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Abstract

Background: Healthy hearing depends on sensitive ears and adequate brain processing. Essential aspects of both hearing
and cognition decline with advancing age, but it is largely unknown how one influences the other. The current standard
measure of hearing, the pure-tone audiogram is not very cognitively demanding and does not predict well the most
important yet challenging use of hearing, listening to speech in noisy environments. We analysed data from UK Biobank
that asked 40–69 year olds about their hearing, and assessed their ability on tests of speech-in-noise hearing and cognition.

Methods and Findings: About half a million volunteers were recruited through NHS registers. Respondents completed
‘whole-body’ testing in purpose-designed, community-based test centres across the UK. Objective hearing (spoken digit
recognition in noise) and cognitive (reasoning, memory, processing speed) data were analysed using logistic and multiple
regression methods. Speech hearing in noise declined exponentially with age for both sexes from about 50 years, differing
from previous audiogram data that showed a more linear decline from ,40 years for men, and consistently less hearing loss
for women. The decline in speech-in-noise hearing was especially dramatic among those with lower cognitive scores.
Decreasing cognitive ability and increasing age were both independently associated with decreasing ability to hear speech-
in-noise (0.70 and 0.89 dB, respectively) among the population studied. Men subjectively reported up to 60% higher rates of
difficulty hearing than women. Workplace noise history associated with difficulty in both subjective hearing and objective
speech hearing in noise. Leisure noise history was associated with subjective, but not with objective difficulty hearing.

Conclusions: Older people have declining cognitive processing ability associated with reduced ability to hear speech in
noise, measured by recognition of recorded spoken digits. Subjective reports of hearing difficulty generally show a higher
prevalence than objective measures, suggesting that current objective methods could be extended further.
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Introduction

The detection of quiet tones of varying frequency, has for .70

years been the gold standard test of hearing [1]. However, the

most frequent complaint expressed by people about their hearing

is inability to follow speech in noisy environments [2]. Pure-tone

audiograms, measures of tone detection threshold across frequency

[2], and speech perception measured in the quiet [3], do not

predict well the handicap produced by hearing loss. These

principles were first recognized long ago [4–7], as was the finding

that speech-in-noise (SiN) hearing ability decreases with age [3],

even while the audiogram may remain relatively stable [4]. SiN

measures that use familiar speech correlate with the average level

of hearing based on the pure-tone audiogram (the ‘pure tone

average’, PTA [8–10]) and may offer an alternative gold standard

more relevant to everyday hearing. Despite much research, SiN

hearing has until recently received little attention in large

population studies and limited clinical application. However, the

development of the Digit Triplets Test (DTT [11]), a measure of

SiN hearing that can be administered without specialist supervi-

sion and in any quiet room (go to actiononhearingloss.org.uk for a

demonstration and test), enabled inclusion in UK Biobank [12,13].

UK Biobank is an internationally accessible data resource based

on a very large-scale, ongoing, longitudinal study across England,

Scotland and Wales of many aspects of health, starting in middle

age (40–69 year olds; www.ukbiobank.ac.uk).
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We report here on the baseline UK Biobank DTT data,

compared in the same participants with other UK Biobank data

on cognitive ability and self-reported hearing, and with other

large, audiogram-based studies [14–18]. Paraphrasing Neisser

[19], cognition is the transformation of sensory information into

meaning. It may refer to a broad range of constructs relevant to

hearing including attention, memory, intelligence, learning,

processing speed and language. Language skills were not tested

directly in UK Biobank, but they undoubtedly contributed to some

extent to the self-report questions on hearing, the DTT, and all the

cognitive tests, especially some items in the test of Fluid

Intelligence (Fig. S3 in Results S1).

We first asked whether the increase in tone threshold with age,

previously measured by the audiogram and by sentences in noise

[20], is paralleled by an increase in DTT speech reception

threshold (DTT SRT). Given the presumed greater cognitive

demand of DTT, involving speech recognition and working

memory, we predicted that an increase in DTT SRT with age

would be greater than the relative increase in PTA because of a

combination of reduced audibility and reduced cognition [21].

This prediction bears on a fundamental clinical issue, how best to

measure and treat hearing impairment. This is a timely issue

because of the increase of hearing-related problems in an aging

population [21] and the large proportion of middle age people

with significant and treatable hearing loss who currently remain

untreated [22].

Sensitivity to high frequency tones begins to decline in most

people by 30–40 years old [16,18] then spreads to lower

frequencies from 40 years onwards (Fig. 1B, C). Overall, 21% of

UK 40–69 year olds had clinical hearing loss (PTA.20 dB

hearing level, HL, 0.5–4.0 kHz in better ear) in the mid-1980s

[14], the last time it was measured in a large UK population. The

version of the DTT used in UK Biobank, like the original

telephone test, has a high frequency limit of 4.0 kHz, so is a

suitable test for comparison with those historical data. Cognitive

function is most commonly measured using IQ, processing speed

and working memory tests [23]. In UK Biobank, cognition is

assessed using visually delivered measures of fluid intelligence,

processing speed, executive function, number storage (digit span),

and visuospatial working memory (shape pairs matching). It is not

currently known which aspects of cognition are most closely

related to hearing but the broad cognitive categories tested in UK

Biobank have all been implicated [24,25]. We report here the

relationships between those categories and DTT SRT in middle

age.

SiN hearing varies significantly in difficulty, and everyday

relevance, with the nature of both the speech (typically syllables,

words or sentences) and the noise (e.g. ‘white’, speech-shaped,

modulated, or real, competing speakers). The DTT choice of

single digit words promotes easy understanding and the opportu-

nity to ‘fill-in’ missed acoustic information, while steady-state,

speech-shaped noise enables masking across the speech range, but

does not allow the ‘glimpsing’ that can reduce masking in more

complex noise. Overall, DTT performance correlates more closely

with PTA than do some other SiN tests [10]. The DTT is

reproducible, easy to standardize, available in several languages,

does not require a sound booth, and may be delivered through the

internet. However, it has been suggested [9,10] that it may not be

as sensitive to cognitive function as some other SiN tests.

Self-report of hearing difficulties, using questionnaire instru-

ments or often only one or two questions, has commonly been

used to assess the prevalence of hearing loss in large epidemio-

logical studies [14,26]. Some studies [14,27] have reported the

relationship of self-report with audiometric measures but only

rarely have self-report data been validated against standard

audiometric measures [28–30]. Self-report assessed by a single

question (‘Do you feel you have a hearing loss?’) has been reported

to demonstrate high sensitivity and specificity. A multi-question

hearing handicap inventory had lower sensitivity but higher

specificity and a positive predictive value. Both question and

inventory were recommended for assessing burden but could not

measure hearing loss [28].

In this study we investigated the relation between DTT SRT

and cognitive ability as a function of age, sex, socioeconomic

status, and noise exposure. The results were compared with self-

report of hearing difficulties and findings from other studies,

including some previously unpublished data from the NIH

Toolbox [18,23], of age-related changes in tone sensitivity and

cognitive performance. It was predicted that DTT SRT would

decline with age more rapidly than tone sensitivity and that the

decline in DTT SRT would be more closely associated with

increased self-reported hearing difficulty.

Methods

Complete details of all UK Biobank procedures are available at

www.ukbiobank.ac.uk.

Ethics statement
This research was covered by the UK Biobank ethics

agreement. Within England, UK Biobank has approval from the

North West Multi-centre Research Ethics Committee (MREC).

All participants provided written informed consent.

Population and setting
Participants (n = 502,642; Table 1) volunteered between March

2007 and July 2010 following invitation letters to 9.2 million

eligible UK residents [12]. Data were gathered at 22 assessment

centres in England, Scotland and Wales. Participants attended a

two-hour appointment during which they answered, via a touch-

screen, questions about their life history, lifestyle and health,

including their hearing. They also completed a hearing test and

several tests of cognitive ability. Participants were free to opt out of

the study at any time, either during the assessment or

subsequently. Further details of UK Biobank recruitment, the

DTT, and prevalence of hearing loss are presented elsewhere [31].

Hearing tests
All participants (Table 1) were asked ‘‘Do you have any

difficulty with your hearing?’’ and ‘‘Do you find it difficult to

follow a conversation if there is background noise (such as TV,

radio, children playing)?’’ Possible answers were ‘Yes’; ‘No’; ‘Do

not know’; ‘Prefer not to answer’. About one third of the

participants were also asked ‘‘Have you ever worked in a noisy

place where you had to shout to be heard?’’ and ‘‘Have you ever

listened to music for more than 3 hours per week at a volume

which you would need to shout to be heard or, if wearing

headphones, someone else would need to shout for you to hear

them?’’ Possible answers for these noise and music exposure

questions were ‘Yes, for more than 5 years’; ‘Yes, for around 1–5

years’; ‘Yes, for less than a year’; ‘No’; ‘Do not know’; ‘Prefer not

to answer’.

Guided by a video demonstration (see http://biobank.ctsu.ox.

ac.uk/crystal/videos/hearing.swf), about one third of the partic-

ipants (Table 1) completed a truncated DTT with fifteen

(monosyllabic single digit) triplets (e.g. 5-0-8) presented separately

to each ear via circumaural headphones (Sennheiser D25 [31]. A

noise, shaped spectrally to the complete set of 9 digits, was played
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Figure 1. Hearing declines from 40–69 years of age. (A) UK Biobank: Mean DTT speech reception threshold (SRT; better ear) data, corrected for
differences in socio-economic between samples. Exponential functions with an additive constant are fitted to the data. (B) National Study of Hearing
(UK [14]): Mean pure tone average (PTA) thresholds (0.5, 1, 2, 4 kHz; better ear). (C) National Health and Nutrition Examination Survey (NHANES, US
[16]): Mean PTA thresholds (0.5–4 kHz). Other data points from NIH Toolbox (US, 2011 [18]), Beaver Dam Epidemiology of Hearing Loss Study (US,
1993 [15]), Blue Mountains Hearing Study (Australia, 1997–2000 [17]).
doi:10.1371/journal.pone.0107720.g001

Table 1. Characteristics of UK Biobank participants.

Demographics Female Male All

N (%) mean±sd % +ve N (%) mean±sd % +ve N (%) mean±sd % +ve

Gender 273,448 (54%) - 229,194 (46%) - 502,642 (100%) -

Age 273,448 (100%) 56.368.0 yrs 229,194 (100%) 56.768.2 yrs 502,642 (100%) 56.568.1 yrs

Auditory tests/questions

SRT (better ear; dB) 87,650 (32%) 27.461.6 dB 73,305 (32%) 27.461.8 dB 160,955 (32%) 27.461.7 dB

Hearing difficulty 258,576 (95%) 21% 219,120 (96%) 31% 477,696 (95%) 26%

Hearing in noise 266,966 (98%) 33% 224,032 (98%) 43% 490,998 (98%) 38%

Noisy workplace exposure 92,881 (34%) 11% 77,501 (34%) 37% 170,382 (34%) 23%

Loud music exposure 92,424 (34%) 9% 77,109 (34%) 17% 169,533 (34%) 12%

Cognitive tests

Fluid Intelligence 90,202 (33%) 5.962.1 correct 75,306 (33%) 6.162.2 correct 165,508 (33%) 6.062.2 correct

Prospective Memory 93,382 (34%) 76% 78,219 (34%) 77% 171,601 (34%) 76%

Visual Memory 270,996 (99%) 4.763.7 pairs 227,054 (99%) 4.763.9 pairs 498,050 (99%) 4.763.8 pairs

Reaction Time 270,470 (99%) 5676117 ms 226,412 (99%) 5516116 ms 496,882 (99%) 5606117 ms

Digit Span 28,179 (10%) 6.461.8 digits 23,637 (10%) 6.661.9 digits 51,816 (10%) 6.561.8 digits

Number and performance of participants completing each auditory and cognitive measure. Percentages for each N other than gender are corrected for missing data.
Mean 6 sd: descriptive statistics for age, SRT, cognitive tests. % +ve: percent positive responses to each question. Cognitive test performance shows number of
questions correctly answered (FI), % correct responses (PM), and number of incorrectly chosen pairs (VM).
doi:10.1371/journal.pone.0107720.t001
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simultaneously. Both noise and (suprathreshold) speech levels were

initially adjusted together to a comfortable level. The speech level

was then fixed and noise level was varied adaptively after each

triplet, dependent on the listener’s correct touchscreen response to

all three digits, to obtain criterion performance of 50% correct.

The measure of hearing, the DTT SRT, was the mean signal-to-

noise ratio from the last eight triplets. Testing of each ear took

,4 minutes.

Participants were asked about several other aspects of hearing,

including their use of hearing aids or cochlear implants. If they

used hearing aids they were asked to remove them prior to

completing the DTT. If they used cochlear implants they were

asked not to attempt the test. Further studies using the UK

Biobank resource and dealing in detail with associations and

predictions between hearing and hearing aids [32], tinnitus [33],

visual impairment and dual sensory problems [34], cigarette

smoking and alcohol consumption [35], have or will be published

elsewhere.

Cognitive tests
Variable numbers of participants completed each test (Table 1),

primarily due to the introduction of different tests at different

stages during the UK Biobank project. The Fluid Intelligence test

comprised thirteen questions designed to test logic and reasoning

ability (e.g. If Truda’s mother’s brother is Tim’s sister’s father,

what relation is Truda to Tim?; Fig. S3 in Results S1). The

Prospective (long-term) Memory test presented the following

instruction early in the cognitive test battery: ‘‘At the end of the

games we will show you four coloured shapes and ask you to touch

the Blue Square. However, to test your memory, we want you to

actually touch the Orange Circle instead.’’ In two rounds, the

Visual (short-term) Memory (‘Pairs matching’) test presented a

matrix (1st round: 263; 2nd round: 364) of cards showing 3 and 6

pairs of shapes, respectively. The shapes were concealed and the

participant was required to recall locations of matching shape

pairs. Correct responses were confirmed. The Reaction Time test

of processing speed sequentially presented twelve pairs of shapes.

The participant pressed a button as quickly as possible if a pair of

shapes matched. Finally, in the Digit Span (‘Numeric memory’)

test of verbal working memory participants were initially presented

on the screen with two digits and were required to key in the digits

in reverse order. After each correct response the digit sequence

was increased by one. The task ended after two incorrect

responses. Raw score was the maximum number of correctly

recalled and ordered digits. Performance on the Prospective

Memory, Reaction Time and Digit Span tests additionally

depended on executive function and all tests depended on alerting

and orienting attention.

Analysis and reporting
Analysis of self-report measures used binary logistic regression.

Standardised scores, which each maximised the variability within

the sampled population, were derived for each cognitive test using

principal components analysis. A composite score was defined as a

simple sum of the five standardised scores. Both individual and

composite cognitive scores were standardised to have zero mean

and unit standard deviation, such that higher values corresponded

to higher ability. Scores were grouped into deciles for analysis.

Regression modelling techniques accounting for sex, socio-

economic deprivation (Townsend score, a proxy measure of

socioeconomic status [31]), noise exposure (work and music), and

interaction of socio-economic deprivation and noise with sex, were

used to dissociate decline in hearing from decline in cognition with

increasing age. Age at which full-time education was completed

was not accounted for in these models but varied little between

women (mean = 16.68, s.d. = 2.17) and men (mean = 16.76 years;

s.d. = 2.52). Modelling that included cognitive scores was restricted

to the 40,655 participants who completed all auditory and

cognitive tests and questions. Data were assumed to be missing

completely at random, as the primary reason for absent responses

was the phased introduction of test components.

Results

Hearing
Age-related decline of hearing differs between test measures

(Fig. 1). DTT SRT, averaged across participants, declined

exponentially with age, starting from a low (sensitive) level in the

40 s (Fig. 1A). Both the absolute level and the rate of age-related

decline of DTT SRT in men and women advanced in close

parallel as individuals in the population became older, although

SRT was slightly better in younger men than in younger women,

and slightly better in older women than in older men. Tone

sensitivity (indexed by the PTA, [9]) has also been shown in several

studies across a 50 year time span to decline with age (Figs. 1B,C).

However, in contrast to DTT SRT, tone sensitivity has previously

been shown to decline rapidly through the 40 s, at least among

men. Men had markedly poorer sensitivity than women at all ages

.40, but women’s sensitivity started to deteriorate in parallel with

that of men when they reached their 60 s. A reduction in the rate

of declining tone sensitivity with advancing age has been noted in

some more recent studies (Fig. 1C [16,18,36]), but high frequency

sensitivity remains much more susceptible to aging and clearly

poorer in men (Fig. S1 in Results S1).

In UK Biobank, more men reported having problems with their

hearing than did women (Fig. 2). Reported problems for both

sexes grew linearly with age. By 69 y.o., men were reporting

hearing difficulties, and difficulties in noise, at 40–60% higher

prevalence than women. This increasing difference between men

and women with age was not paralleled by objective measures of

either speech or tone hearing (Fig. 1), nor by direct comparison

between the prevalence of reported difficulty and DTT hearing

(Fig. S2 in Results S1). Responses to questions about workplace

noise (Table 2) showed the same relationship for women and men

between increasing duration of noise exposure and the objective

measure of decreased DTT SRT. Note, however, that the

maximum effect size (mean 0.19 dB loss of SRT for .5 years

exposure) was relatively small compared with age-related hearing

loss (Fig. 1A; Table 3). No difference was found between the sexes

for the effect of workplace noise on DTT SRT, and no significant

effect of music exposure on DTT SRT was found. In contrast,

both workplace noise and music exposure were significantly

related to subjective reports of ‘difficulty hearing’ (Table 2) and

‘hearing in noise’ (Table S1 in Results S1). But while a far higher

proportion of men than women reported exposure both to a noisy

workplace and to loud music (Table 1), there was not a consistent

dose-response difference between the sexes (Table 2). Men who

experienced shorter noisy workplace exposure were less likely than

women to report difficulty with their hearing, whereas men who

experienced longer exposure were more likely than women to

report difficulty. For music, there was no significant difference

between the sexes.

Cognition
Cognitive performance, like hearing, decreased with advancing

age on all tests (Fig. 3, Table 3). For four tests, the pattern of

decline was relatively simple and monotonic. However, Fluid

Intelligence did not begin to decline until 60 y.o., then declined

Speech Hearing in Middle Age
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linearly for ages .60. Responses to individual Fluid Intelligence

questions suggested this was due to a decline in both verbal and

non-verbal performance from about this age (Fig. S3 in Results

S1). Men performed better than women on all tests except

prospective memory. The mean gap between the sexes increased

with age on Reaction Time and Digit Span. Correlation between

scores on individual tests varied from r = 0.19–0.38 (Table S2 in

Results S1).

Relation between hearing and cognition
Better DTT SRT was associated with better cognitive ability.

Fig. 4 shows cognitive ability on each test, plotted as deciles from 1

(lowest) to 10 (highest), as a function of DTT SRT. DTT SRT

decreased by about 0.7 dB across the range of ability (i.e. from

decile 1 to 10) on each cognitive test. This was similar in size to the

increase in average DTT SRT across the 40–69 year age range

(women: 0.75 dB, men: 1.05 dB; Table 3). DTT SRT differences

were greatest at the lower end of cognitive ability. These results

suggested that the ability to compensate for impaired DTT SRT

depended strongly on cognitive performance, especially at the

lower end of the spectrum. However, DTT SRT declined with age

across the cognitive spectrum (Fig. S5 in Results S1).

Discussion

Hearing in quiet and in noise
We found that, on average, DTT SRT declines substantially

during late middle age, confirming earlier studies [11,20].

However, we also found little decline in DTT SRT until the

50 s, whereas declining PTA, based on the same frequency range

used in the DTT, begins in the 30 s [14,16,18]. These differences

may be due to the high ‘redundancy’ of the DTT speech signal

relative to a single tone. Digits are a closed set of overlearned

words. A listener can access many auditory tone channels, only

some of which need be fully functional, to gain cues to digit

identity. For example, many English digits can be distinguished

using only vowels. Small changes in sensitivity to higher frequency

tones in the 30 s and 40 s can therefore over-estimate real-life

difficulty with speech, even when there is little or no contextual

information, as in the DTT. At later ages, deficits in DTT SRT

escalate rapidly and, by the early 60 s, are advancing relatively

more rapidly than loss of tone sensitivity, presumably due to both

more widespread loss of tone sensitivity and reduced auditory

processing in the brain. Historically, tone sensitivity studies have

also reported that men’s hearing begins to deteriorate before that

of women, particularly at high sound frequencies, and that the

difference is maintained into old age. Some recent evidence [18]

suggests that disparity may be declining, at least in the main

speech range of hearing. Nevertheless, the UK Biobank data are

notable in showing a close similarity between the DTT hearing of

men and women across most of the age range studied, but with

men showing a slightly greater decline in the late 60 s.

The different patterns of age-related hearing loss revealed by the

two measures is evidence that DTT SRT utilizes different or

additional mechanisms to those revealed by audiometry. One

candidate mechanism may be an age-related loss of inner hair cell

afferent synapses, as recently reported in mice [37]. In that

example of supra-threshold hearing loss, mid-frequency pure tone

thresholds measured by wave 1 of the auditory brainstem response

were still normal in older (64–80 week old) mice when supra-

threshold response amplitude was reduced relative to younger (4–

16 week old) mice. The results suggest a loss of the number and

synchrony of functional cochlear nerve fibres. In a human parallel

of these findings, cochlear nerve neuron (spiral ganglion) cell

bodies appear to be lost continually from a young age (,20 years

[38]) when, again, auditory thresholds and otoacoustic emissions

are normal, signifying intact hair cells. However, no differences in

this process were seen between the sexes or across the length of the

cochlea. Because aging men typically have poorer high frequency,

but may not have poorer low frequency hearing than women

(Fig. 1B; Fig. S1 in Results S1 [39]), we also suggest that the high

redundancy of the speech signals enables men to identify the digits

used in the current study based on the lower frequency cues (e.g.

vowels) they can hear.

Subjective reports of hearing difficulty were predictable from

DTT SRT, but did not match the pattern of decline in DTT SRT

(or PTA [14–18]) with increasing age. A surprisingly high

proportion of 40–50 y.o. people with normal DTT SRT indicated

that they had difficulty hearing. That proportion rose with age and

reduced DTT SRT, as expected, but the proportion of men

reporting difficulty was markedly higher than that of women at

nearly all ages. Two explanations for these phenomena are that

the tests did not capture the handicap experienced, or that people

misperceived their hearing to be worse than it really was. We think

both these factors contributed to the results. Challenges to making

realistic measures of speech hearing include the variety of

situations encountered in everyday life and the variety of speech

hearing to which individual brains are ‘tuned’. For example, we do

most of our listening in reverberant rooms having a wide range of

acoustic characteristics known to affect speech intelligibility [40].

Accents can be remarkably variable both between older,

established communities and within modern, multi-ethnic urban

centres, making calibration difficult, both for the audiologist and

for the listener. The band-limited (,4 kHz) UK Biobank DTT

probably captures some, but not all hearing loss that affects

suprathreshold listening. Newly-developed, internet-deliverable

SiN hearing tests that have shown greater sensitivity to high

frequency hearing loss than the UK Biobank DTT [41,42], may

help further in meeting these challenges, and other SiN tests may

capture additional relevant properties of the acoustic environment.

For example, a modified version of the widely used QuickSIN [43]

sentence-in-noise test incorporates separately measurable audiovi-

Figure 2. Men report greater difficulty hearing than women.
Prevalence of self-report of (A) hearing difficulty and (B) difficulty
hearing speech-in-noise in women and men from 40–70 y.o., corrected
for socio-economic.
doi:10.1371/journal.pone.0107720.g002
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Figure 3. Cognitive performance declines with age. Cognitive performance of men and women in the UK Biobank study expressed as a mean
standardized (z) score for ease of comparison between different tests.
doi:10.1371/journal.pone.0107720.g003

Figure 4. Better cognition is associated with better hearing. Relation between mean SRT and mean performance on each cognitive test (by
decile of standardized score from 1 = low to 10 = high), all ages (40–69 y.o.) combined.
doi:10.1371/journal.pone.0107720.g004
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sual, reverberation, and spatial cues, and a speeded speech

condition [44] (see [45] for a review of SiN tests). Nevertheless,

self-report remains an important ‘reality check’ on the usefulness

of any measure of hearing.

This raises the second possibility, that people misperceive their

degree of handicap. Everyone has difficulty hearing in some

circumstances, and those circumstances are typically in a busy,

noisy, reverberant room, such as a bar [40]. The UK Biobank data

suggest this ‘baseline’ rate for perceived difficulty hearing in noise

is around 25% for women and 35% for men (Fig. S2 in Results

S1). There are many possible reasons why men may both have

high estimates of their degree of handicap and have poorer tone

sensitivity. One is that they may operate in noisier environments

than women. In fact, more men than women reported spending

time in noisy environments, both at work and at leisure, and men

having longer exposure to noise also reported more difficulty

hearing. Nevertheless, the DTT SRT of men did not differ

significantly from exposure-matched women who made fewer

reports of hearing difficulties, possibly because the men had an

increased prevalence of auditory pathology that was not captured

by the DTT SRT. Self-reported difficulty in relation to music

exposure, which was significant, had quite high odds ratios, and

did not differ between the sexes, was similarly not matched by any

significant change in DTT SRT.

Cognition and hearing
DTT SRT was found to decline with decreasing cognitive

ability, consistent with previous reports using other SiN tests

[46,47]. If some aspect(s) of cognition (e.g. long-term memory

[48]) was more important than others for speech-in-noise hearing

and listening, that aspect should associate more strongly than

others with DTT SRT. However, the decline was seen on each

cognitive test used, to about the same extent, suggesting that some

general cognitive factor may have been responsible. It has been

suggested that reduced tone sensitivity is the ‘primary predictor’ of

speech intelligibility with advancing age [49] and that age-related

changes in cognitive function are mediated by age-related changes

in ‘global sensory processing’ (hearing, vision, touch composite

[47]). The current data suggest a much more prominent role for

cognition in hearing, at least for the DTT. Other data from the

NIH Toolbox, reported here for the first time, even suggest that

poor cognitive function plays a role, albeit a relatively minor one,

in reduced PTA (Fig. S4 in Results S1; [18]).

A critical question is whether decreasing tone sensitivity,

decreasing cognitive function, both, or another factor (e.g.

‘common cause’ [50]) is primarily responsible for age-related

decline of DTT SRT. Our analysis showed that, across the ages

examined, better cognitive function was associated independently

with a 0.7 dB reduction in DDT SRT. The effect of increasing age

was additive to that effect, leading to a 0.7 (female) to 1.0 dB

(male) increase in DDT SRT. In auditory terms, the decline in

DTT SRT with age could be due to both peripheral and central

factors. Peripheral hearing loss certainly contributes, since we

know that tone sensitivity declines with age, even in the most

cognitively able [50]. But declining central function may also

contribute. For example, there is recent evidence that age-related

decline in the maximum speed of auditory temporal processing

includes a specifically central mechanism [51]. It is currently

unknown whether this is operative within the central auditory

system, which includes extensive sub-cortical networks, or within

higher level processing areas that include those with multimodal

cognitive functions. In either case, such a mechanism could have a

marked effect on speech perception, since reduced temporal fine

structure can reduce consonant discrimination [52]. Because of the

high reliance of auditory processing on precise timing, auditory

processing may prove a sensitive model for testing the ‘Processing

speed theory’ of cognitive decline [53], according to which

declining processing speed is the common cause of cognitive

decline.

Clinical significance
It is clear that cognitive factors play a major role in speech

perception. Although even tone sensitivity is influenced by

cognition (e.g. motivation, learning [54]), that influence is not

strong, so there is an argument for the addition of tests of speech

perception to routine audiometric assessment. Among the older

population, differences in the cognitive abilities of the most and

least able become more extreme [55] and reports of difficulties

hearing speech in noisy environments become more common, as

shown here and elsewhere [2]. SiN assessment may help identify

those individuals who are likely to benefit from different

interventions. Among middle-aged people, who do not typically

seek assistance for their hearing loss [22], poorer SiN ability could

be a first warning of a need for intervention. Unlike the

audiogram, the DTT and some other SiN hearing tests can be

delivered remotely for unsupervised, user-based testing via the

internet, and are already being used for widespread hearing

screening (e.g. visit actiononhearingloss.org.uk). A DTT (the

Dutch Digits-in-Noise, DIN, test) has recently been suggested as

a clinical diagnostic test [9]. Despite the close association with

cognition demonstrated here, DTTs that use steady noise masking

have been suggested to be less cognitively demanding than other

SiN tests (e.g. using speech maskers [7]). However, this view has

been questioned by DTT data [9] showing an extremely high

correlation (r = 0.96, following level correction) with performance

on Plomp and Mimpen [20] sentences. In contrast to other SiN

tests, DTTs are also readily transferrable across cultural and even

language groups (www.HearCom.eu [42], [10]). Together, these

findings suggest the possibility of a DTT as an international

standard for SiN testing.

Supporting Information

Results S1 This file contains Table S1, Table S2, and
Figure S1–Figure S5. Table S1, Noisy workplace and music

exposure: Relation to ‘Hearing in noise’ question. Table S2,

Pairwise Pearson correlation coefficients between cognitive test

measures. Figure S1. Average (PTA) tone detection thresholds

declined from 18–85 years (NIH Toolbox data [13]). Figure S2,

Reported difficulty hearing increased with declining DTT hearing.

Figure S3, Fluid intelligence varied with question, age and gender.

Figure S4, PTA did not vary substantially with cognitive ability.

Figure S5, Hearing declined with both cognitive ability and age.

(DOCX)

Acknowledgments

Disclaimer: This paper presents independent research funded in part by

the National Institute for Health Research (NIHR). The views expressed

are those of the authors and not necessarily those of the NHS, the NIHR or

the Department of Health.

This research has been conducted using the UK Biobank resource.

Funding to support the present research was provided by the National

Institute of Health Research, the Medical Research Council, the University

Speech Hearing in Middle Age

PLOS ONE | www.plosone.org 9 September 2014 | Volume 9 | Issue 9 | e107720

www.HearCom.eu


of Manchester, the Central Manchester University Hospitals NHS

Foundation Trust, and Cincinnati Children’s Hospital. Additional data

were obtained from the NIH Toolbox standardization project [18]. We

thank the participants of the UK Biobank resource and NIH Toolbox

project for donating their time.

Author Contributions

Conceived and designed the experiments: DRM. Analyzed the data: DRM

MEJ PD KJM. Contributed reagents/materials/analysis tools: DRM MEJ

PD. Wrote the paper: DRM MEJ PD HF AMC RHP KJM. Liaised with

UK Biobank: DRM MEJ PD HF AMC RHP KJM.

References

1. Johnson EW (1970) Tuning forks to audiometers and back again. Laryngoscope

80: 49–68.
2. Vermiglio AJ, Soli SD, Freed DJ, Fisher LM (2012) The relationship between

high-frequency pure-tone hearing loss, hearing in noise test (HINT) thresholds,

and the articulation index. J Am Acad Audiol 23: 779–788.
3. Plomp R (1986) A signal-to-noise ratio model for the speech-reception threshold

of the hearing impaired. J Speech Hear Res 29: 146–154.
4. Bergman M (1971) Hearing and aging. Implications of recent research findings.

Audiology 10: 164–171.
5. CHBBC (1988) Speech understanding and aging. Working Group on Speech

Understanding and Aging. Committee on Hearing, Bioacoustics, and Biome-

chanics, Commission on Behavioral and Social Sciences and Education,
National Research Council. J Acoust Soc Am 83: 859–895.

6. Gordon-Salant S, Frisina RD, Fay RR, Popper AN, editor (2009) The Aging
Auditory System. New Yor: Springer.

7. Humes LE, Kidd GR, Lentz JJ (2013) Auditory and cognitive factors underlying

individual differences in aided speech-understanding among older adults. Front
Syst Neurosci 7: 55.

8. Smits C, Kapteyn TS, Houtgast T (2004) Development and validation of an
automatic speech-in-noise screening test by telephone. Int J Audiol 43: 15–28.

9. Smits C, Theo Goverts S, Festen JM (2013) The digits-in-noise test: assessing

auditory speech recognition abilities in noise. J Acoust Soc Am 133: 1693–1706.
10. Jansen S, Luts H, Dejonckere P, van Wieringen A, Wouters J (2013) Efficient

Hearing Screening in Noise-Exposed Listeners Using the Digit Triplet Test. Ear
Hear 34: 773–778.

11. Smits C, Houtgast T (2005) Results from the Dutch speech-in-noise screening
test by telephone. Ear Hear 26: 89–95.

12. Allen N, Sudlow C, Downey P, Peakman T (2012) UK Biobank: Current status

and what it means for epidemiology. Health Policy and Technology 1: 123–126.
13. Collins R (2012) What makes UK Biobank special? Lancet 379: 1173–1174.

14. Davis A (1995) Hearing in Adults: Whurr Publishers limited. 1011 p.
15. Cruickshanks KJ, Wiley TL, Tweed TS, Klein BE, Klein R, et al. (1998)

Prevalence of hearing loss in older adults in Beaver Dam, Wisconsin. The

Epidemiology of Hearing Loss Study. Am J Epidemiol 148: 879–886.
16. Hoffman HJ, Dobie RA, Ko CW, Themann CL, Murphy WJ (2010) Americans

hear as well or better today compared with 40 years ago: hearing threshold levels
in the unscreened adult population of the United States, 1959–1962 and 1999–

2004. Ear Hear 31: 725–734.
17. Chia EM, Wang JJ, Rochtchina E, Cumming RR, Newall P, et al. (2007)

Hearing impairment and health-related quality of life: the Blue Mountains

Hearing Study. Ear Hear 28: 187–195.
18. Gershon R, Beaumont J (2012) NIH Toolbox norming study data set: Sensation

[data file] Version 1.0. Chicago, IL: Northwestern University and National
Institutes of Health.

19. Neisser U (1967) Cognitive Psychology. New York: Appleton-Century-Crofts.

20. Plomp R, Mimpen AM (1979) Speech-reception threshold for sentences as a
function of age and noise level. J Acoust Soc Am 66: 1333–1342.

21. Moore DR, Fullgrabe C (2012) Cognitive contributions to hearing in older
people. J Hear Sci 2: 58–60.

22. Davis A, Smith P, Ferguson M, Stephens D, Gianopoulos I (2007) Acceptability,
benefit and costs of early screening for hearing disability: a study of potential

screening tests and models. Health Technol Assess 11: 1–294.

23. Weintraub S, Dikmen SS, Heaton RK, Tulsky DS, Zelazo PD, et al. (2013)
Cognition assessment using the NIH Toolbox. Neurology 80: S54–64.

24. Moore DR, Ferguson MA, Edmondson-Jones AM, Ratib S, Riley A (2010)
Nature of auditory processing disorder in children. Pediatrics 126: e382–390.

25. Sorqvist P, Stenfelt S, Ronnberg J (2012) Working memory capacity and visual-

verbal cognitive load modulate auditory-sensory gating in the brainstem: toward
a unified view of attention. J Cogn Neurosci 24: 2147–2154.

26. Rosenhall U, Pedersen K, Moller MB (1987) Self-assessment of hearing
problems in an elderly population. A longitudinal study. Scand Audiol 16: 211–

217.

27. Wilson DH, Walsh PG, Sanchez L, Davis AC, Taylor AW, et al. (1999) The
epidemiology of hearing impairment in an Australian adult population.

Int J Epidemiol 28: 247–252.
28. Sindhusake D, Mitchell P, Smith W, Golding M, Newall P, et al. (2001)

Validation of self-reported hearing loss. The Blue Mountains Hearing Study.
Int J Epidemiol 30: 1371–1378.

29. Clark K, Sowers M, Wallace RB, Anderson C (1991) The accuracy of self-

reported hearing loss in women aged 60–85 years. Am J Epidemiol 134: 704–
708.

30. Nondahl DM, Cruickshanks KJ, Wiley TL, Tweed TS, Klein R, et al. (1998)
Accuracy of self-reported hearing loss. Audiology 37: 295–301.

31. Dawes P, Fortnum H, Moore DR, Emsley R, Norman P, et al. (2014) Hearing in

middle age: a population snapshot of 40- to 69-year olds in the United Kingdom.

Ear Hear 35: e44–51.

32. Dawes P, Emsley R, Cruickshanks KJ, Moore DR, Fortnum H, et al. (In

revision) Hearing loss and cognitive decline: the role of hearing aids, social

isolation and depression.

33. McCormack A, Edmondson-Jones M, Fortnum H, Dawes P, Middleton H, et al.

(2014) The prevalence of tinnitus and the relationship with neuroticism in a

middle-aged UK population. J Psychosom Res 76: 56–60.

34. Dawes P, Dickinson C, Emsley R, Bishop P, Cruickshanks K, et al. (2014) Vision

impairment and dual sensory problems in middle age. Ophthalmic Physiol Opt

34: 479–488.

35. Dawes P, Cruickshanks K, Moore DR, Edmondson-Jones M, McCormack A, et

al. (2014) Cigarette smoking, passive smoking, alcohol consumption and hearing

loss. J Assoc Res Otolaryngol 15: 663–674.

36. Zhan W, Cruickshanks KJ, Klein BE, Klein R, Huang GH, et al. (2010)

Generational differences in the prevalence of hearing impairment in older

adults. Am J Epidemiol 171: 260–266.

37. Sergeyenko Y, Lall K, Liberman MC, Kujawa SG (2013) Age-related cochlear

synaptopathy: an early-onset contributor to auditory functional decline.

J Neurosci 33: 13686–13694.

38. Makary CA, Shin J, Kujawa SG, Liberman MC, Merchant SN (2011) Age-

related primary cochlear neuronal degeneration in human temporal bones.

J Assoc Res Otolaryngol 12: 711–717.

39. Dubno JR, Eckert MA, Lee FS, Matthews LJ, Schmiedt RA (2013) Classifying

human audiometric phenotypes of age-related hearing loss from animal models.

J Assoc Res Otolaryngol 14: 687–701.

40. Bronkhorst AW (2000) The cocktail party phenomenon: A review of research on

speech intelligibility in multiple-talker conditions. Acta Acustica united with

Acustica 86: 117–128.

41. Leensen MC, de Laat JA, Snik AF, Dreschler WA (2011) Speech-in-noise

screening tests by internet, part 2: improving test sensitivity for noise-induced

hearing loss. Int J Audiol 50: 835–848.

42. Vlaming MSMG, MacKinnon RC, Jansen M, Moore DR (2014) Automated

screening for high-frequency hearing loss. Ear Hear 35 epub ahead of print.

43. Killion MC, Niquette PA, Gudmundsen GI, Revit LJ, Banerjee S (2004)

Development of a quick speech-in-noise test for measuring signal-to-noise ratio

loss in normal-hearing and hearing-impaired listeners. J Acoust Soc Am 116:

2395–2405.

44. Brungart DS, Sheffield BM, Kubli LR (2014) Development of a test battery for

evaluating speech perception in complex listening environments. J Acoust Soc

Am in the press.

45. Houtgast T, Festen JM (2008) On the auditory and cognitive functions that may

explain an individual’s elevation of the speech reception threshold in noise.

Int J Audiol 47: 287–295.

46. Pichora-Fuller MK, Schneider BA, Daneman M (1995) How young and old

adults listen to and remember speech in noise. J Acoust Soc Am 97: 593–608.

47. Humes LE, Busey TA, Craig J, Kewley-Port D (2013) Are age-related changes in

cognitive function driven by age-related changes in sensory processing? Atten

Percept Psychophys 75: 508–524.

48. Ronnberg J, Lunner T, Zekveld A, Sorqvist P, Danielsson H, et al. (2013) The

Ease of Language Understanding (ELU) model: theoretical, empirical, and

clinical advances. Front Syst Neurosci 7: 31.

49. Akeroyd MA (2008) Are individual differences in speech reception related to

individual differences in cognitive ability? A survey of twenty experimental

studies with normal and hearing-impaired adults. Int J Audiol 47 Suppl 2: S53–

71.

50. Baltes PB, Lindenberger U (1997) Emergence of a powerful connection between

sensory and cognitive functions across the adult life span: a new window to the

study of cognitive aging? Psychol Aging 12: 12–21.

51. Dobreva MS, O’Neill WE, Paige GD (2011) Influence of aging on human sound

localization. J Neurophysiol 105: 2471–2486.

52. Rosen S (1992) Temporal information in speech: acoustic, auditory and

linguistic aspects. Philos Trans R Soc Lond B Biol Sci 336: 367–373.

53. Salthouse TA (1996) The processing-speed theory of adult age differences in

cognition. Psychol Rev 103: 403–428.

54. Zwislocki J, Maire F, Feldman AS, Rubin H (1958) On the effect of practice and

motivation on the threshold of audibility. Journal of the Acoustical Society of

America 30: 254–262.

55. Rabbitt P (1993) Does it all go together when it goes? The Nineteenth Bartlett

Memorial Lecture. Q J Exp Psychol A 46: 385–434.

Speech Hearing in Middle Age

PLOS ONE | www.plosone.org 10 September 2014 | Volume 9 | Issue 9 | e107720


