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When most people think of hearing loss, they think of a grandmother failing to notice the phone
ring, or a grandfather asking you to “Say that again?” While there is nothing strictly wrong about
this view of hearing loss, it is certainly incomplete. Age changes the auditory system in a variety of
ways, but only some of these changes result in reduced sound intensity of the sort that would cause
one to miss a phone ring. Instead, most of these changes result in reduced sound quality, degrading

auditory signal such that, when it reaches the brain, its clarity is significantly compromised.1

With reduced sound quality and relatively intact sound intensity, listeners with age-related hearing
loss can not only hear a phone ring but in most cases, they find speech to be highly intelligible.
However, the difficulty arises from how effortful it is for them to comprehend speech. In many
cases, the speech is not immediately clear, and it only becomes comprehensible through the
recruitment of cognitive resources such as attention (to focus on the speech of interest) and

working memory (to use context to fill in any unclear phrases).2 In such cases, listeners are said to
be exerting listening effort.

The case of listening effort demonstrates the complicated interplay of perception and cognition, as
well as the limitations of considering hearing loss to be simply reduced sound intensity.
Unfortunately, this misconception is also present in audiology clinics, where hearing loss is
diagnosed based on low listening performance (e.g., elevated pure-tone thresholds) rather than

high listening effort.3 Using this approach, it would not be possible to detect cases where a listener
may be able to hear a sound or comprehend speech but needs to exert far more effort than the
average person to do so. This effort can have cognitive or psychosocial consequences, such as

memory impairment, fatigue, and social withdrawal.4

The above limitation is no fault of audiologists, who generally recognize the importance of
listening effort and simply have no objective, reliable, and convenient method with which to
measure it in a clinical setting. For instance, self-report measures of effort are not considered
reliable, and while brain-based measures such as functional magnetic resonance imaging (fMRI)
and electroencephalography show promise, they are inconvenient and usually incompatible with

hearing aids.5 It is this problem—the lack of a suitable clinical measure of listening effort — that
we at Ryerson University’s Science of Music, Auditory Research, and Technology (SMART) Lab
have sought to address.

To measure listening effort, our lab has used a brain imaging method called functional near-
infrared spectroscopy (fNIRS). Our fNIRS device (see Figure 1), which attaches to the forehead,
includes light sources and light detectors. Light sources shine near-infrared light into the prefrontal
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cortex (PFC); some of this light is absorbed by blood with and without oxygen, while some of it is
reflected back to the light detectors on the fNIRS device. Based on how much light is measured by

the light detectors, the amount of oxygen in the PFC can be calculated.6 The amount of oxygen in
the PFC indicates how active it is, which in turn indicates the extent to which cognitive resources,
such as attention and working memory, are being recruited. In other words, the more oxygen in the
PFC, the more effort is being exerted.

Figure 1. The fNIRS device used in our research secured to the forehead one of our collaborators,
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Alberto Behar. This device shines near-infrared light into the head over the PFC, allowing us to
measure its activity.

To assess whether fNIRS can measure listening effort, our lab has so far conducted three studies.

In the first study,7 we aimed to assess whether fNIRS could measure effort generally, rather than
effort specifically induced by sound quality. To do this, 16 younger adults with normal hearing
completed a working memory task called the n-back. This tested participants’ memory for letters
presented aurally through headphones. They completed four versions of this task (each about two
minutes long), which became progressively more difficult: the 0-back (the easiest), 1-back, 2-back,
and 3-back (the hardest). We found that, as the n-back became more difficult, the amount of
oxygen in the PFC increased; in other words, participants exerted more effort (see Figure 2). This

agrees with previous fMRI studies8 and shows that fNIRS can be used to measure effort, including
during auditory tasks.

Figure 2. The effect of n-back difficulty on PFC oxygenation (effort) in younger adults with
normal hearing. As the n-back became more difficult, the effort increased. Error bars show
standard error of the mean.

In a second study,9 we wanted to demonstrate the ability of fNIRS to measure listening effort in
particular; that is, changes in effort corresponding to changes in listening difficulty, rather than
changes in memory difficulty. To do this, 16 older adults with hearing loss who wore hearing aids
completed the n-back, the same task as the first study. Once again, they completed four versions of
this task, each increasing in difficulty (0-back, 1-back, 2-back, 3-back). However, this time, we
added an additional factor: they completed each version of the task both without their hearing aids
(at a sound level that was barely audible) and with their hearing aids. Previous studies have used
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fNIRS to measure listening effort,10 but this was the first study to measure it in older adults who
use hearing aids.

As in the first study with younger adults, we expected that as task difficulty increased, the effort
would as well. We also expected that effort would be reduced when participants wore their hearing
aids, as hearing aids should make it much less cognitively demanding to comprehend the letters
and therefore complete the task. As expected, we found that effort increased with task difficulty;
however, the effort was not affected by whether hearing aids were used, at least not overall (see
Figure 3). Nonetheless, hearing aids did reduce the effort for some listeners. In particular, the older
a listener and the more severe their hearing loss, the more wearing hearing aids reduced effort. This
result shows that fNIRS is not only able to measure effort in hearing aid users but that it is also
sensitive to individual differences.

Figure 3. The effects of n-back difficulty and hearing aid use on PFC oxygenation (effort) in older
adults with hearing loss. As the n-back became more difficult, the effort increased, but the effort
was not affected by whether or not hearing aids were used. Error bars show standard error of the
mean.

In a third study,11 we wanted to use fNIRS to measure listening effort in a more realistic task
involving speech perception. To do this, 28 younger adults with normal hearing completed the

Revised Speech Perception in Noise test,12 where they listened to sentences and repeated back the
final words. Some of these final words were highly predictable (e.g., “It’s getting dark so light the
lamp”), while others were not (e.g., “The girl should consider the flame"). Also, some sentences
were presented among quiet background noise, while others were presented among loud
background noise. This background noise compromised the clarity of the speech, similar to the
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effect of hearing loss.

We predicted that, when background noise was louder, the effort would increase, because
participants would need to recruit more cognitive resources to extract and comprehend the final
words. We also predicted that, when sentences were predictable, the effort would decrease, as the
number of possible final words would be reduced and less processing would be needed to arrive at
the correct interpretation. We found that, as expected, the effort was greater when background

noise was louder (see Figure 4), as has been found in previous fMRI studies.13 However, the effort
was not affected by whether the final words were predictable, despite predictability greatly
improving intelligibility. This could be because using predictability is itself an effortful process,
with cognitive resources required to make sense of the contextual information provided. A similar
effect has been reported for visual speech cues: although seeing a person's mouth move while they

speak improves speech intelligibility, it increases effort.14

Figure 4. The effects of background noise level and final-word predictability on PFC oxygenation
(effort). As background noise becomes louder, the effort increased, but the effort was not affected
by whether or not the final words were predictable. Error bars show standard error of the mean.

Based on our lab’s early research, we are confident that fNIRS can serve as an objective, reliable,
and convenient measure of listening effort across populations and tasks. As a result, we hope that
fNIRS could one day be used to measure listening effort in a clinical setting. Such a clinical
measure of listening effort could allow audiologists to gain a more complete picture of patients'
hearing health, possibly identifying hearing difficulties that would go unnoticed by traditional,
performance-based measures of hearing ability. Also, a clinical measure of listening effort could be
used to assess the effectiveness of hearing aids. For instance, audiologists could adjust individual
patients' hearing aid settings so that they not only maximize speech intelligibility but also minimize
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listening effort. This could also be of use to industrial researchers, with hearing aid companies able
to develop and refine signal-processing algorithms based on the extent to which they reduce
listening effort.

In sum, hearing loss is not just expressed as a failure to comprehend speech—it is also expressed as
the increased effort required to comprehend speech. In the future, this cognitive side of hearing
loss will need to be measured and considered to optimize hearing assessment and rehabilitation.
fNIRS could be a part of this picture, although much more research—as well as the cooperation of
researchers and audiologists—will be needed to bring fNIRS from the lab to the clinic. 
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