36.3 (8.5) 55.8 (7.9) <0.001
dB HL, mean (SD)
PTA of middle 19.2 (9.5) 11.7 (4.3) 22.3 (5.0) 36.7 (5.7) <0.001
frequencies, dB HL,
mean (SD)
PTA of low frequencies, 13.1 (7.4) 8.7 (44) 14.8 (5.9) 24.0 (7.3) <0.001
dB HL, mean (SD)
Speech recognition —44 (3.3) —6.2 (1.5) —4.2(2.3) 1.5 (4.3) <0.001

threshold, in dB SNR,
mean (SD)

SD: standard deviation; PTA: pure-tone average in the better ear; dB HL: decibels of hearing level; dB SNR: decibels of speech-to-noise ratio. Note: normal hearing
was defined by a PTA ranging from 0 to 25dB HL in the better ear. Mild hearing loss was defined by a PTA ranging from 26 to 40dB HL in the better ear.
Moderate hearing loss was defined by a PTA ranging from 41 to 50dB HL in the better ear. p-values for the differences among hearing categories are derived from
either analysis of variance (ANOVA) for continuous variables or chi-squared tests for categorical variables.

taking the average SNR of the digit triplets from the 5th presen-
tation to the 24th presentation. The 24th triplet is not presented,
but its level is calculated from the response to the 23rd triplet.
All examinations took place in a sound-treated booth with a
clinical audiometer (Decos audiology workstation, version
210.2.6, with AudioNigma interface; Decos Audiology, Inc.,
Peachtree City, GA). Lower SRTs indicate better performance.

Statistical analysis

First, we used chi-squared tests for categorical variables and ana-
lysis of variance for continuous variable to examine differences
in sample characteristics by hearing category. All analyses were
performed using Stata 15.1 (StataCorp 2017). Type I error level
was set to 0.05 for analyses.

Second, we examined the Pearsons correlation coefficients
between the SRT and PTA in the overall sample and by age
group, sex, and age group and sex. We also used multivariable
linear regression models to examine the amount of variability of
SRT explained by PTA (R®) with adjustment of age group, sex,
and two-way interaction between age group and sex.

Third, we used three methods of cut-point estimation to
define appropriate cut-points for the SRT from the DIN test to
compare across the methods. The first was the Youden Index,
which maximises the sum of sensitivity and specificity. Youden
Index is the vertical distance between the 45 degree line and
the point of the receiver-operating characteristic (ROC) curve,
where higher values are better than lower values (Youden
1950). The second was the Nearest method, which finds the
cut-point on the receiver-operating curve closest to (0,1), the
point with perfect sensitivity and specificity (Coffin and
Sukhatme 1997). The third was the Liu method, which maxi-
mises the product of sensitivity and specificity (Liu 2012).
Standard errors for each method were bootstrapped 1000 times
to estimate 95% confidence intervals for each of the cut-points.
We also used ROCs to examine the area under the curve values
for the optimal cut-points. The reference standard was based
on PTA-defined degrees of hearing loss. The targeted disorder

was the degrees of hearing loss (mild and moderate vs. normal).
The DIN was the index test.

Lastly, after defining the categories based on the cut-point
estimation, we compared the SRT-defined categories to the
PTA-defined categories. We used the kappa statistic to deter-
mine the agreement in the categorisation of hearing status
between SRT and PTA, since SRT and PTA were moderately
correlated. Then, we examined the incongruent pairs to deter-
mine if the incongruency of the categorisation may have some
clinical meaning.

Data availability

Data can be obtained on request. Requests should be directed
towards the management team of the Rotterdam Study (secretar-
iaat.epi@erasmusmec.nl), which has a protocol for approving data
requests. Because of restrictions based on privacy regulations and
informed consent of the participants, data cannot be made freely
available in a public repository.

Results
Characteristics of study sample

Table 1 contains the characteristics for the overall sample and by
hearing status defined by PTA. The mean age of participants was
64.9 (Standard Deviation, [SD] =7.0) years, ranging from 51.5 to
98.6years. Overall, there were 929 (27.2%) participants
<60years, 1783 (52.1%) participants aged 60-70years, and 710
(20.8%) participants >70 years. Approximately, 43.8% (n=1499)
of the sample was male. The mean PTA of all frequencies was
22.0 (SD = 10.0) decibels of hearing level (dB HL). The mean
SRT was —4.4 (SD = 3.3) dB SNR. All hearing categories dif-
fered in age category, sex, PTA, and SRT (Table 1).
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Table 2. The estimated optimal cut-points of the speech reception threshold in decibels of signal-to-noise ratio (dB SNR) for the comparison of hearing statuses by

three methods.

Cut-point Bootstrapped SE 95% Cl Sensitivity Specificity AUC Youden Index (J) SE (J)
Overall Sample
Mild Hearing Loss vs. Normal Hearing (REF) (N = 3005)
Empirical Cutpoint Estimation
Liu —5.60 0.18 (—5.96, —5.24) 0.69 0.75 0.72
Youden —5.55 0.27 (—6.07, —5.03) 0.69 0.75 0.72 0.44 0.02
Nearest —5.55 0.12 (—5.79, —5.31) 0.69 0.75 0.72
Moderate Hearing Loss vs. Normal Hearing (REF) (N = 2000)
Empirical Cutpoint Estimation
Liu —3.80 0.16 (—4.12, —3.48) 0.94 0.95 0.95
Youden —3.80 0.18 (—4.15, —3.45) 0.94 0.95 0.95 0.90 0.01
Nearest —3.80 0.13 (—4.05, —3.55) 0.94 0.95 0.95
Males
Mild Hearing Loss vs. Normal Hearing (REF) (N = 1276)
Empirical Cutpoint Estimation
Liu —5.55 0.22 (—5.98, —5.12) 0.70 0.76 0.73
Youden —4.95 0.31 (—5.56, —4.34) 0.59 0.87 0.73 0.46 0.02
Nearest —5.55 0.11 (—5.76, —5.34) 0.70 0.76 0.73
Moderate Hearing Loss vs. Normal Hearing (REF) (N = 820)
Empirical Cutpoint Estimation
Liu —4.05 0.19 (—4.42, —3.68) 0.95 0.95 0.95
Youden —4.05 0.23 (—4.49, —3.61) 0.95 0.95 0.95 0.90 0.02
Nearest —4.05 0.13 (—4.31, —3.79) 0.95 0.95 0.95
Females
Mild Hearing Loss vs. Normal Hearing (REF) (N=1729)
Empirical Cutpoint Estimation
Liu —5.30 0.21 (—5.71, —4.89) 0.65 0.79 0.72
Youden —5.30 0.21 (—5.70, —4.90) 0.65 0.79 0.72 0.44 0.02
Nearest —5.75 0.21 (—6.15, —5.35) 0.74 0.69 0.72
Moderate Hearing Loss vs. Normal Hearing (REF) (N = 1180)
Empirical Cutpoint Estimation
Liu —3.80 0.29 (—4.38, —3.22) 0.96 0.95 0.95
Youden —3.80 0.30 (—4.38, —3.22) 0.96 0.95 0.95 0.89 0.03
Nearest —3.80 0.28 (—4.35, —3.25) 0.94 0.95 0.94

SE: standard error; Cl: confidence interval; REF: reference group; AUC: area under the receiver-operating curve.

Correlations between signal-to-noise ratio and pure-tone
average and variability of signal-to-noise ratio explained by
pure-tone average

The correlation between SRT and PTA in the better ear was 0.65
(95% Confidence Interval, CI: 0.63, 0.67) in the overall sample.
The correlations between SRT and PTA of low, middle, and high
frequencies in the better ear were 0.42 (95% CI: 0.39, 0.45), 0.67
(95% CI: 0.65, 0.69), and 0.63 (95% CI: 0.61, 0.65) respectively.
The correlation was 0.53 (95% CI: 0.49, 0.58) among those < age
60, 0.66 (95% CI: 0.63, 0.69) among those aged 60-70 years, and
0.61 (95% CI: 0.56, 0.66) among those aged >70 years. The simi-
lar correlations could be attributed to the inclusion criteria.
Males (r=0.69, 95% CIL: 0.67, 0.72) had a higher correlation
between SNR and PTA of all frequencies in the better ear than
females (r=0.62, 95% CI: 0.59, 0.65) in the overall sample and
by age group. Additionally, using a linear regression model, the
variability of SRT explained by PTA was 54%, even after adjust-
ing by sex and age.

Optimal cut-points for signal-to-noise ratio

Table 2 shows the optimal cut-points for the DIN test for the
overall sample and by sex. Since results were similar across the
three methods, we only report results from the Liu method in
this section. Results from all three methods are written in
Table 2. The optimal cut-point for DIN test was —5.55 (95% CI:
—6.07, —5.03) dB SNR to discriminate between mild hearing loss
and normal hearing. The sensitivity was 0.69, while the specifi-
city was 0.75. The area under the receiver-operative curve (AUC)
was 0.72 (95% CI: 0.78, 0.81). When discriminating moderate

hearing loss from normal hearing, the optimal cut-point for DIN
test was —3.80 dB SNR (Table 2). The sensitivity was 0.94, while
the specificity was 0.95. The AUC was 0.95 (95% CI: 0.94, 0.96).
Males and females differed slightly in terms of optimal cut-points
(Table 2).

Optimal cut-points differed by age group (Table 3). Among
the three age groups, the optimal cut-point ranged from
—5.55dB SNR (among adults younger than age 60) to —5.05dB
SNR (among adults older than age 70) when discriminating
between mild hearing loss and normal hearing. There was even a
wider range in optimal cut-points when discriminating between
moderate hearing loss and normal hearing. The range was from
—4.55dB SNR (among adults younger than age 60) to —3.20dB
SNR (among adults older than age 70). Supplemental Figure 1
features the receiver-operating curves (ROC) by age group and
hearing status to illustrate where the optimal cut-point was
located on the ROC when using the Liu method. Males and
females had similar cut-points by age and hearing status
(Table 3).

Comparison of categories defined by both pure-tone
average and signal-to-noise ratio

Using the optimal cut-points for SRT, we defined the categories
of auditory performance. Normal auditory performance was
defined as <—5.55dB SNR. Insufficient auditory performance
was defined as > —5.55 to < —3.80dB SNR. Poor auditory per-
formance was defined as >—3.80dB SNR. We compared the
mean hearing thresholds by frequency for the categories defined
by both PTA and SRT separately. Figure 1 shows the distribution
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Table 3. Comparison of the optimal cut-points among the methods by hearing status, age category, and sex.

Overall (N=3422)

Males (N = 1499)

Females (N =1923)

Cut-point 95% CI Cut-point 95% CI Cut-point 95% CI
Younger than Age 60
Mild Hearing Loss vs. Normal Hearing (REF) (N = 907)
Empirical Cutpoint Estimation
Liu —5.60 (—5.96, —5.24) —5.60 (—5.93, —5.27) —5.80 (—6.34, —5.26)
Youden —5.55 (—5.93, —5.17) —5.55 (—5.90, —5.20) —5.75 (—6.38, —5.12)
Nearest —5.55 (—5.86, —5.24) —5.55 (—5.87, —5.23) —5.75 (—6.19, —5.31)
Moderate Hearing Loss vs. Normal Hearing (REF) (N = 708)
Empirical Cutpoint Estimation
Liu —4.60 (—5.54, —3.66) —3.90 (—4.53, —3.27) —4.60 (—=7.21, —1.99)
Youden —4.55 (—5.52, —3.58) —3.80 (—4.48, —3.12) —4.55 (—7.66, —1.44)
Nearest —3.80 (—4.72, —2.88) —3.80 (—4.53, —3.07) —4.55 (—7.47, —1.63)
Ages 60 to 70
Mild Hearing Loss vs. Normal Hearing (REF) (N = 1623)
Empirical Cutpoint Estimation
Liu —5.20 (—5.75, —4.65) —5.20 (—5.77, —4.63) —5.40 (—5.83, —4.97)
Youden —5.15 (—5.63, —4.74) —4.95 (—5.39, —4.51) —5.30 (—5.92, —4.68)
Nearest —5.75 (—6.17, —5.33) —5.75 (—6.24, —5.26) —5.75 (—6.18, —5.32)
Moderate Hearing Loss vs. Normal Hearing (REF) (N = 962)
Empirical Cutpoint Estimation
Liu —4.10 (—4.75, —3.45) —4.10 (—5.02, —3.18) —3.90 (—4.61, —3.19)
Youden —4.05 (—4.74, —3.36) —4.05 (—4.98, —3.12) —3.80 (—4.48, —3.12)
Nearest —4.05 (—4.48, —3.62) —4.05 (—4.65, —3.45) —3.80 (—4.47, —3.13)
Age >70
Mild Hearing Loss vs. Normal Hearing (REF) (N =475)
Empirical Cutpoint Estimation
Liu —5.10 (—5.89, —4.31) —5.00 (—6.07, —3.93) —6.00 (—6.98, —5.02)
Youden —5.75 (—7.25, —4.25) —4.05 (—5.60, —2.50) —5.90 (=713, —4.67)
Nearest —5.05 (—5.71, —4.39) —4.95 (—5.67, —4.23) —5.55 (—6.35, —4.75)
Moderate Hearing Loss vs. Normal Hearing (REF) (N = 330)
Empirical Cutpoint Estimation
Liu —3.30 (—4.04, —2.56) —3.30 (—4.07, —2.53) —3.30 (—4.21, —2.39)
Youden —3.20 (—3.90, —2.50) —3.10 (—3.96, —2.24) —3.20 (—4.11, —2.29)
Nearest —3.20 (—3.77, —2.63) —3.10 (—3.95, —2.25) —3.20 (—3.91, —2.49)

Cl: confidence interval.

of hearing thresholds from pure-tone audiometry by frequency
for each of the hearing categories either defined by PTA or SRT.
While there is more variability across all frequencies among the
PTA-defined hearing categories, there is not as much variability
among the SRT-defined hearing categories (Figure 1).

Then, we compared the categories of hearing status defined
by SRT to those defined by PTA (Supplemental Table 1). There
were 2046 (59.8%) participants with congruent categories, and
1376 (40.2%) participants had incongruent categories. The kappa
between the categories was low (kappa = 0.38, SE of kappa =
0.01). Supplemental Figure 2 shows the mean hearing thresholds
by frequency of the pure-tone audiometric test by incongruent
categories based on SRT- and PTA-defined categories.
Incongruent groups had similar mean hearing thresholds at
lower frequencies (250, 500, and 1000 Hz). Starting at 2000 Hz,
incongruent groups have higher mean threshold values, suggest-
ing that the differences between congruent and incongruent
groups lie in higher frequencies.

Discussion

In a sample from a population-based cohort study of older
adults, we created optimal cut-points for the DIN test, based on
PTA-defined hearing categories. First, we examined the relation-
ship between the SRT and PTA. PTA did not fully explain SRT.
The SRT-defined categories were: <—5.55dB SNR (normal),
> —5.55 to < —3.80dB SNR (insufficient), and > —3.80dB SNR
(poor) in the overall sample. Second, we determined expected

SRT-defined categories based on demographics and audiometric
thresholds to identify groups that may under- or over-perform
on auditory tasks, i.e. DIN test. We found differences in optimal
cut-points by age group, sex, and combined age group and sex.
Comparison of the categories of hearing status based on cut-
points and PTA showed that 59.8% had congruent categories
with a kappa of 0.38.

A previous study by Koole et al. (2016) in Rotterdam Study
data studied the potential of the DIN test for hearing loss screen-
ing in an elderly population. Our current study is an addition to
this previous paper as the analyses examining the use of the DIN
test to estimate age-related hearing loss differed in a few ways.
First, we restricted the sample to those with a PTA <50dB HL.
We did this to ensure that we were not testing hearing, but com-
prehension of digits through the background noise. Second, we
examined the optimal cut-points of SRT by hearing status, age
group, sex, and combined age group and sex. The optimal cut-
points from the overall sample differed slightly between males
and females as well as across age groups. Third, we used differ-
ent methods to compare and determine the optimal cut-points,
instead of using several SRT values, to examine the sensitivity
and specificity of SRT based on PTA-defined categories. Our
cut-points were different from the ones that are reported in
Koole et al. (2016) for the overall sample, as we also provided
more detailed categorisation of hearing level, distinguishing hear-
ing level across three categories of hearing level instead of two.
Finally, we examined the incongruent categories to determine if
their hearing thresholds across frequencies differed from
one another.
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Figure 1. Hearing thresholds (air conduction) averaged per frequency by hearing status defined by either pure-tone average or signal-to-noise ratio. This figure shows
the differences in hearing thresholds averaged per frequency among moderate hearing loss, mild hearing loss, and normal hearing groups. WHO-defined hearing cate-
gories are defined by pure-tone average: normal hearing (0-25 decibels of hearing level [dB HLI), mild hearing loss (26-40 dB HL), moderate hearing loss (41-50dB
HL). The hearing categories defined by speech reception thresholds are: < —5.55 decibels of signal-to-noise ratio (decibel (dB) SNR) (normal auditory performance);
> —5.55 to < —3.80dB SNR (insufficient auditory performance); > —3.80dB SNR (poor auditory performance).

Similar to Koole et al. (2016), we found that explained vari-
ability of SRT by PTA was 54%. Additionally, the sensitivity, spe-
cificity, and AUC were much lower when discriminating
between mild hearing loss and normal hearing, as compared to
discriminating between moderate hearing loss and normal hear-
ing in all investigated (sub)groups. The cut-points we established
for meaningful degrees of hearing loss were similar to the ones
reported by Dawes et al. (2014) from UK Biobank data. Their
cut-points were < —5.5dB SNR for normal auditory perform-
ance, —5.5dB SNR to —3.5dB SNR for insulfficient auditory per-
formance, and > —3.5dB SNR for poor auditory performance.
However, they evaluated a sample of middle—aged adults rang-
ing from 40 to 69years of age, so we show that the cut-points
do not differ as much in a population-based sample with a wider
age range. Additionally, their cut-points were from statistically
defined definitions not based on audiometric or functional levels.

There were differences in the cut-points among the age
groups. The younger group with normal hearing had better
speech reception thresholds than the oldest group with normal
hearing did, which could have been attributed to differences in
proportions of individuals with moderate hearing loss. The older
age groups have a greater proportion of moderate hearing loss,
while the younger age group has a greater asymmetric distribu-
tion of hearing loss towards the lower bound of the moderate
hearing loss category. All auditory tasks consist of both periph-
eral and central aspects. Speech-in-noise tests involve more cen-
tral processing than audiometry, but a simple speech-in-noise
test, e.g. DIN, has more peripheral contributions than one, such
as the coordinate response measure (Brungart et al. 2001).

Men and women had similar optimal cut-points for SRT-
defined categories in the overall sample and by age group. This

is in contrast to other cross-sectional studies that found that
older men have significantly poorer SRTs than older women
(Dawes et al. 2014; Pronk et al. 2013; Smits, Merkus, and
Houtgast 2006). While the patterns of the estimated cut-points
mirror findings from other studies, the corresponding 95% confi-
dence intervals overlap with one another, suggesting that there
are no significant differences between men and women overall
and by age group. This could be attributed to our exclusion cri-
teria, as men may have an earlier onset of peripheral hearing
loss than women, thus having a higher probability of a PTA
>50dB HL.

When we examined the incongruent hearing categories
defined by either SRT or PTA, we found that these groups did
not differ much in terms of hearing thresholds at lower frequen-
cies. These groups began to differentiate around 2000 Hz with
the moderate hearing loss (SRT)/mild hearing loss (PTA) having
the highest mean hearing threshold at that frequency, as com-
pared to the other groups. This is in line with an older study by
DePaolis, Janota, and Frank (1996) in which they showed that
speech intelligibility has a functionality peak at 2000 Hz. High-
frequency thresholds may better predict DIN performance than
middle/low frequencies. High-frequency hearing loss typically
shows hearing within the normal range from 250 Hz to 1000 Hz,
but outside of the normal range starting at 2000 Hz. Decreased
hearing acuity in high frequency ranges, from 2000 to 8000 Hz,
is a primary sign of hearing loss (Wingfield, Tun, and McCoy
2005). Those with high-frequency hearing loss have difficulty
understanding speech in noise and high-frequency consonant
sounds. Our results confirm that adults with more pronounced
high-frequency losses are at risk for relatively poor



understanding in noisy conditions. However, we did use a stand-
ard DIN test with long-term average speech spectrum noise.

The strengths of the study are its large population-based sam-
ple and use of both pure-tone audiometry and DIN tests. There
are some limitations of this study. The accuracy of the DIN test
depends on attention. Fatigability may have influenced the accur-
acy of the test, due to full-day visit of assessments for the
Rotterdam Study. Also, the majority of the sample is white, so
racial/ethnic differences in hearing status were not evaluated.
However, the Ommoord neighbourhood is representative of the
Dutch population, thus tending to be generalisable to popula-
tions of other Western European countries. Furthermore, these
optimal cut-points hold true for the standard DIN, but not for
newer versions of the DIN using different stimulus approaches.
While it is probable that the functional impact of a certain SRT
from the DIN test will be different between younger and older
people, our SRT-defined categories are not meant to address this
difference. Rather, our SRT-defined categories are meant to iden-
tify those who under- or over-perform on the DIN test. Lastly,
there could have been overestimation of the congruence of SRT-
and PTA-defined categories, since the SRT-defined categories
were defined using PTA cut-points. However, the kappa was low
between SRT-defined and PTA-defined categories.

Conclusions

This is a large-scale study in which optimal cut-points to dis-
criminate degrees of hearing loss were defined for the DIN test
in the overall sample. The SRT-defined categories were:
< —5.55dB SNR (normal), > —5.55 to < —3.80dB SNR (insuffi-
cient), and > —3.80dB SNR (poor). We did not find many dif-
ferences in optimal cut-points by age group, sex, and combined
age group and sex, although the variability of SRT explained by
PTA, age, and sex was 54% and the correlation between PTA
and SRT was 0.65. When examining the incongruent groups, we
found differences in hearing thresholds at high frequency ranges,
from 2000 to 8000 Hz. Measuring hearing thresholds at higher
frequency ranges could be more sensitive to the variability of
cut-points, independent from PTA. This suggests the added clin-
ical utility of the DIN test at higher stimulus levels in adults
with less severe degrees of hearing loss.
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