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Original Article

Validating self-reporting of hearing-related symptoms against
pure-tone audiometry, otoacoustic emission, and speech
audiometry

Sofie Fredriksson1, Oscar Hammar1, Lennart Magnusson2, Kim Kähäri2 & Kerstin Persson Waye1

1Department of Occupational and Environmental Medicine, Institute of Medicine, the Sahlgrenska Academy, University of Gothenburg, Sweden
and 2Department of Audiology, Institute of Neuroscience and Physiology, the Sahlgrenska Academy, University of Gothenburg, Sweden

Abstract
Objective: To validate self-reported hearing-related symptoms among personnel exposed to moderately high occupational noise levels at an

obstetrics clinic. Design: Sensitivity, specificity, and predictive values were calculated for questionnaire items assessing hearing loss,

tinnitus, sound sensitivity, poor hearing, difficulty perceiving speech, and sound-induced auditory fatigue. Hearing disorder was diagnosed

by pure-tone audiometry, distortion product otoacoustic emissions, and HINT (Hearing In Noise Test). Study sample: Fifty-five female

obstetrics personnel aged 22–63 participated; including 26 subjects reporting hearing loss, poor hearing, tinnitus, or sound sensitivity, and

29 randomly selected subjects who did not report these symptoms. Results: The questionnaire item assessing sound-induced auditory

fatigue had the best combination of sensitivity�85% (95% CIs 56 to 100%) and specificity�70% (95% CIs 55 to 84%) for hearing

disorder diagnosed by audiometry or otoacoustic emission. Of those reporting sound-induced auditory fatigue 71% were predicted to have

disorder diagnosed by otoacoustic emission. Participants reporting any hearing-related symptom had slightly worse measured hearing.

Conclusions: We suggest including sound-induced auditory fatigue in questionnaires for identification of hearing disorder among

healthcare personnel, though larger studies are warranted for precise estimates of diagnostic performance. Also, more specific and accurate

hearing tests are needed to diagnose mild hearing disorder.

Key Words: Validation; sensitivity; questionnaire; hearing-related symptoms; audiometry; otoacoustic

emission; speech audiometry; sound-induced auditory fatigue

In a recent report, the European Agency for Safety and Health at

Work (2012) argues that risk assessment for noise exposure at work

has been largely overlooked in traditionally female-dominated work

areas such as the health sector. Carrying out risk assessment for

hazardous occupational noise usually includes resource-demanding

measurements. Screening with self-report of hearing-related symp-

toms and noise exposure can be a cost-efficient alternative, under

the condition that the questionnaire items used are valid. Validation

of screening items should in particular consider the diagnostic

performance as estimated by sensitivity, specificity, and predictive

values in order to assess how well the questionnaire items can

identify individuals with or without disorder and how well self-

report predicts a measured disorder (Altman & Bland, 1994a,b).

Validation studies assessing sensitivity and specificity of self-

reported hearing-related symptoms have so far focused on hearing

loss and hearing disability using pure-tone audiometry as diagnostic

method and predominantly included older age groups (e.g. Clark

et al, 1991; Voeks et al, 1993; Nondahl et al, 1998; Sindhusake et al,

2001; Boatman et al, 2007; Deepthi & Kasthuri, 2012). Studies of

working-aged populations exposed to occupational noise have

predominantly included male participants with focus on self-

reported hearing loss using pure-tone audiometry as diagnostic

method (e.g. Gomez et al, 2001; Ahmed et al, 2004; Rosso et al,

2011; Hong et al, 2011). Pure-tone audiometry is considered the

gold standard diagnostic method for assessing hearing loss. Other

symptoms of hearing disorders such as sound sensitivity (hyper-

acusis), tinnitus, and sound-induced auditory fatigue, which are

prevalent among personnel exposed to moderate to high sound

levels predominantly from communication (Persson Waye et al,

2010) or music (Kähäri et al, 2003) have largely been overlooked.

Additional diagnostic methods may be especially important when

seeking to identify mild signs of hearing disorder and symptoms
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other than hearing loss. Among standard diagnostic tests, distortion

product otoacoustic emission (DPOAE) has been suggested to better

detect mild signs of noise-induced hearing disorder compared to

pure-tone audiometry (e.g. Prasher & Sułkowski 1998; Desai et al,

1998; Hall & Lutman 1999; Attias et al, 2001; Lucertini et al, 2002).

A recent study by Engdahl et al (2013) has shown correlation

between self-reported hearing disability and otoacoustic emission

(OAE), but their analysis suggests OAE may not in general add

more than pure-tone audiometry. Furthermore, speech perception in

noise tests may be used to assess more complex hearing function

associated with the ability to detect amplitude modulation and

temporal processing of stimuli at supra-threshold levels (Ruggles et

al, 2011), which may reflect noise-induced hearing disorder not

showing as a pure-tone hearing loss (Kumar et al, 2012). Tinnitus

and sound sensitivity have been related to both noise exposure

(Palmer et al, 2002), and pure-tone hearing loss (Anari et al, 1999;

Nondahl et al, 2011). To date though, validation studies have

focused on the psychometric properties of questionnaires (Kuk et al,

1990, Khalfa et al 2002) rather than on diagnostic performance.

Questionnaire items for sound-induced auditory fatigue have not yet

been validated, but deemed viable in previous surveys (Persson

Waye et al, 2010; Fredriksson et al, 2015). Sound-induced auditory

fatigue has been described by sufferers (predominantly preschool

and school teachers) as a sensation of fatigue from within the ear,

with the affected individual seeking quietness after a day at work in

a communication intense sound environment. Based on limited

available research we hypothesize the causes of sound-induced

auditory fatigue to be multifactorial, involving not only noise

exposure and factors in the sound environment, but possibly also

work-related stress, cognitive factors, and mental fatigue (Persson

Waye et al, 2010; Sjödin et al, 2012; Kristiansen et al, 2014;

Fredriksson et al, 2015).

The aim of the present study was to validate questionnaire items

corresponding to different hearing-related symptoms reported by

women exposed to moderately high occupational noise levels with

high intensity speech communication, with the intention of

capturing early signs of hearing disorder.

Materials and Methods

This study was approved by the ethics committee in Gothenburg,

Sweden, No. 788-11.

Study participants

Fifty-five women were selected from a group of obstetrics

personnel (midwifes and assistant nurses, n¼ 115) that took part

in a cross-sectional questionnaire study three months prior to the

present study (Fredriksson et al, 2015). The mean age of the initial

population was 45 (SD: 11) ranging from 22 to 65 years and they

had on average worked 12 years in obstetrics care (SD: 11) ranging

from half a year to 40 years. The sound environment in the

obstetrics ward was characterized by intensive speech communica-

tion and loud screams by mothers during delivery, and almost half

of the 62 measured work shifts had A-weighted equivalent levels

above 80 dB LAeq. Description of participants’ age and years

worked in obstetrics is shown in Table 1. The selection of

participants for the current study, illustrated in Figure 1, was

stratified such that it included 26 subjects out of 34 who had

reported self-reported hearing loss, poor hearing, tinnitus, or sound

sensitivity and 29 randomly selected subjects from 55 who had not

reported those symptoms and who had also not reported difficulty

perceiving speech. Subjects from both groups could report sound-

induced auditory fatigue. The stratified selection of participants was

used to ensure inclusion of individuals with probable measurable

hearing disorder. Individuals in the initial study population who

reported only difficulty perceiving speech or individuals who had

missing data on hearing-related questionnaire items were not

included in the present study. Lastly, one individual with diagnosed

otosclerosis was excluded as the intention was to measure DPOAE

amplitudes reflecting the status of the inner ear.

Questionnaire items

The questionnaire items assessed in this study are presented in detail

in the supplementary table available in the online version of the

journal. In the initial cross-sectional study (Fredriksson et al, 2015),

self-reported hearing-related symptoms (hearing loss, tinnitus,

sound sensitivity, poor hearing, difficulty perceiving speech, and

sound-induced auditory fatigue) were collected via paper and

computer questionnaire. No significant differences (p40.05) of

reported hearing-related symptoms were seen between the response

methods in a chi-square analysis (Fredriksson et al, 2015). The

questionnaire items were constructed based on our previous studies

(Persson Waye et al, 2010) or were modified from previously

validated questionnaires (Nondahl et al, 1998; Kuk et al, 1990;

Khalfa et al, 2002). In the analysis, the definition of reporting each

symptom was as follows: reporting ’yes’ for hearing loss, reporting

’once a week’ or more often for tinnitus, sound sensitivity and

sound-induced auditory fatigue, reporting ’bad’ or ’very bad’ for

poor hearing and reporting ’yes’ both at work and leisure time for

difficulty perceiving speech. Additionally, a combined question-

naire item, which corresponds to reporting one or more of the six

hearing-related symptoms, was also assessed. The questionnaire

items assessing hearing loss, poor hearing, tinnitus, sound sensitiv-

ity, and speech perception were the same as those used in the

selection of participants for the current study.

Hearing tests

The hearing assessment was performed in the selected study sample

three months after the initial cross-sectional questionnaire survey.

The assessment included otoscopy, tympanometry, and standard

hearing tests: pure-tone audiometry, DPOAE, and HINT. The tests

were performed by a licensed audiologist (first author) and two

experienced occupational health care nurses trained for the project.

The six-hour A-weighted equivalent sound level in the test room

was 30 dB LAeq measured using Bruel & Kjaer 2260 with the

Abbreviations

CI Confidence interval

dB Cpeak Decibel C-weighted peak sound pressure level

dB HL Decibel hearing level

dB LAeq Decibel A-weighted equivalent sound pressure level

dB SPL Decibel sound pressure level

DPOAE Distortion product otoacoustic emission

HINT Hearing in noise test

NPV Negative predictive value

PPV Positive predictive value

PTA Pure-tone average

SNR Signal-to-noise ratio

2 S. Fredriksson et al.
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microphone placed in the position of the test subjects head.

Intermittent sounds were detected in the frequency range 0.25 to

1.6 kHz with one-third octave maximum level (LAFmax) 1 to 9 dB

higher than recommended levels (ISO 8253–1, 1994), but only

during short intervals. At most during three connected 30-second

logs. Therefore, as a precaution, dampening insert earphones were

used for DPOAE and Sennheiser HDA200 circumaural head-

phones were used for pure-tone audiometry and HINT. Calibration

according to international standard (ISO 389-8, 2004) was ensured

for HDA200. As an additional precaution, air conduction pure-

tone audiometry was performed at a lowest presentation level of

10 dB HL and bone conduction was not performed. Also, testing

was not performed when intermittent sounds were heard by the

operator. The Grason-Stadler GSI 61 with a DVD-player con-

nected to the audiometer was used for pure-tone audiometry and

HINT. The pure-tone audiometry method essentially followed the

Hughson Westlake ascending method (Carhart & Jerger 1959) at

the standard audiometric frequencies 0.25, 0.5, 1, 2, 3, 4, 6, and

8 kHz, but with a fixed lowest presentation level of 10 dB HL.

Masking of the opposite ear was not performed. HINT was

measured binaurally using the Swedish version (Hällgren et al,

2006), with noise fixed at 65 dB SPL and the speech signal

(female speaker) adaptively adjusted in 2-dB steps, starting at 0 dB

signal-to-noise ratio (SNR). Two participants’ results were

excluded from HINT analysis as they did not have Swedish as

their first language. DPOAE was measured in both ears using

custom equipment generating two stimulus tones at 65 and 55 dB

SPL (L1 and L2) with a frequency ratio (f2/f1) fixed at 1.23.

DPOAE was registered as the cubic distortion product (2f1-f2) at

32 sets of primary input tones with f2 ranging from 0.707 kHz to

10.374 kHz. Technical specifications can be found in the supple-

mentary material available in the online version of the journal.

Eleven participants’ results were excluded from the analysis of

DPOAE data: seven due to negative tympanic peak pressure

(��100 daPa) or low middle-ear admittance (� 0.3 mmho) found

in tympanometry, and four due to background noise during

DPOAE measurement (average noise floor42 SD from mean in

frequencies below 2 kHz). The Otometrics MADSEN OTOflex

100 was used for tympanometry. Individuals with excessive

cerumen were rescheduled and tested after the cerumen was

removed. Description of hearing tests data underlying the analysis

is shown in Table 1.

Definitions of diagnostic criteria

For statistical purposes, diagnosed hearing disorder was defined

using two criteria for each of the three hearing tests: a strict cut-off

value representing at least mild hearing disorder and a less strict

cut-off value representing slightly more pronounced hearing

disorder (worse hearing test result). Both cut-offs however were

set with the intention of capturing mild signs of disorder. The cut-

off values for failing the less strict criterion for each hearing test

were as follows: one or more pure-tone thresholds at�40 dB HL in

the 0.25 to 8 kHz range in either ear (labelled 40 dB HL), DPOAE

SNR53 dB in either one or both of the f2 range 2 to 3.9 kHz and 4

to 10 kHz in either ear (labelled 3 dB SNR), and HINT

SNR4�3 dB (labelled �3 dB SNR). The cut-off values for failing

the strict criterion for each of the three hearing tests were as

follows: two or more pure-tone thresholds�25 dB HL or one or

more pure-tone thresholds�30 dB HL in the 0.25 to 8 kHz range in

either ear (labelled 25/30 dB HL), DPOAE SNR56 dB in either one

or both of the f2 ranges 2 to 3.9 kHz and 4 to 10 kHz in either

ear (labelled 6 dB SNR), and HINT SNR4�4 dB (labelled

�4 dB SNR).

Table 1. Description of study participants.

Participants with self-reported hearing loss, poor hearing,

tinnitus, or sound sensitivity, n ¼ 26a

Participants without self-reported hearing loss,

poor hearing, tinnitus or sound sensitivity, n ¼ 29b

Mean SD Range Mean SD Range

Age, years 49 10 28 to 63 45 10 22 to 62

Worked in obstetrics, years 17 11 1 to 40 13 11 1 to 39

Audiometry left ear, dB HLc

0.25 kHz 12 6 10 to 35 11 3 10 to 20

0.5 kHz 13 8 10 to 40 11 3 10 to 25

1 kHz 13 6 10 to 30 12 4 10 to 25

2 kHz 15 10 10 to 50 12 4 10 to 25

3 kHz 16 12 10 to 60 12 3 10 to 20

4 kHz 17 12 10 to 55d 11 3 10 to 25

6 kHz 23 18 10 to 65d 14 7 10 to 35

8 kHz 28 18 10 to 65d 16 6 10 to 30

DPOAE left ear, dB SPL

2–3.9 kHz 3 5 �4 to 15 6 5 �2 to 16

4–10 kHz �3 4 �8 to 4 4 6 �4 to 20

HINT, dB SNR �4 2 �9 to 2 �5 1 �10 to -3

aOne subject had all four criteria symptoms, three subjects had three of the criteria symptoms, ten subjects had two of the criteria symptoms,

and the remaining twelve had one of the criteria symptoms (tinnitus being most common). Also, seventeen subjects had sound-induced

auditory fatigue.
bSix subjects had sound-induced auditory fatigue.
cPure-tone audiometry was measured at the lowest level of 10 dB HL. Hence, mean thresholds may appear higher in this sample compared to

pure-tone thresholds measured down to �10 dB HL.
dOne participant had thresholds above maximum output level of the audiometer.
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Statistical analysis

The diagnostic performance of questionnaire items was assessed by

calculating sensitivity and specificity and predictive values against

standard diagnostic hearing tests. Based on the two diagnostic cut-

off values for each hearing test and the definition of self-reported

hearing-related symptoms using the questionnaire items, a subject

was defined as either true positive, true negative, false positive, or

false negative. Sensitivity was calculated as the proportion of

correctly identified subjects (true positives) among all subjects who

failed the diagnostic cut-off. Specificity was calculated as the

proportion of subjects that was correctly dismissed (true negatives)

among all subjects who passed the diagnostic cut-off (Altman &

Bland, 1994a). Positive predictive value (PPV) was calculated as

the proportion of true positives among all who reported the

symptom, and negative predictive value (NPV) was calculated as

the proportion of true negatives among all subjects that had not

reported the symptom (Altman & Bland, 1994b). In order to obtain

results representative for the underlying study population, the

calculation of diagnostic performance of failing each diagnostic cut-

off were weighted based on the stratified sampling of subjects with

and without hearing-related symptoms (hearing loss, poor hearing,

tinnitus, or sound sensitivity). As such, the weights balanced out the

more frequent sampling of subjects with symptoms (n¼ 26, 47% of

34 in initial population) than subjects without those symptoms

(n¼ 29, 53% of 55 in initial population), see Figure 1 for details.

Weighted prevalence was calculated to reflect the prevalence in the

underlying cross-sectional sample. Specific details for the calcula-

tion using weights can be found in the online supplementary

material available in the online version of the journal. Standard

techniques for computing confidence intervals for the sensitivity,

specificity, and predictive values were not applicable due to the use

of weights. Therefore, we used percentile bootstrap to compute

approximate confidence intervals (Efron, 1979), and 95% confi-

dence intervals were generated by using 100 000 samples.

Comparisons between groups were analysed using an independent

sample t-test with Bonferroni correction for multiple tests.

The significance level was set at 5% (p¼ 0.05) for all hypothesis

tests.

Results

Diagnostic performance of questionnaire items

The diagnostic performance of questionnaire items are given in

Table 2 for the less strict diagnostic cut-off values representing

moderate or worse hearing disorder and for the strict diagnostic

cut-off values representing at least mild hearing disorder. The

questionnaire item corresponding to sound-induced auditory fatigue

achieved the highest diagnostic performance, taking both sensitivity

and specificity into account with an emphasis on high sensitivity.

For the less strict diagnostic criteria sensitivity was 85 and 89% and

specificity 70% in comparison to pure-tone audiometry and

DPOAE. It was also the only item with a confidence interval

ranging between 50–100%. The item assessing tinnitus achieved the

second-highest estimate with sensitivity 78% and specificity 88% in

comparison to pure-tone audiometry. The item assessing hearing

loss had the third highest performance with sensitivity 67% and

specificity 87% in comparison to pure-tone audiometry. However,

confidence intervals for sensitivity extended below 50% for both

Figure 1. Flow chart illustrating the selection of the study sample.

4 S. Fredriksson et al.
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hearing loss and tinnitus. The combined item, which represents self-

reporting of one or more of the six individual symptoms had the

highest sensitivity, but a low accompanying specificity and also

wide confidence intervals. None of the questionnaire items

performed satisfactorily for the strict diagnostic criteria, with

particular regard to sensitivity. As seen in Table 3, predictive values

were higher for strict than for the less strict cut-offs but none of the

items had satisfying predictive values. For the strict diagnostic

criteria, the item corresponding to hearing loss had the best

combination of PPV and NPV; with PPV of 71% and NPV of 76%

in comparison with pure tone audiometry, but with a wide

confidence interval for PPV (38–100% for PPV and 63–88% for

NPV). Sound-induced auditory fatigue had a PPV and NPV both at

71% and confidence interval 50–90% for PPV and 54–87% for NPV

in comparison with DPOAE.

Comparing the groups with and without symptoms

A comparison was done of the results from the standard diagnostic

hearing test between subjects reporting one or more of the six

hearing-related symptoms and subjects reporting none of the

symptoms (neither hearing loss, poor hearing, tinnitus or sound

sensitivity nor difficulty perceiving speech or sound-induced

auditory fatigue). The mean age for subjects reporting any of the

six symptoms was higher than for subjects not reporting symptoms,

50 years compared to 43 years (p50.05). The subjects reporting

symptoms generally had worse results on the three hearing tests. As

seen in Figure 2, mean thresholds at 4, 6, and 8 kHz were worse

among subjects reporting symptoms and significantly so in both

ears (p50.05) compared to subjects not reporting symptoms. After

Bonferroni correction for multiple tests, significant difference

remained for 6 kHz in both ears (p¼ 0.006 for right ear, and

p¼ 0.036 for left ear) and 8 kHz left ear (p¼ 0.018). As seen in

Figure 3(A), the mean amplitudes for DPOAE were somewhat

lower among subjects reporting hearing-related symptoms for both

f2 ranges 2 to 3.9 kHz and 4 to 10 kHz and significantly so for the

higher frequency range (p50.05). After Bonferroni correction for

multiple tests, only the left ear had significantly lower average

amplitude in the 4 to 10 kHz range (p¼ 0.048). As seen in

Figure 3(B), subjects reporting any symptom tended to require a

higher level of the speech signal in relation to background noise, as

compared to subjects reporting no symptoms. However, the

difference was not significant (p¼ 0.092). Considering only the

item speech perception, we did nonetheless find significantly worse

Table 2. Weighted calculations of diagnostic performance (sensitivity and specificity and 95% confidence interval) and weighted
prevalence of diagnostic criteria.

Diagnostic criteria, cut-off value

Audiometry DPOAEa HINTa

40 dB HL 25/30 dB HL 3 dB SNR 6 dB SNR �3 dB SNR �4 dB SNR

Prevalence, % 13 34 17 45 6 33

Hearing lossb

Sensitivity, % 67 (0–100) 37 (15–60) 36 (0–75) 24 (6–44) 50 (0–100) 22 (5–43)

Specificity, % 87 (77–96) 93 (84–100) 88 (76–97) 89(76–100) 84 (73–94) 85 (72–95)

Tinnitusb

Sensitivity, % 78 (43–100) 35 (14–57) 33 (0–67) 29 (11–50) 75 (0–100) 28 (8–50)

Specificity, % 88 (78–96) 87 (75–97) 84 (72–95) 89 (76–100) 84 (73–93) 84 (71–95)

Sound sensitivityb

Sensitivity, % 44 (0–83) 26 (7–47) 22 (0–56) 25 (8–45) 25 (0–100) 28 (8–50)

Specificity, % 88 (78–96) 89 (78–98) 84 (72–95) 89 (76–100) 84 (73–93) 89 (77–97)

Poor hearingb

Sensitivity, % 44 (0–83) 22 (5–41) 44 (10–80) 29 (11–50) 50 (0–100) 37 (15–60)

Specificity, % 85 (74–94) 82 (69–94) 82 (69–93) 82 (67–96) 82 (71–92) 89 (77–97)

Difficulty perceiving speechb

Sensitivity, % 56 (17–100) 30 (11–52) 33 (0–70) 38 (18–59) 50 (0–100) 42 (19–65)

Specificity, % 81 (70–92) 80 (67–92) 77 (63–89) 86 (71–97) 79 (67–89) 86 (74–97)

Sound-induced auditory fatigueb

Sensitivity, % 89 (60–100) 60 (38–81) 85 (56–100) 62 (41–82) 75 (0–100) 53 (29–76)

Specificity, % 70 (57–82) 74 (59–87) 70 (55–84) 79 (62–93) 63 (50–76) 68 (52–82)

Reporting any symptomb

Sensitivity, % 100 (NAc) 69 (47–89) 85 (56–100) 66 (45–86) 100 (NAc) 67 (44–88)

Specificity, % 56 (43–70) 58 (42–74) 56 (41–71) 61 (42–80) 52 (38–65) 56 (40–72)

aExcluded from DPOAE: seven subjects due to abnormal tympanometry, four subjects due to high background noise levels during

measurement, and from HINT: two subjects who did not have Swedish as their first language.
bNumber of positive responses on questionnaire items, hearing loss: n¼ 7 for audiometry and HINT, n¼ 5 for DPOAE; tinnitus: n¼ 14 for

audiometry, n¼ 10 for DPOAE, n¼ 13 for HINT; Sound sensitivity: n¼ 11 for audiometry and HINT, n¼ 9 for DPOAE; n¼ 13 for

audiometry and HINT, n¼ 12 for DPOAE; difficulty perceiving speech: n¼ 16 for audiometry, n¼ 13 for DPOAE, n¼ 15 for HINT;

sound-induced auditory fatigue: n¼ 23 for audiometry and HINT, n¼ 19 for DPOAE; any symptom: n¼ 32 for audiometry, n¼ 25 for

DPOAE, n¼ 31 for HINT.
cNA¼ not applicable, confidence interval for estimates at 100% are not reliable.
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results among individuals who reported difficulty perceiving

speech, mean �3.6 dB SNR, compared to those not reporting

difficulty perceiving speech, mean �4.7 dB SNR (p¼ 0.049).

Discussion

In the investigated study population, we showed that the question-

naire item assessing sound-induced auditory fatigue had the best

diagnostic performance. The item identified 85 to 89% of study

subjects with moderate signs of hearing disorder diagnosed by pure-

tone audiometry or DPOAE, and correctly dismissed 70% of study

subjects without disorder. The items assessing tinnitus and hearing

loss performed next best. These items identified almost 70 to 80%

of subjects within the study sample with moderate disorder

diagnosed by pure-tone audiometry, and correctly dismissed

almost 90% of subjects without disorder. Hence, the results point

to the importance of including not only hearing loss and tinnitus but

also measures of sound-induced auditory fatigue among health-care

personnel working in communication-intense environments. A

general observation though is that the precision of the estimates

were affected by the limited sample size and the 95% confidence

intervals were therefore wide. Of the mentioned items only sound-

induced auditory fatigue had a 95% confidence interval for

sensitivity of less than 50% width, while the confidence intervals

for specificity were narrower. The effect on precision was

particularly obvious for sensitivity for the HINT criteria �3 dB

SNR with a confidence interval from 0 to 100%, due to a very small

sample of subjects failing that cut-off. Caution is thus needed in

drawing conclusions from the results, and further studies with larger

samples are warranted.

The diagnostic performances, particularly sensitivity, have

varied in previous studies of self-reported hearing loss against

pure-tone audiometry (Clark et al, 1991; Nondahl et al, 1998;

Sindhusake et al, 2001; Ahmed et al, 2004; Rosso et al, 2011;

Deepthi & Kasthuri 2012; Hong et al, 2011), and few studies have

reported sensitivity and specificity in combination exceeding 80%

for self-reporting of hearing loss in questionnaires. Comparison of

our results to previous studies is hampered by differences in study

populations, diagnostic criteria, and questionnaire items.

Nonetheless, our less strict cut-off for pure-tone audiometry (one

or more thresholds � 40 dB HL) may be considered comparable to a

PTA of�25 dB HL, and as such, our results for the item hearing

loss agrees rather well with the results for ‘at least a mild hearing

loss’ as assessed by Nondahl et al (1998). Given the similarity of

Table 3. Weighted calculations of diagnostic performance (PPV, NPV, and 95% confidence interval) and weighted prevalence of
diagnostic criteria.

Diagnostic criteria, cut-off value

Audiometry DPOAEa HINTa

40 dB HL 25/30 dB HL 3 dB SNR 6 dB SNR �3 dB SNR �4 dB SNR

Prevalence, % 13 34 17 45 6 33

Hearing lossb

PPV, % 29 (0–63) 71 (38–100) 40 (0–80) 60 (20–100) 14 (0–40) 43 (11–75)

NPV, % 97 (91–100) 76 (63–88) 87 (75–97) 63 (47–78) 97 (91–100) 68 (53–81)

Tinnitusb

PPV, % 50 (20–80) 57 (27–86) 30 (0–64) 70 (36–100) 23 (0–50) 46 (17–77)

NPV, % 96 (90�100) 72 (59–84) 86 (74–95) 60 (45–76) 98 (93–100) 70 (56–83)

Sound sensitivityb

PPV, % 36 (0–71) 55 (20–88) 22 (0–57) 67 (30–100) 9 (0–33) 55 (20–88)

NPV, % 91 (83–98) 70 (57–83) 84 (71–95) 59 (44–74) 94 (87–100) 71 (58–84)

Poor hearingb

PPV, % 31 (0–60) 38 (10–70) 33 (7–64) 58 (27–88) 15 (0–40) 62 (30–90)

NPV, % 91 (82–98) 67 (53–80) 88 (76–97) 58 (42–74) 96 (90–100) 74 (60–86)

Difficulty perceiving speechb

PPV, % 31 (8–58) 44 (17–71) 23 (0–50) 69 (40–93) 13 (0–36) 60 (31–88)

NPV, % 92 (84–100) 69 (55–82) 85 (72–95) 62 (46–78) 96 (89–100) 75 (61–87)

Sound-induced auditory fatigueb

PPV, % 31 (13–52) 54 (33–75) 37 (16–60) 71 (50–90) 12 (0–100) 45 (24–67)

NPV, % 98 (91–100) 78 (64–91) 96 (87–100) 71 (54–87) 97 (91–100) 74 (59–88)

Reporting any symptomb

PPV, % 26 (11–42) 46 (28-–64) 29 (12–48) 59 (39–78) 12 (0–25) 43 (25–62)

NPV, % 100 (NAc) 78 (62–93) 95 (84–100) 68 (48–87) 100 (NAc) 77 (60–92)

aExcluded from DPOAE: seven subjects due to abnormal tympanometry, four subjects due to high background noise levels during

measurement; and from HINT: two subjects who did not have Swedish as their first language.
bNumber of positive responses on questionnaire items, hearing loss: n¼ 7 for audiometry and HINT, n¼ 5 for DPOAE; tinnitus: n¼ 14 for

audiometry, n¼ 10 for DPOAE, n¼ 13 for HINT; Sound sensitivity: n¼ 11 for audiometry and HINT, n¼ 9 for DPOAE; n¼ 13 for

audiometry and HINT, n¼ 12 for DPOAE; difficulty perceiving speech: n¼ 16 for audiometry, n¼ 13 for DPOAE, n¼ 15 for HINT;

sound-induced auditory fatigue: n¼ 23 for audiometry and HINT, n¼ 19 for DPOAE; any symptom: n¼ 32 for audiometry, n¼ 25 for

DPOAE, n¼ 31 for HINT.
cNA¼ not applicable, confidence interval for estimates at 100% are not reliable.
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results, the validity of our findings is strengthened despite our

limited study sample. Important for the assessment of diagnostic

performance is also the fact that the desired level of sensitivity and

specificity will differ depending on the intended use of a screening

test. For example, Boatman et al (2007) refer to 80% as an

acceptable level of the ability of bedside tests to diagnose hearing

loss, while Nondahl et al (1998) find a sensitivity of 71% acceptable

for self-reporting in epidemiological surveys. If our results are

correct, our questionnaire items assessing sound-induced auditory

fatigue, hearing loss, and tinnitus may be used with reasonable

satisfaction for identifying fairly moderate hearing disorder. The

combined item (reporting any hearing-related symptom) resulted in

very high sensitivity, but low specificity. Studies have shown

increased sensitivity when a combination of tests or items are used

(Boatman et al, 2007; Rosso et al, 2011), but as in our study the

approach often entails low specificity. Therefore it is important to

assess both sensitivity and specificity in combination. Nevertheless,

the high sensitivity for reporting any symptom is supported by the

result showing that those subjects had indications of worse

measured hearing compared to subjects reporting none of the

symptoms.

For the purpose of the analysis of diagnostic performance, the

cause (such as age or noise exposure) is not as important as the

ability of the individuals themselves to detect and report hearing

loss. In general, measures of self-report may be better at

identification of individuals with severe hearing disorder

compared to mild signs of disorder. In our study this was

reflected by higher performance of items in relation to the less

strict diagnostic cut-offs, while the strict (more ‘difficult‘) cut-

off, for example, could mean having just one pure-tone threshold

at 30 dB HL or worse, which may not be noticeable or reported

by the individual. In addition, diagnostic performance may be

affected by the diagnostic tests used. Standard hearing tests may

be unable to diagnose early and mild signs of hearing disorder

(Lindblad et al 2011), hypothesized to be reported as hearing-

related symptoms. The accuracy of the underlying assumption of

an association between these hearing-related symptoms and the

standard hearing tests used is important for the interpretation of

our results. Such associations have been reported in previous

studies mainly for self-reported hearing loss or hearing disability

(e.g. Pedersen & Rosenhall, 1991, Engdahl et al, 2013, Videhult

Pierre et al, 2015). Notably, the item assessing difficulty

perceiving speech did not achieve a satisfying sensitivity in our

study sample using the speech perception test, HINT. This may

be due to the HINT not having been developed as a diagnostic

test of hearing disorder but rather for assessment of rehabilitation

benefit (Nilsson et al, 1994; Hällgren et al, 2006). Our results

could also be due to the cut-off, which was derived from average

results of normal-hearing listeners (Nilsson et al, 1994; Hällgren

et al, 2006). Self-perceived poor hearing and sound sensitivity

both failed to reach a high sensitivity in our study sample, which

if correct would render them less suitable in screening for

measured hearing disorder in a similar population. Again though,

it is important to consider that the hearing tests and the cut-offs

used may not be appropriate for diagnosing all forms of self-

reported hearing-related symptoms. This was pointed out by

Sztuka et al (2010), who showed that tinnitus patients who also

reported hyperacusis had increased instead of decreased DPOAE

amplitude, which would not be shown as a disorder using our

SNR based cut-off.

Predictive values assess the clinical use of a screening test. In

our study, the positive prediction was 71% for both the item hearing

loss as diagnosed by pure-tone audiometry and for the item sound-

induced auditory fatigue as diagnosed by DPOAE using the strict

cut-off value. Only sound-induced auditory fatigue had a reasonably

narrow confidence interval. The result for hearing loss is

Figure 3. In A, mean amplitude of distortion product emission in

dB SPL and 95% CI of mean (error bar) averaged over f2 ranges 2–

4 kHz and44–10 kHz, left ear. In B, mean hearing in noise test in

dB SNR and 95% CI of mean (error bar), for subjects reporting no

symptoms (S) and subjects reporting any hearing related

symptom (*).

Figure 2. Mean pure-tone thresholds in dB HL and 95% CI of

mean (error bar) for audiometric frequencies 0.25 – 8 kHz, left ear,

for subjects reporting no symptoms (S) and subjects reporting any

hearing related symptom (*).
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comparable to Nondahl et al (1998) who found a PPV of 68%. The

diagnose criterion however differ from our study. Importantly,

predictive values are influenced by diagnosed prevalence and

therefore specific to the population under study. Therefore, our

weighted prevalence which reflects the prevalence in the underlying

cross-sectional sample is important to consider. The prevalence

could explain why items in our study generally showed higher

predictive values for a strict criterion with higher prevalence, while

they generally had higher sensitivity for the less strict cut-offs. As

Altman and Bland (1994b) point out, when prevalence is low in the

population being screened, even a test with high sensitivity and

specificity would incorrectly classify some individuals as having the

disorder when in fact they do not (false positives).

According to what may be expected, a hearing disorder

diagnosed by pure-tone audiometry (i.e. measured hearing loss)

was best predicted in our sample by the item assessing hearing loss.

Interestingly, DPOAE best predicted sound-induced auditory

fatigue and tinnitus. Studies of tinnitus support abnormal DPOAE

responses (e.g. Shiomi et al, 1997; Sztuka et al, 2010) and it is

possible that inner ear pathology (as measured with DPOAE) is also

involved in the aetiology or comorbidity of sound-induced auditory

fatigue. However, further studies are warranted to support the

hypothesis and more specific and accurate diagnostic tests are

clearly needed to assess the symptoms reported by subjects working

in a moderately noise environment with intensive speech commu-

nication. Promising possibilities of assessing minor auditory

dysfunction have recently been suggested by Lindblad et al (2011).

As a limitation, our results may not be applicable to an

unselected population as the initial survey population was specific

and limited in size. The present analysis included a sub-sample of

the initial population, and due to the beforehand chosen inclusion

criteria subjects who reported only difficulty perceiving speech

were excluded. We did however find similarities to large-scale

population studies (e.g. Nondahl et al, 1998), which strengthen our

findings.

Conclusions

The study indicated that self-reporting of hearing-related symptoms

may identify individuals with fairly moderate hearing disorder, but

not those with mild signs of disorder. In our sample of female

obstetrics personnel working in moderately high noise levels with

occasional loud screams, the best combination of sensitivity and

specificity was achieved using the item sound-induced auditory

fatigue. The item identified almost 90% of subjects with hearing

disorder diagnosed using standard hearing tests pure-tone audiom-

etry or DPOAE, and correctly dismissed 70% of subjects without a

diagnosed hearing disorder. The items assessing tinnitus and

hearing loss had the next best performance. However, the small

study sample resulted in uncertain estimates. Sound-induced

auditory fatigue was best predicted by failing the 6 dB SNR

cut-off for DPOAE while self-reported hearing loss was best

predicted by having at least a mild pure-tone hearing loss (25–30 dB

HL or more). It would thus be interesting to study further whether

inner ear pathology is involved in the mechanisms for sound-

induced auditory fatigue.

In combination with our previous research, this study indicates

that asking about sound-induced auditory fatigue in addition to

hearing loss and tinnitus could make a valuable contribution to the

assessment of hearing-related symptoms among individuals in

occupational sound environments with intense speech communica-

tion such as health care settings. Finally, the study shows that the

present questionnaire items fail to identify very mild hearing

disorders and the present standard hearing tests fail to diagnose

some self-reported hearing-related symptoms. There is a need for

continued research improving detection, diagnosis, and prevention

of hearing disorder and hearing-related symptoms.

Acknowledgements

The authors would like to thank Lisbeth Birkhed and Johan

Magnusson at the Occupational Healthcare Unit Hälsan &
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