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In pitch dark
I go walking in your landscape

Broken branches
Trip me as I speak

Just 'cause you feel it
Doesn't mean it's there

Just 'cause you feel it
Doesn't mean it's there

There There, Radiohead
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1.1 HEARING IMPAIRMENT AND ITS PSYCHOPHYSIOLOGICAL 
IMPACT ON DAILY LIFE
 
... ... It’s really stressful and exhausting after a single day of work or a long meeting with 
lots of people talking at the same time. I felt completely destroyed after such a day and did 
not have any energy left to do anything else…

- a comment from one of the hearing-impaired participants 

Hearing impairment is one of the most prevalent chronic conditions. According to 
the World Health Organization, it is ranked highest among the chronic conditions 
accounting for moderate to severe disability burden worldwide. Around 5.3% of 
the global population (360 million people) suffer from moderate to severe hearing 
loss (WHO 2012).

There is mounting evidence showing that hearing impairment may have neg-
ative impacts on daily-life functioning. Many studies found that hearing impair-
ment is related to psychosocial problems like depression, loneliness or anxiety 
(Strawbridge et al. 2000; Nachtegaal et al. 2009a; Saito et al. 2010; Pronk et al. 
2011a). For listeners with hearing impairment, listening is more effortful than for 
normally-hearing listeners (Dwyer et al. 2014). Associations between hearing im-
pairment and increased levels of stress are also frequently reported (Hasson et al. 
2009; Nachtegaal et al. 2009a). Repeated exposure to stressful situations may lead 
to illness (Salleh 2008) and psychological conditions like fatigue (DeLongis et al. 
1988). Long term stress and fatigue may – in turn – lead to participation restric-
tion. There are indeed several studies showing associations between hearing loss 
and reduced ability to participate in work (Stam et al. 2013). Also, sick leave due 
to stress among hearing impaired workers has been reported as well as withdrawal 
from major social activities (Kramer et al. 2006; Nachtegaal et al. 2009a). Thus, 
stress, effort and fatigue add significantly to the burden of hearing impairment. 
It is therefore of great importance to understand the mechanisms underlying the 
associations between stress, listening effort, fatigue and hearing impairment (Mc-
Garrigle et al. 2014). Obtaining a better understanding of these mechanisms is 
the main overall goal of this thesis. Before describing potential mechanisms, it is 
important to provide definitions of the different terms.

1.2 DEFINITIONS

Listening effort
There is mounting evidence showing that for listeners with hearing impairment, 

listening is more effortful than for listeners with normal hearing (Ohlenforst et al. 
2017a). This is particularly the case in challenging listening situations, for exam-
ple in background noise. In these circumstances, people with hearing impairment 
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have to concentrate to hear and understand the speaker and ignore the background 
noise (Petersen et al. 2017).  

According to the Framework for Understanding Effortful Listening (FUEL) 
(Pichora-Fuller et al. 2016), listening effort is “The deliberate allocation of men-
tal resources to overcome obstacles in goal pursuit when carrying out a task that 
involves listening”. In short, FUEL proposes that listening effort is modulated 
independently by task demands, someone’s cognitive capacity and the motivation 
of the listener to exploit effort (Pichora-Fuller et al. 2016).

Fatigue 
Feeling fatigued is a common complaint that almost half of the adult popula-

tion has experienced (Pawlikowska et al. 1994). The definition of fatigue varies 
depending on the research field and there is no standardized definition of fatigue 
available yet. An attempt had been made during The Fifth Eriksholm Workshop 
(Hornsby et al. 2016; Pichora-Fuller et al. 2016) on the topic of “Hearing Impair-
ment and Cognitive Energy”, Hornsby and colleagues described fatigue as  A com-
plex construct that must be explicitly defined based on the discipline of the person describ-
ing the construct and the focus of their study (e.g., physical fatigue in athletes, cognitive 
fatigue in people with multiple sclerosis, general fatigue, or vigor deficits in people with 
hearing loss). It is commonly described as a feeling or mood state or in terms of a decrement 
in physical or cognitive performance.

Within audiological research, fatigue is mostly investigated as a subjective out-
come. Hornsby and colleagues described this as A subjective experience or mood state, 
encompassing feelings of weariness, tiredness, lack of vigor or energy, or decreased moti-
vation to continue a task. 

Need for Recovery
The early symptoms of fatigue can be assessed by measuring an individual’s 

need for recovery (van Veldhoven & Broersen 2003). The concept of need for recov-
ery reflects the ability to cope and recover from fatigue and distress (van Veldhoven 
& Broersen 2003). Insufficient recovery from stress after work is an intermediate 
stage between exposure to highly demanding working situations and the develop-
ment of long-term health issues, like burnout (Sluiter et al. 2003; van Veldhoven 
& Broersen 2003; Nachtegaal et al. 2009a).

1.3 HOW TO MEASURE FATIGUE AND LISTENING EFFORT

Given the definition, the most intuitive way to assess fatigue would be via self-re-
port questionnaires (Beurskens et al. 2000; van Veldhoven & Broersen 2003). The 
Profile of Mood States, for instance, is a questionnaire that can be used to mea-
sure fatigue and vigor (Lorr et al. 1971). Hornsby & Kipp (2016) administered 
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this questionnaire to 149 adults with hearing impairment and compared the re-
sults with the scores of age-matched normally hearing controls. Results indicat-
ed that hearing-impaired adults were more fatigued than their normally-hearing 
peers. Another example of a self-report fatigue measure is The Checklist Individual 
Strength (CIS). The CIS is a multidimensional questionnaire intended to measure 
chronic fatigue (Vercoulen et al. 1994), and it has been validated in various groups 
of workers like teachers and police officers (Beurskens et al. 2000; Shimizu et al. 
2011; Lammers-van der Holst & Kerkhof 2015).

Another instrument is the Need for Recovery (NfR) scale. It is an 11-item scale to 
assess the short-term effects of stress at work (Sluiter et al. 2003). Previous studies 
using NfR showed a significant association between hearing status and need for 
recovery, such that with every 1 dB decrease in hearing status, the level of need 
for recovery increased with about 1.4 points (Nachtegaal et al. 2009a). However, 
the underlying mechanism responsible for hearing-related fatigue is not yet clear 
(Hornsby et al. 2016). 

The consensus document produced as a result of the Eriksholm Workshop on 
“Hearing Impairment and Cognitive Energy" (Pichora-Fuller et al. 2016), the 
white paper on listening effort and fatigue by McGarrigle et al. (2014) and the sys-
tematic review by Ohlenforst and colleagues (2017) each provide thorough over-
views of the existing methods to measure listening effort. These methods include 
subjective assessments via questionnaires (Gatehouse & Noble 2004; McAuliffe 
et al. 2012; Dawes et al. 2014), cognitive-behavioral measures using a dual-task 
paradigm (Anderson Gosselin & Gagne 2011; Hornsby 2013; Wu et al. 2016), and 
physiological measurements like functional magnetic resonance imaging (Vaden et 
al. 2015), alpha power in electroencephalography (Obleser et al. 2012; Petersen et 
al. 2015) and pupillometry.

Pupillometry is the continuous recording of the pupil diameter. The pupil dila-
tion response evoked by a task is often used as an index of effort required to com-
plete the task. It has been successfully used as an index of effortful listening during 
speech comprehension (Kramer et al. 1997; Zekveld et al. 2010, 2011; Kuchinsky 
et al. 2013; Koelewijn et al. 2014a; Koelewijn et al. 2014b; Winn et al. 2015). The 
pupil response is reflecting activity of the autonomic nervous system (ANS), which 
will be further described in the paragraph below.

1.4 AUTONOMIC NERVOUS SYSTEM 

When the body is stressed, the autonomic nervous system (ANS) immediately 
becomes activated. The ANS is the involuntary nervous system that regulates both 
the internal environment and the sequence of basic physiological events allowing 
an organism to optimally adjust to environmental changes. The ANS is constantly 
active and it regulates basic functioning of the human body, such as the heart beat 



chapter 1  general introduction

and metabolic processes (Janig & Habler 2000; Robertson 2004). There are two 
main branches of the ANS: the sympathetic nervous system (SNS) and the para-
sympathetic nervous system (PNS). 

The SNS is known to control the ‘fight or flight’ response, and it functions as a 
gas pedal of a car. When facing a stressful situation, the SNS activation triggers 
the release of noradernaline from the adrenal glands so that the body is ready to 
respond to the stressors.

In contrast to the SNS’s ‘excitatory’ role, PNS governs the so called ‘rest and di-
gest’ response, and it acts as a brake of a car. PNS helps the body to restore energy 
and recover from stress and it is associated with constriction of the gut and salivary 
glands, and a slowing heart rate. The main neurotransmitter of PNS activity is 
acetylcholine (Robertson 2004; Clark 2005). 

Given the important role of PNS at the recovery phase after stress, investiga-
tion of PNS activity may help to gain a more comprehensive understanding of the 
mechanisms and consequences of listening effort and its relation with hearing-re-
lated fatigue. To date, there are only a few studies available investigating the rela-
tionships between PNS activity and hearing impairment. Chapter 2 of this thesis 
presents a systematic review to seek the possible connections between PNS activity 
and hearing impairment.

1.5 AUTONOMIC NERVOUS SYSTEM REFLECTED IN THE PUPIL 
RESPONSE

There are several methods available to measure the ANS activity, and the rela-
tive contributions of the SNS and PNS to the overall ANS activity. For instance, 
measuring heart-rate variability (HRV) and skin conductance provide information 
about the relative contribution of the SNS and PNS branches into the total ANS 
activity (Malik 1996; Mackersie & Calderon-Moultrie 2016). The pupil response, 
the physiological response that is reflected in the change of the size of the pupils of 
the eye, has been extensively used as a measure of ANS activity. 

The first research about the pupil response may date back to the early tenth 
century (Al-Razi 903), in which the Arabic physician Al-Razi described his ob-
servations about the change of the pupil in response to light. Otto Lowenstein 
and his collaborator Irene Loewenfeld laid the foundation of knowledge to un-
derstand the pupil, and the mechanisms underlying the pupil response. According 
to Loewenfeld & Lowenstein (1999), both PNS and SNS activity are reflected in 
the diameter of the pupil. In fact, the pupil diameter is a reflection of the ratio of 
SNS and PNS activity. Thus, measurement of the pupil diameter provides a way to 
assess SNS and the PNS activity. Activation of the SNS results in pupil dilation, 
via innervation of the dilator muscles. PNS activation results in pupil constriction, 
via innervation of the sphincter (constrictor) muscles of the eye (Loewenfeld & 



 15

Lowenstein 1999). 

1.6 PUPIL DILATION RESPONSE DURING SPEECH UNDER-
STANDING IN NOISE

The pupil diameter enlarges or dilates during cognitive processing. The task-evoked 
pupil dilation was first observed more than hundred years ago (Schiff 1875). Later 
studies by Hess & Polt (1964) and Kahneman & Beatty (1966) demonstrated that 
the pupil dilates in response to mental arithmetic and digit span tasks. This work 
laid the foundation to develop the concepts of cognitive psychology. Since then, 
the task-induced pupil dilation has become a popular measurement in many re-
search fields within psychology (Beatty & Lucero-Wagoner 2000). 

Kramer et al. (1997) showed that task-induced pupil dilation can be used to 
assess the cognitive load required for speech recognition in noise. In the last de-
cades, many more researchers started to measure the task-induced pupil response 
as an index of effort required during speech comprehension (Zekveld et al. 2011; 
Kuchinsky et al. 2013; Koelewijn et al. 2014b; Winn et al. 2015; Kramer et al. 
2016; Ohlenforst et al. 2017b). Up until now, research has demonstrated that the 
pupil dilation response is a sensitive measure of listening effort. The pupil dilation 
response has been shown to be related to speech intelligibility (Zekveld et al. 2010, 
2011; Zekveld & Kramer 2014), type of masking noise (Koelewijn et al. 2014b), 
syntactic complexity (Piquado et al. 2010) and divided attention (Koelewijn et al. 
2014a). A higher level of listening effort is usually accompanied by a larger pupil 
dilation. Multiple parameters can be extracted from the pupil signal. The Peak 
Pupil Dilation (PPD) is one of the parameters, and has proven to be an effective 
index to reflect the changes of cognitive processing load (Ahern & Beatty 1979; 
Siegle et al. 2001; Zekveld et al. 2011). 

While measuring speech understanding across a wide range of signal-to-noise 
ratios (SNR), a recent study found that the relationship between speech intelligi-
bility (range from 0% to 100% correct response) and PPD followed an inverted-U 
shaped curve. The largest pupil dilation occurred when the intelligibility was 
around 50% correct performance, and this pattern was observed in both normal-
ly-hearing and hearing-impaired listeners (Ohlenforst et al. 2017b). When assess-
ing the PPD during the speech in noise task around this 50% correct level, one 
may intuitively assume that the listeners with hearing-impairment would show a 
larger pupil dilation compared to normally-hearing listeners, as they would ex-
perience more listening effort due to their hearing problem. However, previous 
studies have repeatedly reported the opposite findings in challenging listening 
conditions (50% intelligibility level), namely that the PPDs were smaller in hear-
ing-impaired participants than in their normally-hearing controls (Zekveld et al. 
2011; Kramer et al. 2016), whereas this pattern was reversed at higher intelligi-



chapter 1  general introduction

bility levels. 

1.7 PUPIL  LIGHT REFLEX AS A MEASURE OF PARASYMPATHETIC 
ACTIVITY

Whereas the pupil dilates in response to cognitive processing, the pupil constricts 
when exposed to bright light. The pupil light reflex (PLR) is the rapid change 
in the pupil diameter in response to an increase of light intensity falling on the 
retina (Beatty & Lucero-Wagoner 2000). Light falling on the retina leads to in-
creased neural activity in the pretectal regions of midbrain and stimulates the 
Edinger-Westphal nucleus. This results in the activation of preganglionic para-
sympathetic neurons which innervate the ciliary ganglion. This sequence of neural 
activity ultimately commands the constrictor muscles of the pupil to tighten, re-
sulting in pupil constriction (you may refer to figure 2-1 in Chapter 2 for a detailed 
illustration of the PLR pathway). Both the ciliary ganglion and constrictor muscles 
contain acetylcholine receptors. Acetylcholine is the main neurotransmitter of the 
PNS (Loewenfeld & Lowenstein 1999). 

A typical PLR involves three phases: a fast constriction phase shortly (about 
200 ms) after exposure to the light stimulus, and the constriction is dominated by 
PNS activation; this is followed by a fast re-dilation phase which reflects both a 
reduction in PNS activation and an increase in SNS activation; then a slow re-di-
lation phase follows mainly influenced by SNS activation (Loewenfeld & Lowen-
stein 1999). Thus, the constriction part of the PLR provides an index of PNS ac-
tivity uncontaminated by SNS activity.

The PLR has been used as a standard clinical diagnostic tool to examine the 
functional integrity of the subcortical afferent and efferent pathways of the visual 
system (Fenichel 2009). Studies using the PLR to evaluate PNS activity are also 
well established. For instance, the PLR has been shown to be a useful method to 
test PNS dysfunction in patients with Alzheimer’s Disease (Fotiou et al. 2009), 
Parkinson’s Disease (Giza et al. 2011), diabetes (Lanting et al. 1988), and psy-
chiatric conditions like anxiety disorder (Bakes et al. 1990). A drawback of the 
research so far however is that results between studies cannot be easily compared, 
because different methods to generate a PLR have been used. The review study in 
Chapter 2 of this thesis therefore also addresses the effectiveness of the different 
methods using the PLR to test the PNS dysfunction. Equipment used to generate 
light stimuli for the PLR measurements can be expensive or technically demand-
ing. A computer screen, a generally available display device, can be a potential 
solution to elicit the flash light. The development and validation of a method using 
a computer screen to elicit light stimuli, is the focus of Chapter 3 of this thesis.
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1.8 UNRAVELLING THE SYMPATHETIC AND PARASYMPA-
THETIC COMPONENTS IN THE PUPIL SIGNAL

Traditionally, pupil dilation in response to cognitive processing is considered 
mainly driven by SNS activation (Kahneman 1973). However, Steinhauer and col-
leagues (2004) demonstrated that the inhibitory effect of the PNS pathway via 
the Edinger-Westphal nucleus, the motor center of the PNS pathway, also plays 
an important role in the task-induced pupil dilation. In Steinhauer et al. (2004), 
mental arithmetic tasks were performed in dark and light conditions. In darkness, 
the PNS activation is minimized and the “inhibitory effect via the PNS pathway” 
has the least residual effect on the pupil dilation due to the relaxation of pupil 
constrictor muscles (Loewenfeld & Lowenstein 1999; Steinhauer et al. 2004). 
With increasing ambient light intensity, the inhibitory effect via the PNS pathway 
acts as an additional component to dilate the pupil during task. The results from 
Steinhauer et al. (2004) showed that only in light conditions there was a larger 
pupil dilation in the more difficult task than in the easier task. This finding not 
only demonstrates the important role of PNS to task-induced pupil dilation, but 
also provides a possible way to quantify the contribution of the PNS to the pupil 
dilation (by subtracting the task-induced pupil dilation performed in the dark from 
the dilation evoked by the same task performed in light). figure 1-1 shows the 
innervations of PNS and SNS during the pupil light reflex and task-induced pupil 
dilation.

figure 1-1 The contribution of the PNS and SNS during pupil light reflex and task-in-
duced pupil dilation in light. PNS, parasympathetic nervous system; SNS, sympathetic 
nervous system

Therefore, the counter-intuitive findings that hearing-impaired participants 
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showed smaller PPD than their normally-hearing peers during the speech compre-
hension in noise task in challenging conditions may be explained by the variations in 
PNS activity. One of the major focuses of this thesis is to investigate the role of the 
PNS in the task-induced pupil dilation response during effortful listening by per-
forming the test in light (Chapter 4) and comparing its result with the pupil dilation 
when performing the test in darkness (Chapter 5).

1.9 OUTLINE OF THE THESIS

Chapter 2 presents a systematic review aiming to seek the possible connections 
between PNS functioning and hearing impairment. In addition, the 
effectiveness using the PLR to evaluate parasympathetic dysfunction is 
reviewed based on the existing literature. A theoretical framework for the 
possible usage of the PLR as a research method to evaluate the PNS activity 
in the audiological field is proposed.

Chapter 3 addresses the methodological aspects associated with the PLR 
measurement. A system using a computer screen instead of LED to generate 
and record the PLR is developed and validated. The association between PNS, 
as indicated by different PLR parameters, and need for recovery is reported. 

Chapter 4 presents an experiment that examined the contribution of hearing acuity 
and fatigue to the pupil dilation response during a speech comprehension in 
noise task while targeting 50% correct performance. This chapter provides 
insight in the possible mechanisms explaining why in previous studies it has 
been repeatedly found that people with hearing impairment show smaller pupil 
dilations during a speech-in-noise task targeting 50% correct performance than 
their normally-hearing peers in this condition.

Chapter 5 further extends the findings from Chapter 4 by adding the task-induced 
pupil dilation data recorded in darkness. Combining the pupil dilation data 
from dark and light conditions unravels the possible role of the parasympathetic 
nervous system in the task-induced pupil dilation response, and shows how this 
role might vary in response to hearing problems or to high-level of need for 
recovery.

Chapter 6 provides a general discussion of the findings from the studies presented 
in this thesis. 
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Context   Although the pupil light reflex has been widely used as a clinical 
diagnostic tool for autonomic nervous system dysfunction, there is no 
systematic review available to summarize the evidence that the pupil light reflex 
is a sensitive method to detect parasympathetic dysfunction. Meanwhile, the 
relationship between parasympathetic functioning and hearing impairment is 
relatively unknown.

objeCtives   To 1) review the evidence for the pupil light reflex being a sensitive 
method to evaluate parasympathetic dysfunction, 2) review the evidence 
relating hearing impairment and parasympathetic activity and 3) seek evidence 
of possible connections between hearing impairment and the pupil light reflex.

Methods    Literature searches were performed in five electronic databases. All 
selected articles were categorized into three sections: pupil light reflex AND 
parasympathetic dysfunction, hearing impairment AND parasympathetic 
activity, pupil light reflex AND hearing impairment.

results    Thirty-eight articles were included in this review. Among them, 36 
articles addressed the pupil light reflex AND parasympathetic dysfunction. 
We summarized the information in these data according to different types of 
parasympathetic-related diseases. Most of the studies showed a difference on 
at least one pupil light reflex parameter between patients and healthy controls. 
Two articles discussed the relationship between hearing impairment AND 
parasympathetic activity. Both studies reported a reduced parasympathetic 
activity in the hearing impaired groups. The searches identified no results for 
pupil light reflex AND hearing impairment.

disCussion and ConClusion    As the first systematic review of the evidence, 
our findings suggest that the pupil light reflex is a sensitive tool to assess 
the presence of parasympathetic dysfunction. Maximum constriction 
velocity and relative constriction amplitude appear to be the most sensitive 
parameters. There are only two studies investigating the relationship between 
parasympathetic activity and hearing impairment, hence further research 
is needed. The pupil light reflex could be a candidate measurement tool to 
achieve this goal.

Wang, Y., Zekveld, A. A., Naylor, G., Ohlenforst, B., Jansma, E. P., Lorens, A., Lunner, T., 
Kramer, S. E. 

PLoS ONE, 2016, 11(4), e0153566
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2.1 INTRODUCTION

The pupil light reflex (PLR) is the reflex whereby a change in pupil size occurs in 
response to an increase of light intensity falling on the retina (Purves et al. 2012). 
Under the direct control of the autonomic nervous system (ANS), the pupil light 
reflex reflects the balance between the Sympathetic Nervous System (SNS) and 
the Parasympathetic Nervous System (PNS), which are the two main branches of 
the autonomic nervous system. The constrictor muscle (sphincter muscle) of the 
pupil decreases the pupil diameter under the control of the ciliary ganglion. The 
pathway of that process is illustrated in figure 2-1 and functions as follows: light 
falling on the retina(s) leads to increased neural activity in the pretectal regions 
and stimulation of the Edinger-Westphal nucleus, where preganglionic parasym-
pathetic neurons are activated and innervate the ciliary ganglion. These in turn 
command the constrictor muscle(s) to tighten and this leads to pupil constriction 
(Purves et al. 2012) (see figure 2-1). Both the ciliary ganglion and constrictor 
muscles contain Acetylcholine (ACh) receptors, which is the main neurotrans-
mitter of the PNS.
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figure 2-1 Pupil light reflex pathway. Red and blue lines represent the afferent pathway, 
the ganglion cell axons project to the pretectal region of the midbrain; green line rep-
resents the efferent pathway, the signal transmits from preganglionic parasympathetic 
fiber to ciliary ganglion, finally to the constrictor muscles through the short posterior 
ciliary nerve.
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figure 2-2 is a schematic illustration of a pupil light reflex. The light stimulus 
onsets at time zero, and the constriction starts with a latency of about 200 ms. A 
standard light reflex contains three phases: (1) a fast constriction, followed by  (2) 
a fast redilation of the pupil, and then (3) a slow redilation where the pupil recov-
ers to its original size. The pupil constricts rapidly in the beginning, then after it 
reaches its maximum constriction velocity (point MCV in figure 2-2), the con-
striction becomes slower until the minimum diameter is reached. The latency of 
constriction, maximum constriction velocity, and absolute constriction amplitude 
(difference between baseline and minimum pupil diameter) are the usual parame-
ters used in pupil light reflex analysis and will be more closely defined later in the 
result section. In general, reduced PNS activity is characterized by longer con-
striction latency, slower maximum constriction velocity and smaller constriction 
amplitude of the pupil light reflex (Loewenfeld & Lowenstein 1999). According 
to Loewenfeld & Lowenstein (1999), PNS plays a dominant role during the pupil 
constriction phase, while SNS contribution is negligible. On the other hand, both 
PNS and SNS innervate the pupil in the beginning of the redilation phase. Thus, 
in theory, observing the constriction part of the pupil light reflex provides an 
indicator of PNS activity uncontaminated by SNS activity. 

 

figure 2-1 Demonstration of one pupil light reflex on pupillometry. The light onsets at 
the ‘0’ point; Phase 1 is a fast constriction mainly controlled by PNS; Phase 2 is a fast 
redilation under the control of both PNS and SNS; Phase 3 is a slow redilation phase, 
predominantly controlled by SNS activity.

Studies using the pupil light reflex to evaluate PNS activity are well estab-
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lished. For example, it has been used to test patients with clinical signs of PNS 
dysfunction, especially related to cholinergic deficiencies like Parkinson’s Disease 
(Giza et al. 2011), Alzheimer’s Disease (Fotiou et al. 2009) and Diabetes Mellitus 
(Lanting et al. 1988). Moreover, researchers have also tested pupil light reflex on 
psychiatric disorders like Schizophrenia (Bar et al. 2008) and anxiety disorder 
(Bakes et al. 1990). In addition, the pupil light reflex has been found to be sensi-
tive to aging (Bitsios et al. 1996a), smoking (Morte et al. 2005) and gender (Fan 
et al. 2009c). 

Many studies about the pupil light reflex are available nowadays, but to evalu-
ate its sensitivity in the evaluation of PNS activity, especially for PNS dysfunction 
caused by PNS related conditions, a thorough review of more recent pupil light 
reflex studies is needed. Certainly Loewenfeld’s book (Loewenfeld & Lowenstein 
1999) includes numerous information about the history and literature in this field, 
but it was published more than 20 years ago, and some of the information may 
be outdated.

More fundamentally, the autonomic nervous system plays a direct role in the 
human stress response. SNS is in control of the so-called ‘fight or flight’ response 
to stressors. Sympathetic activation, releasing noradrenaline from adrenal glands, 
is the typical reaction when the body faces a stressful situation (Robertson 2004). 
In contrast to SNS’s ‘excitatory’ role, PNS is in charge of the ‘rest and digest’ 
response. PNS activation causes a range of reactions that help the body to restore 
energy and recover from stress, including maintenance of homeostasis, slowing of 
heart rate, and constriction of the gut and salivary glands through the release of 
ACh (Seaward 2006). Autonomic response to physical or emotional stressors usu-
ally encompasses increased activity in the SNS branch accompanied by decreased 
activity in the PNS branch (Staal 2004).

Hearing impairment may have adverse effects on daily life functioning. Mul-
tiple studies suggest that hearing impairment is associated with psychosocial 
problems like depression or loneliness (Strawbridge et al. 2000; Nachtegaal et al. 
2009a; Nachtegaal et al. 2009b; Pronk et al. 2011b). Associations between hear-
ing impairment and increased levels of stress are also frequently reported (Hasson 
et al. 2009; Nachtegaal et al. 2009a). Acute stress may be evoked by physical (e.g. 
pain, noise exposure) or psychological stressors (e.g. expectations or experience of 
failure, negative reactions from peers towards the hearing impairment) (Horn-
er 2003). Long-term stress may emerge when people are frequently exposed to 
stressful situations (McEwen 2007). Stress in hearing impaired adults might re-
sult in withdrawal from major social roles, especially occupational roles (Kramer 
et al. 2006; Terluin et al. 2006; Nachtegaal et al. 2009a). At the same time, some 
evidence also suggests that emotional and physical stress could lead to hearing 
problems (Horner 2003), i.e. with a reversed direction of causation.

Sympathetic innervation to the inner ear is well documented. SNS innervates 
the cochlea by regulating cochlear blood flow via the local adrenergic α-receptors. 
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In addition, inner ear function is under the influence of sympathetic activity via 
the central noradrenergic pathway (Horner 2003). In contrast, the contribution of 
the PNS branch to the cochlear innervation is relatively unexplored (Fernández 
1960), although there is some evidence suggested by Ross & Jones (1981) about 
the possible parasympathetic innervation of the inner ear. Thus, evaluation of 
stress level from the perspective of autonomic function may play an important role 
in a more comprehensive understanding of the mechanisms and consequences of 
hearing impairment. Up until now, most studies on the relationship between the 
ANS and hearing impairment have focused on monitoring SNS activities. For 
instance, differences between people with normal hearing and impaired hearing 
were found through measurements of pupil dilation (Kramer et al. 1997; Zekveld 
et al. 2011), cortisol level (Hicks & Tharpe 2002) and skin conductance (Macker-
sie et al. 2015). By contrast, there are very few studies making direct connections 
between PNS activity and hearing impairment, although there is some evidence 
suggesting that the level of stress related to hearing impairment is negatively 
correlated to the activity of the PNS (Hasson et al. 2009; Mackersie et al. 2015). 
The second aim of the present study was to gain a better understanding of the 
relationship between PNS and hearing impairment by collating the available ev-
idence in the research area. Performing a systematic review to find all potential 
connections between PNS and hearing impairment is necessary for such under-
standing. It may be noted that some forms of autonomic system neuropathy and 
auditory-nerve neuropathy might co-exist in metabolic diseases such as diabetes 
mellitus, without any causal link. Thus a complete description of the mechanisms 
potentially connecting PNS and hearing impairment should include the elimina-
tion of such alternative explanations for apparent correlations.

This paper presents a systematic review of the existing literature, performed 
in conformance with the PRISMA statement (Liberati et al. 2009). We first re-
viewed the extent to which the pupil light reflex is a sensitive method to evalu-
ate PNS dysfunction caused by PNS-related diseases. The second objective was 
to gain insight into the possible relationships between hearing impairment and 
PNS, and to seek any evidence that people with hearing impairment might show 
abnormal PNS activity. If the first two objectives were fullfilled with affirmative 
results, the next logical step would be to examine relations between pupil light 
reflex and hearing impairment directly. Therefore, our search strategies also in-
cluded this pairing. The ultimate purpose of this study was thus to pave the way 
for future studies testing the pupil light reflex on hearing impaired subjects. 

2.2 METHODS

The systematic review was performed in accordance with the guidelines provid-
ed by the PRISMA statement (Liberati et al. 2009). The supporting PRISMA 
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checklist is available as supporting information (see appendix 2-1).

Eligibility Criteria
This study was divided into three sections, describing the evidence for the 

relationships between: PLR and PNS dysfunction, hearing impairment and PNS, 
and hearing impairment and PLR (see figure 2-3). In the literature search that 
identified the potential studies, eligibility criteria were separately implemented 
for each section. The PICOS (Participants, Interventions, Comparators, Out-
comes, and Study design) (Liberati et al. 2009) approach was used to aid develop-
ment of the eligibility criteria for each section.

figure 2-3 Structure of the review

seCtion 1 Pupil Light Reflex and Parasympathetic Nervous System Dysfunction
P (types of participants) Participants of any age with recognized parasympathetic-

related conditions (Parkinson, diabetes, Alzheimer, autonomic neuropathy, 
aging etc.) were considered. As no definitive list of parasympathetic-related 
conditions was forthcoming, the list of conditions for inclusion was assembled 
retrospectively after the overall search was completed, as follows: for each 
condition which featured in the results of search #6 (see table 2-1 below), a 
Google Scholar search was run with ‘Parasympathetic’ and the name of the 
given condition. If inspection of the results indicated widespread recognition 
of a relation between PNS dysfunction and the condition in question, that 
condition was included in the list. Studies of participants with diseases of 
the visual system were excluded due to the possibility of confounding factors 
in PLR results. The keywords ‘parasympathetic’ or ‘cholinergic’ must be 
mentioned in the title or abstract or keywords. 

I(types of intervention) Pupil (pupillary) light reflex/ Pupil (pupillary) light 
reaction/ Pupil (pupillary) light response/Pupil (pupillary) response only 
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caused by light stimuli. Studies measured with ‘pupil cycle time’ were 
excluded, because this measurement is different from standard PLR. Drug 
studies using PLR as a testing tool for autonomic function were excluded, as 
these studies assume that PLR reflects PNS function and therefore do not 
test this hypothesis. 

C(types of control group) Adults with normal parasympathetic functions or 
proven differences in parasympathetic functioning.

O(types of outcome measures) PLR parameters and their relationships 
(correlations) to the PNS activity.

section 2 Hearing Impairment and Parasympathetic Nervous System
P(types of participants) People with hearing impairment. Hearing impairment 

was defined as loss of hearing ability. Studies on Deaf people without any 
residual hearing who use sign language and lip-reading only were excluded. 
People whose hearing ability was restored by hearing aid(s) or cochlear 
implant(s) were also considered as hearing impaired. No restriction was 
applied to the severity of hearing impairment.

I(types of intervention) Physiological measurements of PNS activity like heart 
rate variability, skin conductance and blood pressure. 

C(types of control group) Adults with normal hearing.
O(types of outcome measures) PNS activity, measured by physiological methods 

other than the PLR and their relationships (correlations) with hearing status.

section 3 Hearing Impairment and Pupil Light Reflex
P(types of participants) see P (types of participants) in Section 2.
I(types of intervention) Pupil (pupillary) light reflex/ Pupil (pupillary) light 

reaction / Pupil (pupillary) light response / Pupil (pupillary) response only 
caused by light stimuli.

C(types of control group) Adults with normal hearing.
O(types of outcome measures) PLR parameters and their relationships 

(correlations) with hearing status.

In addition, the following selection criteria were also imposed on all three sec-
tions of the review process:

• No animal studies.
• The language of the study was restricted to English only. 
• Studies were published in a peer-reviewed scientific journal.
• Only quantitative studies were included; qualitative studies and case reports 

were excluded.

Search Strategy
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Potential studies were identified by searching electronic databases and review-
ing the reference lists of papers. Five electronic databases were selected to per-
form the search: PubMed, Embase, Cinahl, PsycINFO and Cochrane. The search 
result was last updated on 30th October 2014 and there was no limitation with 
regard to the year of publication. 

To perform the search, we first identified Hearing Impairment, Pupil Light 
Reflex and Parasympathetic Nervous System as the three key search terms in 
accordance to the objective of this review (figure 2-3). Then for each database, 
we developed search strings for these key search terms individually by connecting 
keywords with the Boolean operator “OR” (see #1 to #3 in the sample search of 
PubMed shown in table 2-1). We later paired the key search terms in correspon-
dence to the three sections of the review, with Boolean operator “AND” used for 
the connection (#4 to #6 in table 2-1). After that, the results from previous steps 
were combined to sum up a total number of items found from this database. Fi-
nally, a filter was applied to rule out all non-human studies. The search strategies 
for different databases were modified to meet their own standards (see appendix 
2-2).

table 2-1 Search steps and results of PubMed
SSearch PubMed Query 30-10-2014 Items found
#8 Search #7 NOT ("animals"[MeSH Terms] NOT "hu-

mans"[MeSH Terms])
1155

#7 Search #4 OR #5 OR #6 1701
#6 Search #2 AND #3 328
#5 Search #1 AND #3 1346
#4 Search #1 AND #2 27
#3 Search "Parasympathetic Nervous System"[Mesh] OR "Ace-

tylcholine"[Mesh] OR "parasympathetic"[tiab] OR "choliner-
gic"[tiab] OR "Vagus Nerve"[tiab] OR "Nerves vagus"[tiab] OR 
"ciliary ganglion"[tiab] OR "ganglion ciliare"[tiab] OR "ganglion 
opticum"[tiab] OR "optic ganglion"[tiab] Filters: Publication 
date to 2014/10/24

132367

#2 Search "Reflex, Pupillary"[Mesh] OR "Pupillary reflex"[tiab] OR 
"pupil reaction"[tiab] OR "pupil reflex"[tiab] OR "light reflex-
"[tiab] OR "pupillary reaction"[tiab] OR "pupillary reactivity"[-
tiab] OR "pupil reactivity"[tiab] OR "pupillary response"[tiab] 
OR "pupil response"[tiab] OR "dynamic pupil"[tiab] OR "flash 
response"[tiab] Filters: Publication date to 2014/10/24

3570
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#1 Search "Hearing"[Mesh:NoExp] OR "Hearing disorders"[Mesh] 
OR "Persons With Hearing Impairments"[Mesh] OR "hearing 
loss"[Mesh] OR Presbyacusis[tiab] OR Presbyacusia[tiab] OR 
Presbycusis[tiab] OR hypoacusis[tiab] OR Deaf*[tiab] OR 
(Hearing[tiab] AND (condition*[tiab] OR disabilities[tiab] 
OR disability*[tiab] OR disabled*[tiab] OR disorder*[tiab] OR 
handicap*[tiab] OR impair*[tiab] OR loss[tiab] OR Problem*[-
tiab])) Filters: Publication date to 2014/10/24

108076

Study selection
The retrieved publications from the database search and reference list check 

were imported into EndNote (version X7.1, Thomson Reuters). The following 
steps were performed in EndNote to refine the results: 1) we omitted duplicates 
from the retrieved publications; 2) we omitted the papers that were not written in 
English; 3) we omitted the results for which no abstract was available.

The refined results were exported with the identification number, title, and 
abstract (no authors were listed) for each study. Three reviewers (YW, SK, AZ 
– representing the initials of the reviewers) independently screened the results 
during the first screening stage. Three response options (“NO”, “YES” or “MAY-
BE”) were used to decide whether to include a study in the next stage. Reviewers 
also categorized each study into the three sections. To ensure the reliability of 
selection, any disagreement between the reviewers was resolved by discussing the 
abstract and full text of the paper if required. After the first screening, the publi-
cations included were inspected closely again by the three reviewers based on the 
full text, and the eligibility criteria of each section. Publications that survived this 
second screening were moved to the data extraction stage. 

Data extraction and presentation
We performed data extraction for each of the three sections separately (figure 

2-3). To this end, reviewer YW developed five draft sheets according to the eligi-
bility criteria, which were reviewed by SK, AZ, GN and TL. YW extracted data 
from the included studies. Any disagreement among the reviewers regarding the 
draft sheets or extracted data was resolved by discussion and consensus. Extracted 
variables for each section were grouped into one of three categories: 1) Informa-
tion about the nature of the participants, 2) Information about the intervention 
method and 3) Information about the outcome measure.

Finally, we formulated a hypothesis about the correlation between the two key 
search terms, as well as the direction (positive, negative or no correlation) of the 
hypothesized correlation. If the result of the outcome measure was in line with 
the hypothesis, a “+” sign was added to the data extraction sheet. If the result 
showed correlation in the opposite direction, then a “-” sign was given. Absent 
correlations were coded with “0”. 
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The extraction strategy of PLR and PNS dysfunction articles was as follows:
Information about the nature of the participants:

• Type of PNS dysfunction
• Number of participants for each group
• Gender
• Age

Information about the intervention method:
• PLR measurement evaluating the PNS dysfunction of different groups.
• Parasympathetic measurements other than PLR

Information about the outcome measure:
• PLR parameters (e.g. absolute constriction amplitude, maximum con-

striction velocity)
• Sensitivity of PLR parameters, i.e. whether a certain parameter showed a 

significant difference between groups
• Whether a study fulfilled the hypothesis: If a given condition is related to 

PNS dysfunction, then patients with this condition exhibit an attenuated 
PLR relative to healthy controls. In sub-groups of patients with diagnosed 
different levels of severity of the condition, more severe levels are associ-
ated with more attenuated PLR.

• Correlation between PLR parameters and other PNS measurement meth-
ods

2.3 RESULTS

Study selection
In total, 2046 records were identified from the search of the five electronic 

databases. After removing duplicates, excluding records in languages other than 
English and discarding those records without any abstract, 1366 records remained 
for the first screening. We discarded 1219 records based on their abstract and 
title, leaving 147 records. Among those records, 138 belonged to PLR AND PNS 
dysfunction, 9 belonged to hearing impairment AND PNS. We failed to find any 
eligible studies about PLR AND hearing impairment.

The full-texts of the 147 included articles were then reviewed independently 
by three researchers. This was done for each section according to their inclusion 
criteria, and this process was considered as the second screening. Seven of the 
147 articles were review papers. These papers were not promoted to the data ex-
traction stage but their reference lists were checked and they were used to extend 
the background knowledge. There were two studies sharing the same data, and we 
ruled out the one published earlier to avoid any bias. The second screening yielded 
35 eligible papers in total for both sections, and by checking the reference list we 
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found two more relevant papers. One additional study about hearing impairment 
and PNS was included, for which only the electronic copy of the paper was avail-
able online earlier than our cutoff date. We included it as there were so few papers 
in that section. Finally, there were 36 papers for PLR and PNS dysfunction, two 
for hearing impairment and PNS and none for hearing impairment and PLR (see 
figure 2-4). 
 

figure 2-4 PRISMA flow diagram showing process for filtering search results and se-
lecting studies for inclusion

Study characteristics
The characteristics of the studies described in the articles are presented sep-

arately for the two non-empty sections, and we generalized the information ac-
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cording to their relevance to our core objectives. The complete information of the 
study characteristics can be found in the appendix (appendix 2-3).

PLR and PNS Dysfunction
Six parameters were selected as indices to assess PNS activity. These param-

eters are: 1) maximum constriction velocity (MCV), (the maximum slope of the 
constriction); 2) maximum constriction acceleration (MCA), (the maximum val-
ue of the second derivative of constriction); 3) absolute constriction amplitude 
(ACA), (the amplitude difference between baseline and minimum pupil diameter 
of the constriction); 4) relative constriction amplitude (RCA), (the ratio of ACA 
to baseline pupil diameter (BPD), expressed as a percentage); 5) latency, (the time 
between light stimulus onset and constriction onset); 6) constriction time, (the 
time from the end of latency period to the moment of maximum constriction). 
Specific values can be found in data extraction tables in the appendix 2-3. The 
data were first extracted by YW, then SK, AZ, TL, GN each randomly selected 
one study to extract the data and to compare their result with YW’s original result 
in order to check the data entries. 

Studies investigating each different health condition were grouped together. 
For each study and each available PLR parameter, we noted whether statistically 
significant differences were found between the patient group and healthy controls 
or between different patient groups. Note that due to differences in test designs 
and light stimuli, it is impossible to directly compare the absolute values of PLR 
parameters between studies.

Parkinson’s Disease
Parkinson’s Disease (PD) is a degenerative disease of the nervous system with 

motor dysfunction. It is associated with PNS dysfunction, mainly due to an ACh 
and dopamine imbalance caused by dopamine deficiency (Calabresi et al. 2006). 
Pupil abnormality was also described early on in PD research (Lowenstein 1956). 
Four studies tested parasympathetic dysfunction in PD patients by PLR measure-
ment (Micieli et al. 1991; Fotiou et al. 2009; Giza et al. 2011; Kang et al. 2012). 
They all had age-matched groups of patients and healthy controls. Three out of 
four studies had at least one PLR parameter showing an attenuated PLR for 
PD patients in comparison with the normal controls (see table 2-2). The fourth 
study (Kang et al. 2012) only used constriction velocity as the PLR parameter. 
The main purpose of that study was to identify relationships between olfaction 
and dysautonomia in PD, but the comparison between normal control and PD 
patients failed to find any difference in PLR. In contrast, ACA and Latency were 
sensitive to PD in the other three studies. 
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table 2-2 Summary of the studies comparing PLR parameters between PD patients and 
normal controls
PLR parameters Studies including this PLR parameter Result
MCV (Fotiou et al. 2009; Giza et al. 2011) +   0
MCA (Fotiou et al. 2009; Giza et al. 2011) +  +
ACA (Micieli et al. 1991; Fotiou et al. 2009; Giza et al. 2011) +  +  +
RCA (Fotiou et al. 2009) +
Latency (Micieli et al. 1991; Fotiou et al. 2009; Giza et al. 2011) +  +  +
Constriction time (Micieli et al. 1991; Fotiou et al. 2009) 0  +
Constriction velocity (Kang et al. 2012) 0

note: “+” indicates a result in agreement with the hypothesis of the present paper, “0” 
means that no statistically significant effect was found.

Alzheimer’s Disease
Patients with Alzheimer’s disease usually suffer from reduced synthesis of 

ACh, which is the main neurotransmitter of the PNS. We found four eligible 
studies which examined the validity of the PLR as a measure of cholinergic (para-
sympathetic) dysfunction (Fotiou et al. 2000; Tales et al. 2001; Fotiou et al. 2009; 
Bittner et al. 2014). Alzheimer’s disease patients were expected to have a reduced 
PLR in comparison with healthy controls. One recent study (Bittner et al. 2014) 
did not show any differences between the Alzheimer’s disease and control groups 
for the four PLR parameters assessed. The remaining three studies all found at 
least one parameter which showed a group difference (see table 2-3).

table 2-3 Summary of the studies assessing PLR parameters in Alzheimer’s disease pa-
tients and normal controls
PLR parameters Studies including this PLR parameter Result
MCV (Fotiou et al. 2009) +
MCA (Fotiou et al. 2009) +
ACA (Fotiou et al. 2000; Fotiou et al. 2009; Bittner et al. 2014) +  0  0
RCA (Tales et al. 2001; Fotiou et al. 2009; Bittner et al. 2014) +  +  0
Latency (Fotiou et al. 2000; Tales et al. 2001; Fotiou et al. 2009; 

Bittner et al. 2014)
+  0  0  0

Constriction time (Fotiou et al. 2000; Tales et al. 2001) +  +

note: “+” indicates a result in agreement with the hypothesis of the present paper, “0” 
means no statistically significant effect was found.

Multiple System Atrophy
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Multiple system atrophy is a degenerative neurological disorder with symp-
toms that are similar to, but usually more severe as those of PD (Parikh et al. 
2002). Micieli et al. (1995) measured PLR in multiple system atrophy patients, 
PD patients and healthy controls. They observed longer latency and constriction 
times and lower ACAs in multiple system atrophy patients in comparison with 
PD patients and controls. The result was believed to reflect a PNS imbalance in 
multiple system atrophy patients, and PLR was proposed as a potential tool for 
early diagnosis of multiple system atrophy.

Aging
The alteration of ANS function due to aging is well recognized (Robertson 

2004; Hotta & Uchida 2010). This alteration is usually characterized by a reduc-
tion of PNS tone in many parts of the body (Stratton et al. 2003). Two relevant 
studies used PLR to evaluate the PNS function across groups with different ages 
(see table 2-4). Pozzessere et al. (1996) divided their participants into four dif-
ferent groups according to age, and ACA and RCA were found to be larger in 
younger groups. MCV was only significantly different when a comparison was 
made between the youngest group and the oldest group. Bitsios et al. (1996a) 
found a smaller ACA and MCV in elderly participants regardless of light intensi-
ty. PLR latency of elderly participants was longer when compared with the young 
participants in a high-intensity condition only.

table 2-4 Summary of the studies assessing PLR parameters in Alzheimer’s disease pa-
tients and normal controls
PLR parameters Studies including this PLR parameter Result
MCV (Bitsios et al. 1996a; Pozzessere et al. 1996) +  + (only when young-

est compared to oldest)
MCA N/A
ACA (Bitsios et al. 1996a; Pozzessere et al. 1996) +  +
RCA (Pozzessere et al. 1996) +
Latency (Bitsios et al. 1996a; Pozzessere et al. 1996) +  0
Constriction time (Pozzessere et al. 1996) 0

note: “+” indicates a result in agreement with the hypothesis of the present paper, “0” 
means no statistically significant effect was found. 
 
Diabetes Mellitus

Autonomic neuropathy is a common disabling complication of Diabetes Mel-
litus (DM), and monitoring autonomic activity could help to identify the early 
onset of DM (Vinik et al. 2003). Pupillary defects are prevalent in patients with 
DM type 1 and type 2. The typical clinical signs can be summarized as fairly 
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small and sluggish pupils, which are mainly due to the combined effect of iris 
damage and impairment of peripheral nerves (Loewenfeld & Lowenstein 1999). 
PLR has been widely used to differentiate diabetic patients from normal controls. 
Eight of the nine included studies in DM patients measured PLR latency (see ta-
ble 2-5). All except one of these found longer constriction latency in DM patients. 
ACA was also found to differ between DM patients and controls in four out of 
six studies. For borderline DM (B-DM) and early-stage DM (E-DM), RCA was 
smaller in the B-DM group in comparison with the control and E-DM groups, 
and there were significant differences of MCV and ACA between E-DM and 
control groups Kuroda et al. (1989). 

table 2-5 Summary of studies about the PLR in DM patients and normal controls
PLR parameters Studies including this PLR parameter Result
MCV (Pfeifer et al. 1982; Kuroda et al. 1989; 

Levy et al. 1992; Dutsch et al. 2004; 
Zangemeister et al. 2009; Ferrari et al. 
2010; Yuan et al. 2014)

+ (only E-DM vs control) + 
(only Diabetic Neuropathy 
(DNP) vs control)  +  +  0  
0  + (DNP vs non-DNP)

MCA N/A
ACA (Pfeifer et al. 1982; Kuroda et al. 1989; 

Levy et al. 1992; Dutsch et al. 2004; 
Zangemeister et al. 2009; Ferrari et al. 
2010; Yuan et al. 2014)

+ (only DNP vs control)  + 
(only E-DM vs control) 
+  +  +  0  + (DNP vs non-
DNP)

RCA (Kuroda et al. 1989; Levy et al. 1992; 
Dutsch et al. 2004; Zangemeister et al. 
2009)

+ (only B-DM vs control) 
0  0  0  

Latency (Pfeifer et al. 1982; Pfeifer et al. 1985; 
Lanting et al. 1988; de Vos et al. 1989; 
Kuroda et al. 1989; Levy et al. 1992; 
Zangemeister et al. 2009; Ferrari et al. 
2010)

+ ( only DNP vs control)  0  
+  +  +  +  +  +

Constriction time (Levy et al. 1992; Ferrari et al. 2010) 0  0

note:  “+” indicates a result in agreement with the hypothesis of the present paper, “0” 
means no statistically significant effect was found. 

Obesity
Previous studies suggest that obesity is usually associated with a decrease in 

cardiovascular PNS activity (Rossi et al. 1989; Zahorska-Markiewicz et al. 1993). 
Piha et al. (1994) measured ANS activity in sets of identical twins in which one 
twin showed moderate obesity and the other normal weight. PLR measurements 
showed no difference between the obese and non-obese group on any parameters 
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(see table 2-6). Similarly, Baum et al. (2013) failed to find any PNS-related pa-
rameter (including PLR) that differed between obese and normal-weight groups. 
Overall, PLR parameters do not appear likely to be sensitive to reduced PNS 
activity in obesity.

table 2-6 Summary of the studies about the PLR in obese groups and non-obese controls
PLR parameters Studies including this PLR parameter Result
MCV (Piha et al. 1994; Baum et al. 2013) 0  0
MCA N/A
ACA (Piha et al. 1994; Baum et al. 2013) 0  0
RCA (Piha et al. 1994) 0
Latency (Baum et al. 2013) 0
constriction time (Piha et al. 1994) 0

note:  “+” indicates a result in agreement with the hypothesis of the present paper, “0” 
means no statistically significant effect was found.

Schizophrenia
Autonomic abnormalities are frequently reported in patients with Schizoprenia 

("Handbook of Schizophrenia. Vol. 5: Neuropsychology, Psychophysiology and 
Information Processing. Edited by S. R. Steinhauer, J. H. Gruzelier and J. Zubin. 
(Pp. 687; illustrated; $297.50.) Elsevier: Amsterdam. 1991"  1993), and pupillary 
signs have a long history of use in the diagnosis of psychiatric conditions. Bumke 
(1911) and Westphal (1907) observed pupillary abnormalities in schizophrenic 
patients a century ago. Hakerem et al. (1964) recorded the PLR in schizophrenia 
patients, having divided the patients into acute and chronic groups, and compared 
the data with a healthy control group. Of the four PLR parameters adopted, con-
striction time was found to diff between the patient groups (both chronic and 
acute groups) and the normal controls (see table 2-7). Bar et al. (2008) investi-
gated whether cardiovascular autonomic dysregulation in schizophrenia patients 
might be reflected in the PLR. Only RCA differed between patients and controls.

table 2-7 Summary of the studies about the influence of schizophrenia on PLR param-
eters
PLR parameters Studies including this PLR parameter Result
MCV (Hakerem et al. 1964) 0
MCA N/A
ACA (Hakerem et al. 1964) 0
RCA (Bar et al. 2008) +
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Latency (Bar et al. 2008) 0 
Constriction time (Hakerem et al. 1964) +
Flatness of curve (Hakerem et al. 1964) 0

note:  “+” indicates a result in agreement with the hypothesis of the present paper, “0” 
means no statistically significant effect was found. 

Migraine
Migraine is a common chronic debilitating neurological disease that causes 

severe headache. It usually involves some ANS symptoms like nausea, vomiting 
or diarrhea (Shechter et al. 2002), and there is evidence suggesting the presence 
of PNS dysfunction during the onset of the disease (Thomsen & Olesen 1995; 
Yarnitsky et al. 2003). Three studies were identified from our search, and ACA 
and latency have been assessed in these studies (see table 2-8). One study (Mylius 
et al. 2003) found a significantly lower ACA in patients within two days of an 
attack, and one (Micieli et al. 1989) observed a prolonged latency in migraine 
patients. MCV and constriction time were only examined in one of the three 
studies, but both were found to be sensitive to migraine. To summarize, each 
of these studies found at least one PLR parameter sensitive to migraine, but no 
strong consensus is apparent so far.

table 2-8 Summary of the results of the studies about the relationship between migraine 
patients and normal controls when comparing with PLR parameters

PLR parameters Studies including this PLR parameter Result
MCA N/A
ACA (Micieli et al. 1989; Mylius et al. 2003; 

Harle et al. 2005)
0  + 0

RCA N/A
Latency (Micieli et al. 1989; Mylius et al. 2003; 

Harle et al. 2005)
0  0  +

Constriction time (Mylius et al. 2003) +
Constriction velocity 
(ACA/Constriction time)

(Micieli et al. 1989) + 

note:  “+” indicates a result in agreement with the hypothesis of the present paper, “0” 
means no statistically significant effect was found. 

Cluster Headache
A study by Drummond (1988) suggested PNS hyperactivity during the active 

phase of headache. On the other hand, Ofte et al. (2014) found decreased MCV, 
RCA, average constriction velocity, and prolonged latency in cluster headache 
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patients during the remission phase of the headache. This result indicates a re-
duced PNS tone for cluster headache, and seems to be contradictory to the result 
of Drummond. Ofte and co-workers concluded that their result may indicate a 
chronic down-regulation of PNS to avoid further attacks.  

Arthritis
Abnormality of ANS functioning is well recognized in arthritis disease (Adlan 

et al. 2014). Studies have suggested an altered cardiovascular PNS dysfunction 
in rheumatoid arthritis patients (Leden et al. 1983; Saraswathi et al. 2013). We 
found two studies with PLR fulfilling the inclusion criteria (see table 2-9). Perry 
et al. (1989) tested both PLR and cardiovascular function in patients with inflam-
matory arthritis, and they found a significantly lower MCV and RCA in patients 
compared to healthy controls. They suggested that this reflects a decreased PNS 
tone as it was confirmed by their heart rate variability (HRV) data. As one of the 
most widespread way to evaluate PNS function, heart rate variability is derived 
from the electrocardiogram, and a reduced high frequency component of heart 
rate variability is usually linked to a reduction of PNS activity (Kleiger et al. 
2005). Barendregt et al. (1996) found that latency and time to MCV were pro-
longed in rheumatoid arthritis patients with ocular dryness compared to patients 
without ocular dryness and normal controls. 

table 2-9 Summary of the studies about the influence of rheumatoid arthritis on the 
PLR
PLR parameters Studies including this PLR parameter Result
MCV (Perry et al. 1989) +
MCA N/A
ACA N/A
RCA (Perry et al. 1989) +
Latency (Barendregt et al. 1996) +
Average Constriction 
Velocity

(Perry et al. 1989) +

Constriction time (Barendregt et al. 1996) +
note:  “+” indicates a result in agreement with the hypothesis of the present paper, “0” 
means no statistically significant effect was found. 

Meniere’s Disease
Meniere’s disease is a disorder of the inner ear that is known to cause hear-

ing-related problems like tinnitus and hearing loss. Research by Yamada et al. 
(1999) suggested that patients present a PNS hypo-function during the inter-
val stage (i.e. between attacks), as reflected in the high frequency component of 
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HRV. Inoue & Uemura (1988) observed that MCV was lower on the affected side 
of Meniere’s disease patients than in normal controls. They concluded that this 
observation indicated PNS dysfunction. This research comes close to making a 
connection between hearing impairment and PLR, but unfortunately the authors 
did not report the hearing characteristics of the patient group.

Multiple Sclerosis 
Multiple sclerosis is an inflammatory autoimmune disorder that can involve 

disseminated lesions of the central nervous system and lead to autonomic dis-
turbances. Evidence from cardiovascular measurements suggests that PNS dys-
function is common among multiple sclerosis patients (Flachenecker et al. 2001; 
Lensch & Jost 2011). We identified one study which used PLR to study the au-
tonomic function in multiple sclerosis. Pozzessere et al. (1997) categorized par-
ticipants according to their baseline pupil size, so the comparisons were made 
between healthy controls and patients with various baseline pupil sizes. MCV and 
RCA were smaller in multiple sclerosis patients than in the control group, except 
for those having baseline pupil sizes larger than 6.95 mm.

Heart Failure 
Heart failure is usually associated with decreased PNS function, as reflected 

by HRV measures (Nanas et al. 2006). One PLR study (Keivanidou et al. 2010) 
was identified, and it demonstrated significantly lower MCV together with lon-
ger latency and constriction time in heart failure patients. The authors believed 
this result indicated a cholinergic deficiency in the cardiovascular system and a 
reduced PNS tone for heart failure patients. 

Familial Dysautonomia
Familial dysautonomia is a rare genetic disease that affects development of 

the sensory and autonomic nervous systems, including part of the PNS neurons. 
Dutsch et al. (2002) tested PLR in familial dysautonomia patients and normal 
controls, and they found all the tested PNS-related parameters (MCV, ACA and 
RCA) were significantly reduced in familial dysautonomia patients. 

Generalized Autonomic Neuropathy 
We identified two studies whose patient groups exhibited a variety of auto-

nomic neuropathies (many of these neuropathies were already mentioned above) 
rather than one specific disease. Bremner & Smith (2006) recorded PLR in 150 
patients with symptomatic autonomic neuropathies. The diagnoses were made 
clinically and included multiple system atrophy, pure autonomic failure, DM and 
amyloidosis. PLR findings suggested patients with DM or amyloidosis had sig-
nificantly attenuated ACA in comparison with normal controls, and patients with 
multiple system atrophy or pure autonomic failure. Similarly, in Muppidi et al. 
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(2013a) autonomic dysfunctions were determined by the Composite Autonomic 
Severity Score (CASS). The score was derived from the autonomic reflex screen-
ing including HRV and blood pressure. When comparing high-CASS patients 
with normal controls and normal-CASS patients, it was found that MCV, ACA, 
and RCA were lower in the high-CASS group. This result indicated a PNS deficit 
in high-CASS patients. 

Hearing Impairment and Parasympathetic Nervous System
Ten results were promoted after the first screening for this section. During the 

second screening, eight of them were discarded due either to a lack of a proper 
measurement of hearing status or a failure to evaluate relations between hearing 
impairment and parameters evaluating PNS activity.

Hasson et al. (2009) studied correlations between hearing problems and para-
sympathetic markers of cardiovascular activity as reflected by HRV. Forty-sev-
en musicians from orchestras participated. Hearing problems were assessed by 
a questionnaire, including items about hearing loss, tinnitus and hyperacusis. 
Hearing problems were found to be negatively correlated with the high-frequency 
(HF) component of HRV, which is known to be a valid indicator of PNS activity 
(Kleiger et al. 2005). The low-frequency HRV power, which reflects the balance 
between PNS and SNS activity, was also found to be negatively correlated with 
hearing problems after age and gender adjustment. Given that PNS activity is 
responsible for stimulation of ‘rest and digest’ functions, PNS activity could play a 
protective role in helping to recover from hearing-related stress. Therefore, the au-
thors further suggested that people with hearing problems might have a reduced 
ability to ‘unwind’ from the stress or difficulties caused by their hearing problems.

While Hasson et al. (2009) mainly focused on the chronic effect of hearing 
problems on the PNS, Mackersie et al. (2015) investigated how PNS activity 
differs between normal-hearing and hearing-impaired listeners during sentence 
recognition tasks (i.e. acute effects). The study included 18 adults with sensorineu-
ral hearing loss and 15 normally-hearing adults, as determined by pure-tone au-
diometry. Participants were required to recognize sentences in noise at a range of 
signal to noise ratios, and their electrocardiograph (ECGs) were recorded during 
the test. The HF component of HRV in participants with hearing loss was lower 
than in normally-hearing participants at the lower (more difficult) signal to noise 
ratios, and it also showed a clear tendency (although not significant) of decreasing 
under the more difficult listening conditions for hearing impairment participants, 
but not for the normally-hearing participants. On the other hand, participants 
with hearing loss showed increased skin conductance reactivity to noise, which 
indicates the mere presence of noise triggers a greater sympathetic activation in 
the hearing-impaired. The authors suggested that the result could be interpreted 
as participants with hearing loss experiencing more stress-induced autonomic ac-
tivation and using more cognitive resources in general during the tasks.
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2.4 DISCUSSION

In total, 2046 articles were found from our primary systematic search, and 38 
of them met the inclusion criteria and were included as relevant studies after 
the selection procedure. Among them, 36 addressed the use of PLR to measure 
PNS activity and the other two were about hearing impairment and PNS. No 
studies were identified considering the association between hearing impairment 
and PLR. 

PLR and PNS Dysfunction
The first main purpose of this review was to assess the sensitivity of PLR as a 

method to evaluate PNS dysfunction, since we found that there is no up-to-date 
systematic review available to generalize the research in this field. Across the 
various types of PNS dysfunction in the survey, 30 out of 36 studies clearly stated 
their findings of PNS dysfunction or decreased PNS tone in the patient group on 
the basis of PLR measurements in their results or discussion sections. Another 
2 studies (Hakerem et al. 1964; Micieli et al. 1989) failed to mention PNS dys-
function directly, although they observed a reduced PLR in their patient groups, 
and the remaining 4 studies (Piha et al. 1994; Kang et al. 2012; Baum et al. 2013; 
Bittner et al. 2014) failed to observe any relation between PNS abnormality and 
PLR test results. Taken together, these results could reasonably be interpreted 
as evidence for the sensitivity of PLR as a testing tool for the evaluation of PNS 
dysfunction. None of the studies showed an opposite effect: better PNS function 
in groups of patients with cholinergic deficits. 

Different parameters of the PLR were adopted in different studies. Whereas 
the PLR taken as a whole is governed by both SNS and PNS, the constriction 
phase is mainly controlled by PNS, so the parameters relating to pupil constric-
tion may be considered as PNS-related PLR parameters. Bearing in mind that 
all parameters were derived from the same raw pupillometry data recording, it is 
still worth knowing which PLR parameters are the best indicators of PNS dys-
function. table 2-10  shows the number of occurrences of each PLR parameter 
in all the studies in the PLR and PNS dysfunction survey. Although latency was 
used most often, MCV seems to possess a higher likelihood of detecting PNS 
dysfunction. ACA and RCA also appear promising in this regard, whereas MCA 
and Time to MCV are insufficiently studied to draw any conclusions.
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table 2-10 Counts of PLR constriction parameters used in all the 36 PLR+PNS studies.
Latency ACA MCV RCA Constriction 

time
MCA Time to 

MCV
Total N 28 24 21 15 12 4 2
N showing 
difference

16 18 18 11 6 3 2

% showing 
difference

57 75 86 73 50 75 100

Total N, how many studies used the given parameter; N showing difference, how many 
studies found a significant difference in the given parameter between patient and control 
groups; % showing difference, = (N showing difference) / (Total N) x 100.

The nature of PNS-related diseases is crucial as it is the determinant of PNS 
dysfunction. Therefore, we have categorized studies according to different types 
of diseases to evaluate the effectiveness of PLR parameters within the same dis-
ease or PNS dysfunction. Most diseases found at least one PLR parameter to 
show decreased PNS tone in the patient group. Nevertheless, there are 4 excep-
tions, and two of them were studies about obesity (Piha et al. 1994; Baum et 
al. 2013). Although there are researches suggesting obesity is associated with 
decreased PNS activity (Rossi et al. 1989; Zahorska-Markiewicz et al. 1993), it 
is possible that PNS dysfunction in obesity is less severe compared with other 
diseases. By contrast, diabetes mellitus, a disease with pronounced PNS involve-
ment, was the object of investigation by PLR in 9 studies in our survey. Latency, 
ACA and MCV were all sensitive parameters to differentiate diabetes mellitus 
patients from healthy controls. Alzheimer’s disease, Parkinson’s disease, multiple 
system atrophy and aging could be grouped together as neurological degenerative 
conditions. For these conditions, MCV, ACA and RCA generally demonstrated 
sensitivity to reduced PNS activity caused by cholinergic deficiency. 

Latency (the time gap between light stimulus onset and start point of constric-
tion) was found to be the most often-used PLR parameter, but not the most sen-
sitive one to PNS dysfunction. It is worthwhile to pursue this point further. Most 
studies that adopted Latency claimed that this parameter was an uncontaminated 
indicator of PNS activity, and that PNS dysfunction usually resulted in a longer 
Latency. Many of these studies cited the paper of Pfeifer and co-workers (Pfeifer 
et al. 1982) that described Latency as a PNS indicator. In that paper, multiple 
SNS and PNS stimulation and blockade drops were administered to diabetic pa-
tients and healthy controls, and prolonged latency as a sign of PNS impairment 
was part of the authors’ interpretation of their test results. However, we could 
not find any in-depth explanation which clearly establishes a basis for the latency 
being an indicator of parasympathetic functioning. According to Loewenfeld & 
Lowenstein (1999), PLR latency is composed of two different components, “the 
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irreducibly minimal latent period built into the motor system of the iris”, and “a 
variable additional delay”. The minimal latent period in humans is about 180 to 
200 ms (Loewenfeld & Lowenstein 1999). Certainly lower light intensity (Berga-
min & Kardon 2003) and older age (Feinberg et al. 1965) can prolong the latency, 
but regardless of the light intensity and age, the additional delay is “almost exclu-
sive to retinal output and is only slightly modified by central nervous inhibition” 
(Lowenstein et al. 1964). Thus, it may be open to further debate whether Latency 
is likely to be a reliable PNS indicator. We suggest that subsequent research needs 
to take this into consideration when using Latency as a PLR parameter to evaluate 
PNS activity.

MCV, ACA and RCA, on the contrary, are under direct control of the PNS 
system, and a reduced light reflex could be explained by reduction of activity in 
preganglionic parasympathetic fibers and ciliary ganglion neurons (Loewenfeld 
& Lowenstein 1999). One may argue that MCV and ACA are likely to be cor-
related to the baseline pupil diameter, which reflects the balance between PNS 
and SNS, so that they might not be pure indicators of PNS activity. However, evi-
dence suggests that MCV is independent of the baseline pupil diameter in healthy 
subjects (Keivanidou et al. 2010; Bremner 2012). RCA is calculated as the ratio 
of ACA to baseline pupil diameter, so its dependency on baseline pupil diameter 
is eliminated (Keivanidou et al. 2010), which probably makes it more robust than 
ACA as an indicator of PNS activity. Most of the PLR studies measured multiple 
PLR parameters simultaneously, but the interdependence of these parameters is 
rarely considered. For example, Bremner (2012) found a striking and tight linear 
correlation between MCV and ACA. However, we did not find any study sug-
gesting a correlation between MCV and RCA. As a result, MCV and RCA might 
be the best PLR parameters to detect PNS dysfunction. 

Another perspective on the utility of PLR for detecting PNS dysfunction is to 
examine the correlation of PLR parameters with other established PNS measure-
ment methods. For example, HRV parameters were significantly correlated (R= 
0.56 for the HF component of HRV and ACA,  R = 0.83 for the HF component of 
HRV and MCA, R = 0.62 for the HF component of HRV and MCV) with PLR 
parameters in healthy athletes during exercise (Kaltsatou et al. 2011). Four stud-
ies included in this review also conducted cardiovascular measurements, and the 
cardiovascular results showed reduced PNS tone in line with their pupillometric 
findings (Pfeifer et al. 1985; Perry et al. 1989; Levy et al. 1992; Bar et al. 2008). 
While these studies appear unanimous, it would be premature to conclude on the 
basis of so relatively little evidence.

Although the technical demands of PLR measurement are relatively straight-
forward, it is also worth mentioning that PLR is a test that might be influenced 
by many factors other than those one wishes to study. The characteristics of the 
light stimuli (Barbur et al. 1992), gender (Fan et al. 2009a), smoking (Morte et al. 
2005), alcoholism (Rubin 1980) and even the color of iris (Bergamin et al. 1998) 
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could influence the test result. Many studies in our review failed to report these 
factors. Since such confounding factors might introduce bias and extra variance 
into experimental results, they should preferably be included as covariates or ex-
clusion criteria in PLR studies. Such confounding factors might make it impos-
sible to compare the absolute magnitude of the PLR parameters across different 
studies.

Moreover, effort has been made to quantify the PNS and SNS input in PLR by 
constructing mathematic models. Usui & Hirata (1995) and Yamaji et al. (2000) 
proposed a modeling method called ‘pupillary muscle plant’, where tension of the 
sphincter and dilator muscle, as well as the SNS and PNS contribution were con-
sidered as the input of the model system. By inverse dynamic modeling, they were 
able to estimate the PNS contribution based on PLR response, and the whole 
model was validated by experimental testing. Fan & Yao (2011) built a similar 
model where PNS activity was considered as part of the input. They extracted 
the PNS contribution from experimental data and found a higher PNS activity in 
females than in males, which is in line with previous findings based on cardiovas-
cular measurements (Ramaekers et al. 1998). 

Hearing Impairment and Parasympathetic Nervous System
The second purpose of this systematic review was to investigate the relation-

ship between hearing impairment and PNS. Only two relevant studies (Hasson et 
al. 2009; Mackersie et al. 2015) were identified. Both studies used the high-fre-
quency (HF) component of HRV to evaluate the PNS activity, and they both 
found a reduced HF component of HRV in participants with hearing impairment 
compared with normally hearing participants. However, the reduced HF compo-
nent of HRV in Hasson et al. (2009) is most likely due to the long term effects of 
their respondents’ hearing problems, while the HRV finding of Mackersie et al. 
(2015) is more likely caused by short-term stress during the speech recognition 
task. Thus it appears possible that PNS plays an important role when dealing with 
both short-term and long-term stress in hearing-impaired listeners. Hasson et al. 
(2009) suggested that the reduced PNS activity in people with hearing impair-
ment might indicate a worse ability to ‘unwind’ or recover from the stress related 
to their long lasting hearing problems. 

However, both papers failed to clarify any exclusion criteria for their partici-
pants regarding any autonomic dysfunction conditions, as we described previous-
ly. It should be stressed here that hearing impairment might have a link to some 
of these conditions. For example, evidence suggests that hearing impairment is 
about twice as common in adults with diabetes compared to healthy controls 
(Bainbridge et al. 2008), and the higher prevalence of hearing loss in Alzhei-
mer’s patients is also frequently reported (Uhlmann et al. 1989). Thus, bias might 
be introduced when interpreting the relationship between hearing impairment 
and parasympathetic activity. Furthermore, the fact that only two studies were 
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identified from our systematic search leaves too little evidence to draw any con-
clusions about our second goal. Nevertheless, we believe the lack of evidence ac-
tually demonstrates the need for future studies to bridge the gap between hearing 
impairment and parasympathetic activity. For any such future studies, it will be 
important to exclude subjects diagnosed with PNS-related conditions, in order to 
avoid possible confounds.

PLR and Hearing Impairment
Our search did not identify any studies connecting the PLR and hearing im-

pairment. This is another major outcome of this study. Apparently, the method is 
still unknown in the field of Audiology, despite the fact that pupillometry equip-
ment and techniques are already in use in audiological research to assess sympa-
thetic activity or listening effort (Zekveld et al. 2010, 2011; Kramer et al. 2013), 
and PLR can be measured with the same setup. The typical use of pupillometry in 
audiological research (measurement of pupil dilation as an indicator of the alloca-
tion of cognitive resources) has hitherto assumed that the pupil dilation response 
is solely affected by SNS activity, whereas in fact there may be some contamina-
tion by PNS activity (Steinhauer et al. 2004). For this reason, the study of PLR 
could be valuable for further refining experimental techniques, and by promoting 
the disentanglement of SNS and PNS effects. Thus, future studies might adopt 
PLR as a testing tool to evaluate the possible existence of PNS dysfunction in 
people with hearing impairment. 

Limitations of this study
There is a risk of bias when only including studies mentioning PNS or similar 

terms in their title or abstract, because if a study failed to find any difference from 
PNS-related PLR parameters, there would be a lower probability for it being 
mentioned in the title or abstract. 

In order for a given disease to be included, it had to be ‘well-known’ that it is 
related to PNS dysfunction. To determine this relationship, we searched ‘PNS’ 
and the name of each condition via electronic database. Some studies were thus 
excluded because we could not find any direct evidence suggesting its association 
to PNS dysfunction. This procedure is not absolutely objective, and may have 
introduced bias to our results. 

Comparison of PLR parameters: In general, there are two basic elements 
needed to complete a PLR test: light stimuli and a device to record pupil size. The 
characteristics of the PLR are highly dependent on the type of the light stimulus. 
Intensity, duration, waveform and frequency of the light all contribute to the re-
flex pattern (Loewenfeld & Lowenstein 1999).  However, researchers habitually 
apply different types of light stimuli in their PLR studies. Therefore, the results 
from different studies are usually not directly comparable. This might generate 
some unreliability in our result and discussion, as we grouped results from studies 
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according to the type of disease and not the stimulus characteristics.
We did not perform any quality assessment on the included studies due to the 

rather broad topic covered in this review. This fact may generate risk and bias to 
the review as the quality of studies varies from one to another.

This review only focused on the evaluation of chronic PNS dysfunction using 
PLR measurement. However, PLR is also used extensively in the evaluation of 
task-induced PNS activity due to short term stress exposure. For example, there 
are studies recording PLR during numerical counting (Steinhauer et al. 2000) in 
order to investigate the impact of cognitive processing on PLR. Threat of electric 
shock (Bitsios et al. 1996c) and cold-pressor tests (Davis et al. 2013) have been 
conducted while simultaneously measuring PLR to study the modulation of the 
PLR by acute stress. Future research may need to take this into consideration in 
order to gain a better understanding of PLR.

Only two papers discussing the relationship between hearing impairment and 
PNS were identified from our systematic search. This lack of evidence makes it 
hard for us to draw any conclusion on our second goal. 

Conclusions
The major outcomes of this systematic review are:
1. This is the first systematic review of the evidence concerning the sensitivity 

of PLR as a method to evaluate parasympathetic dysfunction. The relation-
ships between PLR and PNS dysfunction were evaluated by reviewing the 
sensitivity of PLR as a testing method to differences between patients with 
PNS-related dysfunctions and healthy controls. Most of the included studies 
found at least one PLR parameter to be significantly different between the 
patient group and control group. 

2. The PLR parameters most likely to be sensitive to PNS dysfunction appear 
to be the Maximum Constriction Velocity (MCV) and Relative Constriction 
Amplitude (RCA).

3. We only found two studies investigating the PNS activity in people with 
hearing impairment. The evidence base is thus weak, but points to reduced 
PNS activity in people with hearing impairment. 

4. We found no studies in the existing literature connecting PLR and hearing 
impairment. We believe this systematic review can help to bridge the gap 
between PLR and hearing impairment and may show a new direction for 
future research.
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objeCtives    Pupil light reflex (PLR) has been widely used as a method for 
evaluating parasympathetic activity. The first aim of the present study is to 
develop a PLR measurement using a computer screen set-up and compare 
its results with the PLR generated by a more conventional setup using light-
emitting diode (LED). The parasympathetic nervous system, which is known 
to control the ‘rest and digest’ response of the human body, is considered to be 
associated with daily life fatigue. However, only few studies have attempted 
to test the relationship between self-reported daily fatigue and physiological 
measurement of the parasympathetic nervous system. Therefore, the second 
aim of this study was to investigate the relationship between daily-life fatigue, 
assessed using the Need for Recovery scale, and parasympathetic activity, as 
indicated by the PLR parameters.

design  A pilot study was conducted first to develop a PLR measurement set-
up using a computer screen. PLRs evoked by light stimuli with different 
characteristics were recorded to confirm the influence of light intensity, flash 
duration, and color on the PLRs evoked by the system. In the subsequent 
experimental study, we recorded the PLR of 25 adult participants to light 
flashes generated by the screen set-up as well as by a conventional LED set-up. 
PLR parameters relating to parasympathetic and sympathetic activity were 
calculated from the pupil responses. We tested the split-half reliability across 
two consecutive blocks of trials, and the relationships between the parameters 
of PLRs evoked by the two set-ups. Participants rated their need for recovery 
prior to the PLR recordings.

results    PLR parameters acquired in the screen and LED set-ups showed good 
reliability for amplitude related parameters. The PLRs evoked by both set-ups 
were consistent, but showed systematic differences in absolute values of all 
parameters. Additionally, higher need for recovery was associated with faster 
and larger constriction of the PLR.

ConClusions  This study assessed the PLR generated by a computer screen 
and the PLR generated by a LED. The good reliability within set-ups and 
the consistency between the PLRs evoked by the set-ups indicate that both 
systems provides a valid way to evoke the PLR. A higher need for recovery 
was associated with faster and larger constricting PLRs, suggesting increased 
levels of parasympathetic nervous system activity in people experiencing 
higher levels of need for recovery on a daily basis.

Wang, Y., Zekveld, A. A., Wendt, D., Lunner, T., Naylor, G., Kramer, S. E.
PLoS ONE, Under Review
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 3.1 INTRODUCTION

Physiological assessment of autonomic nervous system functioning
The autonomic nervous system (ANS) is crucial to the human body as it regu-

lates both the internal environment and the sequence of basic physiological events 
allowing an organism to optimally adjust to environmental changes (Janig & Habler 
2000). The ANS is divided into two branches: the sympathetic nervous system 
(SNS) and the parasympathetic nervous system (PNS). The SNS is known to govern 
the ‘fight or flight’ response, while the PNS is commonly considered to be in control 
of the ‘rest and digest’ response. 

Several methods to measure ANS activity and the relative contribution of the 
SNS and PNS systems exist. For example, measuring heart-rate variability (HRV) 
provides information about the relative contribution of the SNS and PNS branches 
into the total ANS activity (Malik 1996). The low-frequency components of HRV 
(0.04 – 0.15 Hz) index sympathetic activity, while the high-frequency components 
(0.15 – 0.40 Hz) are associated with parasympathetic activity (Malik 1996). 

The pupil size reflects SNS and PNS activation
Similar to cardiovascular responses such as HRV, changes in an individual’s pupil 

size are also under the direct control of the ANS. Both PNS and SNS activation 
are reflected in the diameter of the pupil (Loewenfeld & Lowenstein 1999). Thus, 
measurement of the pupil diameter provides a way to assess both the SNS and the 
PNS. Activation of the SNS results in pupil dilation, via innervation of the dilator 
muscles, and activation of the PNS results in pupil constriction, via innervation of 
the sphincter (constrictor) muscles of the eye (Loewenfeld & Lowenstein 1999).

A measure that has been used to assess PNS activity is the pupil light reflex 
(PLR) (Wang et al. 2016). The PLR is the rapid constriction of the pupil diameter 
in response to an increase in light intensity (Beatty & Lucero-Wagoner 2000). Light 
falling on the retina(s) leads to increased neural activity in the pretectal regions and 
stimulation of the Edinger-Westphal nucleus, where preganglionic parasympathetic 
neurons are activated and innervate the ciliary ganglion. These in turn command the 
constrictor muscles to tighten and this leads to pupil constriction. Both the ciliary 
ganglion and constrictor muscles contain receptors for Acetylcholine, which is the 
main neurotransmitter of the PNS (Loewenfeld & Lowenstein 1999; Wang et al. 
2016). A typical PLR consists of three different phases (see different grey areas in 
figure 3-1). It starts with a fast constriction phase shortly after the eye has been 
exposed to a light stimulus. Then an early fast re-dilation of the pupil diameter oc-
curs, followed by a slow re-dilation phase during which the pupil diameter returns 
to its original size. According to Loewenfeld & Lowenstein (1999), increased PNS 
activation is predominantly reflected in the fast constriction phase. The early fast 
re-dilation phase reflects both a reduction in PNS activation and an increase in SNS 
activation, while the later slower re-dilation phase is predominantly the result of 
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innervations of the SNS system. PLR measurements have been widely used as a clin-
ical diagnostic tool to assess PNS dysfunction. As summarized in a recent systematic 
review (Wang et al. 2016), the PLR can effectively detect PNS dysfunction in people 
with cholinergic diseases like Alzheimer’s Disease (Fotiou et al. 2009), Parkinson’s 
Disease (Giza et al. 2011), diabetes (Lanting et al. 1988), and psychiatric conditions 
like anxiety disorder (Bakes et al. 1990). 

figure 3-1 Schematic illustration of a pupil light reflex after the presentation of a flash light. 
BPD: baseline pupil diameter; MCV: maximum constriction velocity; ACA: absolute con-
striction amplitude; RCA: relative constriction amplitude; T75: time to reach 75% of initial 
resting diameter during pupillary re-dilation; DV1: Dilation velocity at 1s after Maximum 
constriction; PNS: contribution of parasympathetic nervous system; SNS: contribution of 
the sympathetic nervous system

Whereas the PLR has been shown to be a valid and useful method to assess 
PNS dysfunction, it is important to note that the PLR parameters (see figure 3-1) 
are highly sensitive to the characteristics of the stimuli used to generate the PLR. 
For example, the magnitude of the reflex is influenced by the color and the duration 
of the light stimulus (Pong & Fuchs 2000; Fan et al. 2009a; Ishikawa et al. 2012). 
Given that in the PLR studies conducted so far a variety of stimuli have been used to 
elicit the PLR, direct comparisons of the reflexes evoked in different studies cannot 
be made. A standard method to elicit the PLR does not yet exist. Most PLR-related 
studies have used LED(s) as the light source to generate the flash evoking the PLR 
(Wang et al. 2016). The LEDs are usually mounted either on a standalone device 
(e.g. A-1000, Neuroptics Inc, San Clemente, CA) or on a hardware interface (Stein-
hauer et al. 2000), which can be relatively expensive and technically demanding. In 
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contrast, computer screens are generally available, and have been suggested to be an 
effective light source to generate PLRs (Schmid et al. 2004; Naber & Nakayama 
2013). Recent developments within the disciplines of psychology and neuroscience 
demonstrate that PLR is not merely a low-level reflex, but is also influenced by high-
er-level visual and cognitive processing, at least when relatively complex test para-
digms and visual stimuli including context are used. Utilizing a computer screen 
to generate visual stimuli, researchers reported that PLR is sensitive to cognitive 
processing (Laeng & Endestad 2012; Binda et al. 2013b; Naber & Nakayama 2013) 
and visual attention (Binda et al. 2013a; Mathôt et al. 2013; Naber et al. 2013; Ebitz 
et al. 2014; Mathôt et al. 2014; Binda & Murray 2015). A recent study suggested 
that the attentional modulation of the PLR is related to the activity of frontal eye 
fields, a prefrontal cortical area governing the movements and attention of the eye 
(Binda & Gamlin 2017; Ebitz & Moore 2017). Despite this evidence of higher-level 
effects, it is nevertheless valuable to reconcile the traditional LED approach with the 
screen-based approach for simple light stimuli. 

As far as we know, there are no studies available that have directly compared 
PLRs generated using a computer screen to those generated with LED set-ups. Al-
though a direct comparison could be difficult due to the different visual fields yielded 
by different light sources (light stimuli generated by LEDs have a narrow visual field, 
while a computer screen generates a wider field), we may still expect that parameters 
calculated from the PLRs evoked by a computer screen and those evoked by LEDs 
show high consistency (i.e. are associated) within subjects. The first aim of the pres-
ent study was to examine the split-half test-retest reliability of the PLRs evoked us-
ing a computer screen and a LED device. We also aimed to compare the parameters 
of the PLRs evoked by these two methods. 

Fatigue and ANS functioning
Feeling fatigued is a common complaint that almost half of the adult population 

has experienced (Pawlikowska et al. 1994). Fatigue is usually defined as a subjective 
feeling or mood state of tiredness (Hornsby et al. 2016). Meijman & Schaufeli (1996) 
defined fatigue as: “The change in the psychophysiological control mechanism that 
regulates task behaviour, resulting from preceding mental and/or physical efforts 
which have become burdensome to such an extent that the individual is no lon-
ger able to adequately meet the demands that the job requires on his or her mental 
functioning; or that the individual is able to meet these demands only at the cost of 
increased mental effort and coping with increased task resistance.”

Daily-life fatigue may emerge after frequent exposure to stress without adequate 
recovery from it afterwards, and this could be a major cause of societal problems like 
work productivity loss, sick leave, and even psychiatric disorders (McEwen 1998; 
van Veldhoven & Broersen 2003; Kramer et al. 2006; Nachtegaal et al. 2009a). The 
most intuitive way to assess fatigue is via self-report questionnaires (Beurskens et 
al. 2000; van Veldhoven & Broersen 2003). Several examples of self-report outcome 
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measures assessing fatigue are available. One is the Profile of Mood States question-
naire, which includes assessment of fatigue and vigor from the perspective of mood 
state (Lorr et al. 1971; Hornsby & Kipp 2016). The Chalder fatigue scale (Chalder 
et al. 1993) is a questionnaire which assesses both mental and physical fatigue, and 
evidence suggests it to be an effective tool to evaluate daily fatigue in different lan-
guages and populations  (Tanaka et al. 2009; Jing et al. 2016)

There is evidence showing that fatigue may not only emerge from stressful events 
or activities, but also from the lack of ability to adequately recover from stress (van 
Veldhoven & Broersen 2003). The early symptoms of fatigue can be measured by 
assessing an individual’s need for recovery. The concept of need for recovery reflects 
the ability to cope and recover from fatigue and distress (van Veldhoven & Broersen 
2003). Insufficient recovery after work is an intermediate stage between exposure 
to the stressful working situation and the development of long-term fatigue related 
health issues, like burnout (Sluiter et al. 2003; van Veldhoven & Broersen 2003; 
Nachtegaal et al. 2009a). The Need For Recovery (NfR) scale is an eleven-item scale 
including items like: ’I find it difficult to relax at the end of working day’ or ‘In 
general, it takes me over an hour to feel fully recovered after work’ (van Veldhoven 
& Broersen 2003). Multiple studies have confirmed the quality and validity of this 
scale for evaluating work-related need for recovery (van Veldhoven & Broersen 2003; 
Nachtegaal et al. 2009a; Moriguchi et al. 2011; Moriguchi et al. 2012). The NfR 
scale will be used in the current study to evaluate need for recovery experienced in 
daily-life. 

Fatigue also influences physiological measurements indexing ANS activity. For 
example, fatigue-induced ANS dysfunction has been found in patients with multi-
ple sclerosis (Merkelbach et al. 2001), chronic fatigue syndrome (Pagani & Lucini 
1999) and breast cancer (Arab et al. 2016). A study by Tanaka et al. (2011) mea-
sured high-frequency and low-frequency HRV when exposing a group of healthy 
adults to a 2-back task. Results of a correlation analysis indicated that higher levels 
of self-reported daily-life fatigue, as measured by the Chalder fatigue scale (Chalder 
et al. 1993), were positively correlated with the low-frequency (sympathetic) index 
and negatively correlated with the high-frequency (parasympathetic) index of HRV 
before the task. As a result, current evidence based on HRV indicates that increased 
levels of fatigue may be associated with higher levels of SNS and lower levels of PNS 
activity. 

In a previous study, we investigated the relationship between self-reported need 
for recovery and the task-evoked pupil dilation response during a speech perception 
in noise task (Wang et al. 2017). The task-evoked pupil dilation reflects the balance 
or ratio of sympathetic and parasympathetic activation (Kahneman 1973; Beatty 
1982; Zekveld et al. 2010). In conditions of ambient illumination, the response con-
sists of a ‘direct’ SNS dilation-component and an additional component that emerg-
es because of a task-evoked reduction in PNS activity (Chrousos & Gold 1992). 
Importantly, in darkness, PNS activity is maximally inhibited, so PNS has minimal 
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effect on the task-induced pupil dilation (Steinhauer et al. 2004). Therefore, in dark-
ness, the dilation is mainly driven by SNS activation. Hence, presenting identical 
stimuli and tasks in dark and light conditions allows the identification of the rela-
tive contribution of PNS and SNS components to the pupil dilation response. This 
aids the understanding of the origin of pupillometry findings. Wang et al. (2017) 
reports task-evoked pupil response data for 27 normally-hearing healthy adults per-
forming a speech reception threshold test in light conditions. We observed that a 
higher NfR score was associated with a smaller task-evoked pupil dilation response. 
However, in the same session, these participants also performed the same task in 
darkness, whereupon we observed no relationship between NfR and pupil dilation 
(unpublished data). Hence, the findings may suggest that a higher need for recovery 
is associated with reduced inhibition of the parasympathetic component of the pupil 
dilation response, resulting in reduced pupil dilation in light but not in dark where 
the PNS contribution to pupil size is negligible. This would be consistent with the 
notion of the PNS being the ‘rest and digest’ branch, meaning that a higher need to 
rest is associated with increased PNS activation – or less inhibition of the PNS in 
order to cope with the fatigue (Hasson et al. 2009). However, this interpretation is 
contrary to the evidence provided by Tanaka et al. (2011) who claimed that increased 
daily-life fatigue is associated with reduced PNS activation, as indicated by their 
HRV analysis. To test this association, the second aim of the current study was to 
investigate the associations between PLR parameters (reflecting PNS activity) and 
need for recovery in healthy adult individuals. 

Thus, the hypotheses tested in the present study were as follows:
• H1A: PLR parameters generated by the computer screen and the LED show 

good test-retest reliability across two consecutive blocks of trials.
• H1B: PLR parameters generated by the computer screen and the LED are 

consistent across subjects, but different set-ups may result in systematic differ-
ences in absolute values. 

• H2: Higher levels of need for recovery are associated with increased PNS 
activity as indicated by PLR parameters indexing PNS activation. 

3.2 PILOT STUDY

Previous studies suggested that the PLR is sensitive to different characteristics of 
the light stimuli, including Color (Fan et al. 2009a; Ishikawa et al. 2012), Light 
Intensity (Bakes et al. 1990; Bitsios et al. 1999a; Fan et al. 2009b), and Duration 
(Pong & Fuchs 2000). Therefore, we first conducted a pilot study to confirm the 
influence of light intensity, flash duration, and color on the PLRs evoked by a com-
puter-screen set-up. Twenty-nine healthy participants were included in the pilot 
testing. The details of the pilot study design and results can be found at the end of 
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this paper. The data indicate that our computer screen PLR set-up is sensitive to 
the characteristics of different light stimuli and therefore considered to be a valid 
method to be used in the main study (below). 

Objective  
The aim of the pilot study was to develop a set-up using a computer screen to 

evoke and record PLRs. To test the sensitivity of the set-up, we compared the PLRs 
to the light stimuli characterized by different Colors, Light intensities and Dura-
tions.

Methods - pilot study
Participants

The participants in the pilot study were recruited from the VU University medical 
center, Amsterdam via advertisements and flyers. In total, 29 (18 females) healthy 
adults were included in this study, with a mean age of 46.7 years (SD = 12.7). Each 
of the participants was a native speaker of Dutch, and without any history of neu-
rological, psychiatric or eye diseases that might influence the pupil size. The study 
was approved by the medical ethical committee of the VU University medical center 
(register number: 2014.231), and participants were asked to sign an informed con-
sent form before testing.

Pupillometry
We used the SMI RED 500 (SensoMotoric Instruments, Berlin, Germany) re-

mote eye tracking system to record the pupil response of both eyes with 60 Hz sam-
pling rate (we used 120 Hz later in the experimental test) and a spatial resolution of 
0.03°. Only data from left eye were analyzed in the current study. 

Conditions and Procedure
During the test, participants were seated in a comfortable chair located in a dark 

sound-insulated booth. The background luminance of the booth was less than 0.1 
lux. A DELL P2210 (22") computer screen was placed in front of the participant, 
and was used as a closed-loop light source to evoke a PLR. The distance from the 
middle of the eyes to the center of the screen was fixed to 55 cm, with visual angles 
of 30° vertically and 45° horizontally. There was a small white-fixation-dot located in 
the center of the screen and we asked the participants to fix their eye gaze on the dot 
throughout the test. Eight different types of stimuli (flashes) were presented to each 
participant. These were based on Color (green (G): peak wavelength: 520 nm or Red 
(R): peak wavelength: 680 nm), Light intensity (Low (L) 3 cd/m2 or High (H) 10 
cd/m2) and Duration (200 ms or 1000 ms). This resulted in eight conditions per par-
ticipant, namely GL200, GL1000, GH200, GH1000, RL200, RL1000, RH200, 
RH1000. The presentation order of the eight conditions was completely randomized 
between participants. In each condition, the same stimulus was presented six times 
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after a two-minute dark adaptation period. A warning sign (small-white-hollow-
circle with negligible luminance change relative to the fixation mark) replaced the 
fixation mark a second before flash onset to warn the participants not to blink during 
the upcoming flash. For each flash, we recorded the pupil response for 16 seconds 
(15 or 15.8 seconds inter-stimulus interval depending on the duration of the flash) 
starting with the warning signal onset. 

Pupil Data Processing
Pupil data was processed following the same method as described in the method 

section of the main experiment (see METHODS - MAIN STUDY).

Statistical Analyses
We first examined the descriptive statistics of the PLR parameters (MCV, ACA, 

RCA, BPD, DV1, T75) for each of the eight conditions. Then we ran a three-way 
(Color * Light Intensity * Duration) repeated measures ANOVA on each parameter 
to examine the effects of within-subject factors Color, Light Intensity and Duration 
of the flash stimulus on the PLR. We expected significant within-subject effects of 
Color, Light Intensity and Duration on the selected PLR parameters.

Results – pilot study
table  3-1 shows the descriptive statistics of the PLR parameters. The Valid N 

indicates the number of valid data points (participants) included in the particular 
condition. If there were no valid pupil traces for a given participant due to data loss 
and/or blinks, data for this condition were not included for this participant. In total, 
this occurred in 10 (out of 232) cases. 

table  3-1 Descriptive statistics for the PLR parameters in each of the eight conditions
PNS PNS + SNS SNS

Valid N MCV 
(mm/s)
(SD)

ACA 
(mm)
(SD)

RCA 
(%)

(SD)

BPD 
(mm)
(SD)

DV1 
(mm/s)
(SD)

T75 
(s)

(SD)
RL200 25 3.53 

(1.09)
1.21 

(0.32)
25.19 
(3.32)

4.74 
(0.97)

1.79 
(0.62)

2.99 
(0.70)

RL1000 29 3.55 
(0.88)

1.57 
(0.50)

31.98 
(5.23)

4.85 
(1.13)

2.65 
(0.84)

4.36 
(0.30)

RH200 29 3.67 
(0.88)

1.41 
(0.39)

29.39 
(3.55)

4.78 
(1.10)

2.17 
(0.72)

3.32 
(0.32)

RH1000 28 3.73 
(0.94)

1.80 
(0.56)

36.71 
(4.64)

4.82 
(1.15)

3.02 
(0.99)

4.18 
(0.34)
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GL200 28 3.73 
(0.82)

1.39 
(0.35)

29.95 
(3.90)

5.17 
(1.15)

2.14 
(0.62)

3.37 
(1.89)

GL1000 28 3.75 
(0.79)

1.69 
(0.45)

33.94 
(3.63)

4.93 
(1.09)

2.75 
(0.80)

3.97 
(0.28)

GH200 25 3.88 
(0.77)

1.49 
(0.35)

29.98 
(3.53)

4.99 
(1.18)

2.30 
(0.67)

3.55 
(0.44)

GH1000 29 3.96 
(0.78)

1.91 
(0.49)

38.61 
(3.63)

4.92 
(1.08)

3.18 
(0.90)

4.21 
(0.31)

Valid N: number of participants with valid data for this condition; SD: standard deviation; 
RL200: corresponding to red light – low intensity (3 cd/m2 – 200ms duration; GH1000: 
corresponding to green light – high intensity (10 cd/m2) – 1000ms duration; MCV: maxi-
mum constriction velocity; ACA: absolute constriction amplitude; BPD: baseline pupil di-
ameter; RCA: relative constriction amplitude; DV1: Dilation velocity at 1s after Maximum 
constriction; T75: time to reach 75% of initial resting diameter during pupillary re-dilation

 
figure 3-2 Baseline-corrected average PLRs of eight conditions after two minutes adaption 
time. A warning signal was shown during the 1-second interval prior to the flash. The base-
line pupil size was determined as the mean pupil diameter recorded during 200 ms before 
flash onset.

figure 3-2 illustrates the baseline-corrected PLR for each of the eight conditions. 
Results of the three-way repeated-measure ANOVA are shown in table 3-2. The 



 61

ANOVA revealed a significant main effect of Color on the BPD (F (1, 20) = 14.46, 
p = 0.01), indicating that the BPD was higher for the green flashes than the red 
ones. For each of the constriction-PNS related parameters (MCV, ACA, RCA), 
the repeated-measure ANOVA showed significant main effects of Color and Light 
intensity, with relatively larger and faster PLRs for the green and higher intensity 
flashes as compared to red color and lower intensity stimuli. Additionally, there 
was a statistically significant main effect of duration on the PNS indicators ACA 
(F (1, 20) = 51.24, p < 0.01) and RCA (F (1, 20) = 128.37, p < 0.001). This indicates 
that the longer the flash, the larger the constriction observed. As for the re-dila-
tion-SNS related parameter T75, there was a significant effect of duration (F (1, 
20) = 17.85, p < 0.001), indicating that longer flashes prolonged the time to re-di-
late to 75% of the original diameter (BPD). DV1, under the effect of both the PNS 
and SNS system, was significantly influenced by color, light intensity and duration 
of the flash, such that green color, high intensity and longer duration generated a 
faster DV1 response. 

table 3-2 Within-subject effects of Color, Light Intensity and Duration of the flash light 
on the PLR parameters

PNS PNS + SNS SNS
MCV 

(mm/s)
ACA 
(mm)

RCA (%) BPD 
(mm)

DV1 
(mm/s)

T75 (s)

Color 
(green vs. 

red)

F (1, 20) = 
5.56, p = 

0.03

F (1, 20) = 
31.35, p < 

0.01

F (1, 20) = 
15.74, p = 

0.001

F (1, 20) = 
14.46, p = 

0.01

F (1, 20) = 
15.31, p = 

0.001

F (1, 20) = 
0.00, p = 

0.98
Light 

Intensity 
(high 

intensity 
vs. low 

intensity)

F (1, 20) = 
22.02, p < 

0.01

F (1, 20) = 
53.57, p < 

0.01

F (1, 20) = 
192.92, p < 

0.001

F (1, 20) = 
0.00, p = 

0.98

F (1, 20) = 
31.51, p < 

0.001

F (1, 20) 
= 0.09, p 

= 0.7

Duration 
(200ms 

vs. 
1000ms)

F (1, 20) = 
1.22, p = 

0.28

F (1, 20) = 
51.24, p < 

0.01

F (1, 20) = 
128.37, p < 

0.001

F (1, 20) = 
0.01, p = 

0.91

F (1, 20) = 
78.98, p < 

0.001

F (1, 20) = 
17.85, p < 

0.001

MCV: maximum constriction velocity; ACA: absolute constriction amplitude; BPD: base-
line pupil diameter; RCA: relative constriction amplitude; DV1: Dilation velocity at 1s after 
Maximum constriction; T75: time to reach 75% of initial resting diameter during pupillary 
re-dilation. Text marked bold: within-subject effect is significant at p < 0.05 
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Discussion – pilot study
In the pilot study, we developed and tested a PLR assessment method using a 

computer screen set-up generating the light stimuli. We assessed the PLR in eight 
conditions in which Color, Light Intensity and Duration of the light stimuli were 
manipulated. Repeated-measure ANOVAs revealed significant within-subject ef-
fects of Color, Light Intensity and Duration on most PLR parameters (except for 
BPD, MCV and T75). These results demonstrate that using a computer screen to 
evoke PLRs results in PLRs that sensitively reflect these different stimulus charac-
teristics. 

An interesting finding was the significant main effect of Color on the BPD, with 
PLRs to the green flash showing a larger baseline as compared to the red flash. 
Previous research indicates that the pre-stimuli pupil diameter (BPD) is indepen-
dent from the wavelength (color) of the light stimuli (Ishikawa et al. 2012). The 
larger baseline pupil size for the PLR evoked with the green flashes may be related 
to a discomfort effect on the pupil size. Note that the conditions were presented in 
blocks - several participants indicated that the green-colored stimuli were relatively 
uncomfortable. This was not the case for the red stimuli. An increased pupil diam-
eter in response to uncomfortable or painful stimuli is well documented (Ellermeier 
& Westphal 1995; Höfle et al. 2008). Presenting stimuli from a light source with a 
wide visual field (e.g. a computer screen) might increase the discomfort caused by 
certain wavelengths, and hence increase the baseline significantly. This has, however, 
never been tested formally as most studies used narrow-field light stimuli (LED) and 
different light stimuli (Bitsios et al. 1999b; Steinhauer et al. 2000). 

When inspecting the averaged PLRs in figure 3-2, we found that a pre-constric-
tion occurred about 400 ms after the onset of the warning signal, and was evident 
until the warning signal offset / flash onset. We suggest that this effect may reflect 
that participants anticipated the flash. A similar pattern of pupil constriction has 
been observed during the first few seconds of picture viewing (Libby et al. 1973; Na-
ber & Nakayama 2013). Also, the pupil size decreases when participants anticipate a 
relatively bright stimulus, even when the stimulus intensity is kept constant (Naber & 
Nakayama 2013). Similarly, the baseline pupil size and therefore the PLRs observed 
in the current pilot study may have been affected by this anticipatory response, which 
may have subsequently reduced the sensitivity of the paradigm to measure PNS acti-
vation. Therefore, we decided to refine our PLR assessment by removing the warning 
signal in the later experimental test. The results of the current pilot study indicated 
that red stimuli are preferable to use as compared to green stimuli. Furthermore, the 
PLRs evoked by the red stimuli with low intensity and short duration showed good 
data quality. It resulted in the smallest constriction amplitude, which provides a 
relatively large dynamic range for between-subject and/or between-condition varia-
tions. For example, the floor effect of the pupil light reflex becomes observable when 
the pupil diameter is smaller than 4 mm (Loewenfeld & Newsome 1971), this may 
reduce the sensitivity of the method to detect the effect of the factors under study. 
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Therefore, the RL200 stimuli were presented in the main experiment, using a para-
digm similar to that of the pilot study, but without the warning sign. 

3.3 METHODS - MAIN STUDY

Participants
Participants for the main study were twenty-five normal-hearing native Danish par-
ticipants (13 females). They were recruited from the subject pool of the Eriksholm 
Research Centre, Snekkersten, Denmark. Their mean age was 50.4 years (SD = 
11.9), ranging from 26 to 69 years old. All participants had a normal or corrected to 
normal vision and no neurological, psychiatric or ophthalmological problems were 
reported by any of the participants. All participants provided written informed con-
sent and the study was approved by De Videnskabsetiske Komiteer (Journal number: 
H-1-2011-033).

Need for Recovery scale 
The Need for Recovery (NfR) scale is an eleven-item scale from the Question-

naire on the Experience and Evaluation of Work, which assesses the experience 
of daily work situations (van Veldhoven & Broersen 2003; de Croon et al. 2006). 
The NfR scale focuses on the evaluation of fatigue caused by work and the need for 
recovery afterwards. Examples of items included in this scale are: “I cannot really 
show any interest in other people when I have just come home myself ”, or “When I 
get home from work, I need to be left in peace for a while”. Responses for each item 
are either ‘yes’ or ‘no’. The total NfR score is the number of ‘yes’ responses (except for 
item 4, where ‘no’ signals an unfavorable situation) divided by the total number of 
items, presented as a percentage (i.e. range 0-100). A higher NfR score corresponds 
to greater need for recovery reported by the respondent. 

The NfR scale was originally designed and validated in Dutch. We translated the 
questionnaire following the guidelines described by Sousa & Rojjanasrirat (2011). 
The first translator translated the original Dutch NfR scale into Danish. A second 
translator (bilingual in both Dutch and Danish) then performed a blind back-trans-
lation of this initial translated version (Danish to Dutch) to compare the back-trans-
lated version with the original version. If there was any disagreement between the 
back-translated version and the original version, consensus was achieved between 
the two translators. Finally, a third native Danish person checked the language of 
the translated questionnaire and this resulted in the final version. The Danish NfR 
scale can be found in appendix 3-1 of this paper.

Pupillometry
We used a SMI RED 500 (SensoMotoric Instruments, Berlin, Germany) remote 

eye tracking system to record the pupil response of both eyes with 120 Hz sampling 
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rate and a spatial resolution of 0.03°. Only data from the left eye were used in the 
analyses in the current study. 

Conditions and Procedure
All participants visited the lab for a two-hour experiment. Participants were 

asked not to drink coffee on the same day before the experiment, as the effect of 
caffeine on the pupil response remains unclear (Bardak et al. 2016; Abokyi et al. 
2017). The NfR was completed by the participant shortly after he or she had arrived. 
During the test, participants were seated in a comfortable chair located in a dark 
sound-treated booth. The background luminance of the booth was less than 0.1 cd/
m2. Head position was fixed using a chin-and-head rest. Light stimuli were present-
ed either from a computer screen or a light-emitting diode (LED). We considered 
the light stimuli from these two light sources as two different PLR conditions. 

For the computer screen condition, a DELL 1800FP (18.1") screen was used and 
placed in front of the participant. The computer screen was calibrated by a screen 
calibrator (X-Rite, i1 Display Pro) to ensure the uniformity of both the color and 
luminance of the light stimuli. The distance from the fixation mark (small white dot 
attached to the center of the screen) to the middle of the eyes was fixed to 55 cm, 
which yielded a visual angle of approximately 43°. Red light (peak wavelength: 680 
nm) with 3 cd/m2 luminance was presented for 200 milliseconds (ms) from the full 
visual field of the screen. 

For the LED condition, we used a set-up similar to that described by Stein-
hauer et al. (2000). A narrow angle (8 °) red LED, placed 55 cm from the left eye, 
was used to generate the flash of light. The intensity of the light was calibrated to 
approximately 2 cd/m2. This intensity was determined based on feedback from the 
participants in the pilot study, which indicated that higher light intensity might 
cause discomfort to the participants. Four dim red LEDs, masked to pinhead size, 
were placed surrounding the flash LED in order to avoid the optokinetic effect 
(when a single light source in darkness starts to have apparent motion, it will evoke 
eye movements, and this may result in PLR artifacts). We used an Arduino UNO 
(http://arduino.cc) board, which is an open-source electronics prototyping platform 
based on user-friendly hardware and software, as the interface to control the onset 
and offset of the LEDs. 

For each block, we first played an audio instruction asking the participants to get 
ready by putting their chin on the chin-rest. Then, after one minute dark adaptation 
time, flashes with 200 milliseconds duration were presented six times. The interval 
between each flash was 15 seconds, and pupil recording continued throughout the 
whole six trials (60 seconds dark adaption time plus 90 seconds testing time). Partic-
ipants were requested not to blink during and a few seconds after each flash of light. 
In some cases, the pupillometry equipment had difficulty with recording the pupil 
size in completely dark conditions. A corrective action was then taken by the exper-
imenter, reminding the participants to avoid eye-blinking or to keep their eyes open 
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when necessary. Each condition consisted of one block of 6 practice trials and two 
blocks of 6 formal trials. The order of the conditions was randomized beforehand for 
each participant, such that half of the participants performed the SCREEN condi-
tion first, while the other half performed the LED condition first. 

Pupil data processing
The pupil data processing and analysis was performed using Matlab (MATLAB 

Release 2016a, The MathWorks, Inc., Natick, Massachusetts, United States). For 
each block, we discarded the first flash trial as it is usually associated with larger 
initial diameter and greater constriction compared to other trials due to a possible 
attention effect (Steinhauer et al. 2000). Baseline pupil diameter (BPD) was defined 
as the mean pupil diameter recorded during 200 ms before flash onset. Pupil diam-
eters smaller than 0.001 mm together with zero diameter values were characterized 
as blinks. Trials in which the data included more than 10% blinks were rejected from 
the analysis. An additional blink detection procedure was applied to the pupil data 
between the start of the baseline to the maximum constriction part (where the pupil 
diameter was minimum); the threshold for the additional blink detection was set to 
3%, such that traces with more than 3% blinks in this interval were omitted. Blinks 
that occurred in the re-dilation part of the trial were corrected by linear interpola-
tion, blinks in the constriction part were corrected by applying a spline interpola-
tion. We used a five-point moving average filter to smooth the data afterwards. The 
smoothed data then were time-aligned and averaged across all the accepted traces for 
a given condition, and the average BPD was subtracted to obtain the baseline-cor-
rected pupil response. 

figure 3-1 shows a schematic illustration of the pupil response after a light flash, 
i.e. the PLR. It presents the parameters used in the analysis, as well as how the PNS 
and SNS contribute to different parts of the reflex. Besides the BPD, the following 
six PLR parameters were calculated: 1) the absolute constriction amplitude (ACA, 
mm), which is the magnitude of pupil constriction determined by the difference be-
tween BPD and the minimum pupil diameter during the constriction, 2) the relative 
constriction amplitude (RCA, %) describing the percentage of pupil constriction, 
determined by the ratio of ACA divided by BPD, 3) the maximum constriction ve-
locity (MCV, mm/s), that is characterized by the largest first derivative of the pupil 
trace during the constriction, 4) the dilation velocity at 1 second (DV1, mm/s) is the 
slope of pupil diameter 1 s after the minimum pupil size, 5) and the latency to return 
to 75% (T75, s) of the initial BPD from the point of maximum pupillary constric-
tion. These PLR parameters were selected based on the studies of Muppidi et al. 
(2013a), Steinhauer et al. (2000), and Wang et al. (2016). The parameters reflect the 
innervation of parasympathetic and sympathetic nervous system during the reflex 
(Loewenfeld & Lowenstein 1999). According to empirical evidence collected from 
the existing literature, the MCV, ACA and RCA are considered to indicate PNS 
activation, the BPD and DV1 reflect combined PNS and SNS activation, and the 
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T75 is considered an indicator of SNS activation (Steinhauer et al. 2000; Bremner 
2012; Muppidi et al. 2013a; Wang et al. 2016).

Statistical Analyses
We first examined the descriptive statistics of the NfR data and the PLR pa-

rameters (MCV, ACA, RCA, BPD, DV1, T75), and tested the association between 
the PLR parameters separately for each set-up. Secondly, we tested the split-half 
test-retest reliability of the PLR measurements, again separately for each set-up. We 
compared the PLR parameters between the two consecutive blocks of trials of the 
same set-up by calculating Intraclass Correlations Coefficients (ICCs) for each PLR 
parameter. An ICC above 0.75 was considered as indicating absolute agreement be-
tween the two blocks (Lee et al. 1989; Koo & Li 2016). Then, we ran dependent 
t-tests on the PLR parameters to test if there were any differences in the parameters 
of the PLRs evoked with the LED and the SCREEN. Next, we examined the Pear-
son correlation coefficients between corresponding PLR parameters obtained from 
the SCREEN and the LED conditions in order to test the correlations between 
the data acquired with the two set-ups. Finally, we tested the Spearman correlation 
coefficients between NfR, age and the PLR parameters obtained in both conditions. 
Non-parametric Spearman correlation coefficients were calculated as the NfR scores 
were not normally distributed.

3.4 RESULTS - MAIN STUDY

The mean NfR score was 16% (SD = 14.4), and the distribution of the score was 
skewed to the right (skewness = 0.97). After pupil data preprocessing, 26 out of the 
250 (25 participants x 10 trials) trials in the LED condition were discarded and 
19 out of 250 trials in the SCREEN condition were discarded due to a large pro-
portion of blinks (>10%). Descriptive statistics of the PLR data (for both the LED 
and SCREEN conditions) are provided in table 3-3. The results are furthermore 
illustrated in figure 3-3 in the form of the complete average traces.

table 3-3 Descriptive statistics for the pupil light reflex parameters for the LED and 
SCREEN conditions

PLR parameters LED Mean (SD) SCREEN Mean (SD)
MCV (mm/s) 5.80 (1.47)* 5.20 (0.91)*
ACA (mm) 2.74 (0.45)* 2.21 (0.46)*

RCA (%) 46.08 (3.93)* 41.79 (4.79)*

BPD (mm) 5.96 (0.85)* 5.27 (0.80)*
DV1 (mm/s) 4.52 (0.78)* 3.52 (0.79)*
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T75 (s) 6.28 (2.18) 5.54 (2.30)
MCV: maximum constriction velocity; ACA: absolute constriction amplitude; RCA: rel-
ative constriction amplitude; BPD: baseline pupil diameter; DV1: Dilation velocity at 1s 
after Maximum constriction; T75: time to reach 75% of initial resting diameter during 
pupillary re-dilation
* p < 0.05 for paired-sample t-test of the difference between LED and SCREEN conditions

 
figure 3-3 Baseline-corrected average PLRs of the SCREEN and LED conditions. 
Shaded area represents standard deviation. 

table 3-4 shows the Pearson correlation coefficients between the PLR parameters 
for the LED and SCREEN conditions, respectively. The overall pattern of results 
is similar for the two set-ups, with relatively strong associations between ACA, 
MCV, BPD and DV1.  
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table 3-4 PLR parameter correlations coefficients within LED and SCREEN condition
LED

ACA RCA BPD DV1 T75
MCV 0.47 -0.16 0.67* 0.32 -0.22
ACA 0.52** 0.84* 0.97* 0.09
RCA -0.02 0.55* 0.06
BPD 0.79* 0.06

SCREEN
ACA RCA BPD DV1 T75

MCV 0.82* 0.50 0.77* 0.80* 0.09
ACA 0.75* 0.84* 0.98* 0.21
RCA 0.28 0.78* 0.37
BPD 0.78* 0.03

MCV: maximum constriction velocity; ACA: absolute constriction amplitude; RCA: rel-
ative constriction amplitude; BPD: baseline pupil diameter; DV1: Dilation velocity at 1s 
after Maximum constriction; T75: time to reach 75% of initial resting diameter during 
pupillary re-dilation.
* Correlation is significant at the 0.0083 level (2-tailed).

Next, we ran a factor (principal component) analysis on these 6 parameters to 
examine the underlying latent factor structure. Results of varimax-rotated factor 
loadings are listed in table 3-5. Both LED and SCREEN conditions ended up with 
two factors that had eigenvalue higher than 1. In both conditions, the first factor was 
mainly composed by MCV, ACA, BPD and DV1, and accounted for 51.51% (LED) 
/ 61.43 (SCREEN) of the variance. Factor 2 was the combination of RCA and T75, 
and accounted for 29.10% (LED) / 24.57% (SCREEN) of the total variance. The 
calculated factor scores were stored and used later in the correlation analysis to test 
their correlations with NfR.

table 3-5 Rotated factor loadings (Varimax normalized) for each of PLR parameters 
(LED and SCREEN) along with their groupings within the two emergent factors.

LED
Factor 1 Factor 2

MCV 0.74 -0.53
ACA 0.93 0.36
RCA 0.23 0.78
BPD 0.95 -0.09



 69

DV1 0.86 0.48
T75 -0.03 0.70

SCREEN
Factor 1 Factor 2

MCV 0.90 0.07
ACA 0.95 0.30
RCA 0.56 0.67
BPD 0.91 -0.10
DV1 0.92 0.35
T75 -0.04 0.90

MCV: maximum constriction velocity; ACA: absolute constriction amplitude; RCA: rel-
ative constriction amplitude; BPD: baseline pupil diameter; DV1: Dilation velocity at 1s 
after Maximum constriction; T75: time to reach 75% of initial resting diameter during 
pupillary re-dilation

The results of the ICC analysis for the split-half test-retest reliability analysis are 
shown in table 3-6 for each of the two conditions. The ICCs were calculated with 
a two-way random-effect, single measures model (Shrout & Fleiss 1979; Hopkins 
2000). ACA, RCA and BPD had ICC values higher than 0.75. The ICC values of 
the DV1 parameter of the PLR evoked in the SCREEN and LED conditions were 
0.74 and 0.67 respectively. This is slightly lower than the threshold for good reliabil-
ity. MCV and T75 showed lower ICC values, indicative of poor reliability.

table 3-6 ICCs (single-measure) of the split-half test-retest reliability analysis (within 
each condition).
PLR parameters 
(95% CI)

MCV ACA RCA BPD DV1 T75

SCREEN 0.51       
(0.14 – 
0.76)

0.79*     
(0.58 – 
0.90)

0.84*     
(0.66 – 
0.93) 

0.84*     
(0.61 – 
0.93)

0.74       
(0.49 – 
0.88)

0.08             
(-0.30 – 
0.45)

LED 0.32       
(0.09 – 
0.63)

0.75*     
(0.51 – 
0.88)

0.76*     
(0.48 – 
0.89)

0.89*     
(0.78 – 
0.95)

0.67       
(0.39 – 
0.84)

0.14             
(-0.28 – 
0.51)

ICC: Intraclass Correlation Coefficient; MCV: maximum constriction velocity; ACA: ab-
solute constriction amplitude; RCA: relative constriction amplitude; BPD: baseline pupil 
diameter; DV1: Dilation velocity at 1s after Maximum constriction; T75: time to reach 75% 
of initial resting diameter during pupillary re-dilation
* ICC single measures value above 0.75
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Paired-samples t-tests revealed significantly larger PLR parameters in the LED 
as compared to the SCREEN condition. This was true for the PNS parameters: 
MCV (t (24) = 2.77, p = 0.011), ACA (t (24) = 9.16, p < 0.001) and RCA (t (24) = 
8.04, p < 0.001); and the combined PNS-SNS indicators: BPD (t (24) = 6.15, p < 
0.001), DV1 (t (24) = 9.68, p < 0.001); but not for the SNS indicator T75 (t (24) = 
1.79, p = 0.085). The LED condition induced bigger and faster pupil constrictions 
and initial redilation than the SCREEN condition. 

The Pearson correlation coefficients between the corresponding PLR parameters 
generated by the LED and SCREEN conditions are shown in table 3-7. Most of the 
corresponding PLR parameters obtained in different conditions (SCREEN versus 
LED) were significantly and positively associated with each other (except for T75), 
indicating high consistency between the two conditions.

table 3-7  Pearson correlation coefficients between the parameters of the PLRs evoked by 
the SCREEN and LED conditions

SCREEN
MCV ACA RCA BPD DV1 T75

LED 0.69* 0.80* 0.83* 0.77* 0.74* 0.31
MCV: maximum constriction velocity; ACA: absolute constriction amplitude; RCA: rel-
ative constriction amplitude; BPD: baseline pupil diameter; DV1: Dilation velocity at 1s 
after Maximum constriction; T75: time to reach 75% of initial resting diameter during 
pupillary re-dilation.
* Correlation is significant at the 0.0083 level (2-tailed).

Correlation analysis between NfR, age and PLR parameters
Because NfR scores were not normally distributed, we performed a non-para-

metric Spearman correlation analysis on the NfR scores and PLR parameters 
(MCV, ACA, RCA, BPD, DV1, T75) generated by both the LED and SCREEN 
conditions. A Holm-Bonferroni-correction was applied to correct for the multiple 
comparison. table 3-8 shows the results. There were significant positive correlations 
between NfR and the ACA as assessed in both the LED (r (23) = 0.54, p < 0.005) 
and the SCREEN (r (23) = 0.71, p < 0.001) conditions, such that higher NfR scores 
were associated with larger pupil constriction. Similarly, we also found significant 
positive correlations between NfR and MCV, NfR and BPD, NfR and DV1 in both 
the LED (r (23) = 0.63, p < 0.002 for MCV; r (23) = 0.62, p < 0.002 for BPD; r 
(23) = 0.51, p < 0.01 for DV1) and SCREEN (r (23) = 0.62, p < 0.001 for MCV; r 
(23) = 0.68, p < 0.001 for BPD; r (23) = 0.69, p < 0.001 for DV1) conditions.  These 
correlations indicate that higher levels of NfR were associated with faster and larger 
constriction, as well as a larger baseline and faster initial redilation velocity in the 
pupil light reflex. figure 3-4 shows the scatterplot between the ACA measured in 
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the SCREEN condition and the NfR scores. For both set-ups, we failed to find any 
significant correlations between NfR and the RCA and T75 parameters of the PLR. 
In addition, we separately tested the associations between the factor scores resulting 
from the factor analysis, and NfR. Results indicated that Factor 1, from both LED 
and SCREEN conditions, showed strong positive correlations with NfR (r (23) = 
0.69, p < 0.001 for LED; r (23) = 0.76, p < 0.001 for SCREEN). In contrast, Factor 
2 scores were not associated with NfR (r (23) = 0.05, p = 0.82 for LED; r (23) = 0.13, 
p = 0.55 for SCREEN).

table 3-8 Spearman correlation coefficients between NfR score and PLR parameters
LED

MCV 
(mm/s)

ACA 
(mm)

RCA 
(%)

BPD 
(mm)

DV1 
(mm/s)

T75 
(s)

Factor 1 Factor 2

NfR 0.58* 0.54* 0.26 0.62* 0.51* 0.42 0.69* 0.05
SCREEN

MCV 
(mm/s)

ACA 
(mm)

RCA 
(%)

BPD 
(mm)

DV1 
(mm/s)

T75 
(s)

Factor 1 Factor 2

NfR 0.62* 0.71* 0.39 0.68* 0.69* 0.10 0.76* 0.13

NfR: Need for Recovery score (range 0-100%); MCV: maximum constriction velocity; 
ACA: absolute constriction amplitude; RCA: relative constriction amplitude; BPD: base-
line pupil diameter; DV1: Dilation velocity at 1s after Maximum constriction; T75: time to 
reach 75% of initial resting diameter during pupillary re-dilation. 
* Correlation is significant after Holm-Bonferroni correction; p < 0.008 for the first rank, 
p < 0.025 for the last rank
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figure 3-4 Scatter plot of NfR score against ACA (mm) from the SCREEN condition. 
dashed line represents the line of best fit; dash line represents the 95% confident interval

3.5 DISCUSSION

In the current study, we first aimed to develop a method to generate the PLR us-
ing a computer screen set-up and compare this method with the more commonly 
used LED system. The test-retest reliability of both set-ups were examined and 
we demonstrated that the computer screen set-up allows a sensitive and reliable 
registration of the PLR, whose reliability is similar to that of the PLR generat-
ed by a LED set-up. Our second aim was to examine associations between PLR 
parameters and a self-report measure of need for recovery, which was assumed to 
be associated with PNS related activity. Higher levels of need for recovery were 
associated with higher levels of PNS activity as reflected by PNS related PLR pa-
rameters in healthy individuals. 

The pilot study described at the end of this paper will inform future studies aim-
ing to implement the measurement of the PLR using a computer screen. In the pilot 
study, we report how the PLR as measured with a computer screen set-up responds 
to light stimuli characterized by different colors, light intensities and durations. The 
findings of the pilot and current study indicate that it is critical to use the same set-up 
in studies focusing on the PLR and not switch between systems if one wants to com-
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pare absolute PLR values between studies or experiments. Also, the color of the light 
signal as well as the intensity and duration have an influence on the magnitude of 
most of the PLR parameters obtained. Our previous systematic review study (Wang 
et al. 2016) pointed out a lack of standardization in the assessment of PNS activity 
using PLR measurements. The current study contributes to the further standardiza-
tion of a valuable method to evaluate PNS activity.

PLR with screen and LED
In the current study, we evoked PLRs using a computer screen or a LED set-up. 

We observed relatively strong associations between ACA, MCV, BPD and DV1. It 
is generally assumed that some of the PLR parameters are relatively pure indicators 
of PNS activation (see Figure 3-1 and (Wang et al. 2016)), whereas others reflect the 
combined activation of the PNS and SNS (Loewenfeld & Lowenstein 1999). DV1 is 
one parameter assumed to reflect both SNS and PNS (Muppidi et al. 2013a), but the 
currently observed high (r = .97 for the LED and r = .98 SCREEN set-ups) correla-
tion coefficient with the PNS index ACA may suggest that this redilation velocity 
parameter might also largely reflect PNS activation. The same may be true for BPD, 
albeit to a lesser extent. The relationship between BPD and ACA may also stem from 
the fact that the pupil size at maximum constriction was, on average, very small. For 
larger baseline pupil diameters, there is room for more constriction (Loewenfeld & 
Newsome 1971). Results of the factor (principal component) analysis indicate that 
two distinct factors were underlying the PLR parameters. The first factor was mainly 
composed by MCV, ACA, BPD and DV1, and partly by RCA, which was likely re-
lated to PNS activity as discussed above. The second factor was made up by T75 and 
RCA, and might be associated with the SNS component. Contrary to the traditional 
view of RCA being a pure PNS indicator (Wang et al. 2016), the current finding 
may suggest that RCA was under the influence of both PNS and SNS. However, we 
have to admit the complexity of the PLR, as there is ample evidence suggesting that 
PLR could be affected by cognitive processing (Laeng & Endestad 2012; Binda et al. 
2013b; Naber & Nakayama 2013) and visual attention (Binda et al. 2013a; Mathôt 
et al. 2013; Naber et al. 2013; Ebitz et al. 2014; Mathôt et al. 2014; Binda & Murray 
2015). As such, the PLR parameters may not reflect solely autonomic nervous system 
processes, but could involve complex higher-level processing.

To examine the test-retest reliability across trials within each of the two set-ups, 
we performed a split-half reliability (ICC) analysis on the PLR parameters deter-
mined in two consecutive blocks of trials within the same set-up. The ACA, RCA 
and BPD parameters showed good reliability, DV1 showed moderate reliability, and 
MCV and T75 showed relatively poor reliability across trials according to the results 
of ICC analysis. With increasing interest in PLR study, especially within the fields 
of psychology and neuroscience, extra caution needs to be taken considering the 
validity and reliability of these parameters. In Bär et al. (2005), the test-retest reli-
abilities of their PLR measures (BPD, RCA, constriction velocity, redilation velocity 
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and one-third-redilation recovery time) were tested over a time window of 10 min-
utes and again after one week. Results of an ICC analysis indicated good reliabilities 
for those parameters after one week. However, the data of the session 10 minutes 
after the initial test session indicated significant differences in constriction velocity 
between these two sessions. Thus, their results together with our current findings 
might indicate that the reliability of PLR parameters, like MCV and T75, might be 
better when assessing across a longer time span than across a short time span. This 
may suggest that these parameters are relatively vulnerable for adaptation effects 
when measuring the PLR repeatedly over a short time window (Ohba & Alpern 
1972). A retest session for both set-ups after one week would have been helpful to 
better evaluate the reliability of our SCREEN and LED set-ups. Note that we can-
not perform such an analysis comparing the parameters of the PLRs evoked by the 
RL200 stimuli in the pilot and experimental study as the procedures (and hence, the 
resulting PLRs) differed substantially by including the warning signal in the pilot 
study. The parameters with good reliability (ACA, RCA and BPD) were all directly 
determined by the amplitude of the pupil signal. The other parameters (i.e., MCV, 
DV1s) were calculated from the derivative of the pupil signal, which may increase 
the risk of errors during the calculation as compared to the amplitude-determined 
parameters. Future researchers might consider examining the pupil curves manually, 
as it could be helpful to spot the potential errors. Evidently, in any case, one must 
take care to prevent the introduction of bias when selecting pupil traces manually. 
As far as we know, this study is the first to compare the PLRs generated by com-
puter screens with those evoked by a LED set-up in the same population. We 
found significant differences in the parameters of the PLRs evoked by the LED 
and SCREEN set-ups. The results indicate a systematic difference between the 
two methods, as all values were significantly larger in the LED set-up compared 
to the SCREEN set-up. Also, across conditions, the Pearson correlations of the 
corresponding PLR parameters were significantly positively associated with each 
other. This systematic difference was expected as previous studies (Atchison et al. 
2011) have shown that the PLR is very sensitive to stimulus characteristics such as 
the angle of the visual field generating the flash (the main difference between the 
SCREEN and LED set-up). The light stimuli generated by LED provided more 
concentrated light due to the narrow visual field as compared to the SCREEN 
set-up.

Need for recovery and PNS activity
NfR was significantly associated with several PLR parameters from the SCREEN 

and LED conditions reflecting PNS activity or the combined activity of the para-
sympathetic and sympathetic nervous systems. A higher NfR was associated with a 
larger baseline pupil size, a larger constriction amplitude and a larger dilation veloc-
ity at 1 s after constriction. The association between NfR and ACA/MCV suggests 
that increased NfR is related to a more active PNS system, as ACA and MCV are 
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considered as uncontaminated indices for PNS (Giza et al. 2011; Muppidi et al. 
2013a). It turns out that Factor 1 (mainly composed by MCV, ACA, BPD and DV1) 
is associated with NfR. As described above, Factor 1 is considered to be mainly 
related to PNS activity. Given the high associations between MCV, ACA, BPD 
and DV1 (see table 3-8 ), we suggest that in the current study, MCV, ACA, BPD 
and DV1 were mainly reflecting PNS activity as well. Also, as we failed to find any 
correlation between NfR and either T75 or Factor 2 from the factor analysis (both 
of which are considered to reflect SNS (Muppidi et al. 2013a) activity only), it seems 
likely that the correlations currently observed are driven by PNS activation rather 
than SNS activation. The current results are consistent with the previously observed 
relationship between increased levels of NfR and reduced task-induced pupil di-
lations in light conditions (Wang et al. 2017), which was interpreted as reflecting 
reduced inhibition of PNS activity. Reduced inhibition of the PNS activity is consis-
tent with increased PNS activation. 

The significant correlations between NfR and PLR parameters MCV, BPD and 
DV1 were observed in both the LED and SCREEN conditions. Among all the 
previously identified PNS-related PLR parameters (see Figure 3-1), RCA was the 
only one that did not show a significant correlation with NfR. Note that the NfR 
scores observed in the current study were relatively low and within a narrow range, 
as compared to previous data from similar or larger populations (Nachtegaal et al. 
2009a; Wang et al. 2017). However, this did not prevent us from finding significant 
correlations between the NfR and PLR parameters. It would be reasonable to expect 
these correlations to remain in populations with a larger variation in NfR.

To the best of our knowledge, there is only one other study reporting on the 
relationship between daily fatigue and PNS activity in healthy individuals. Tanaka 
and colleagues (2011) found a negative correlation between high-frequency power 
of HRV and subjective rating of daily fatigue, indicating reduced PNS activity was 
associated with higher level of daily fatigue, which is opposite to our present find-
ings and those of  (Wang et al. 2017). Since the exact mechanism underlying the 
interaction between fatigue / need for recovery and PNS functioning is not yet clear, 
there are three possible explanations for the inconsistency between the present and 
Tanaka’s findings: 

1) Although PNS activity measured by HRV is generally considered to be consis-
tent with PNS activity measured by the PLR parameters ACA and MCV  (Perry et 
al. 1989; Kaltsatou et al. 2011; Wang et al. 2016), it is still possible that the cardio-
vascular indicators were not assessing exactly the same dimension of the ANS as 
the pupil indicators (Bär et al. 2009; Daluwatte et al. 2012). This is pointed out by 
Janig & Habler (2000) as they stated assessing autonomic functioning without dis-
tinction between different effector organs could lead to invalid conclusions. As far 
as we know, few studies have attempted to assess the association between PLR and 
HRV within normal populations. Among these studies, Bär et al. (2009) measured 
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HRV before a PLR test, and they observed a significant correlation between HRV 
complexity and latency of the PLR (which was not included in the current study) 
in healthy adults. Daluwatte et al. (2012) measured simultaneous HRV before, 
during, and after the PLR testing phases in healthy children (8 to 16 years old). 
Results indicated no correlations between PLR and HRV parameters. The limited 
and contradictory evidence available makes it impossible to confirm that PLR and 
HRV are measuring the same dimension of ANS. 

2) Different populations were assessed by the two studies. The participants in our 
study were Danish, whereas Tanaka’s participants were Japanese with slightly 
younger age (mean age, 43.6). Therefore, the inconsistency may also be due to the 
differences between the two samples. 

3) The current paper focuses on NfR, whereas Tanaka et al. (2011) assessed task-in-
duced fatigue by using the Chalder fatigue scale (Chalder et al. 1993). This may not 
correspond to daily-life NfR (a precursor of long-term fatigue). Having said that, 
the only study to measure the two scales at the same time (the NfR was translated 
into Brazilian Portuguese) found a positive correlation between the Chalder fa-
tigue scale and NfR (Moriguchi et al. 2010). 

Future research into the relationship between fatigue and PNS activation could 
use both HRV and pupillometry indices of SNS and PNS activation, and assess 
both the effects of task-evoked and daily-life fatigue. Furthermore, the process-
es driving the PLR may be even more complex, as recent work in the fields of 
neuroscience and psychology has shown it to be affected by visual attention and 
higher-level processing (Mathôt & Van der Stigchel 2015). The current findings 
suggest that PLR is also affected by more general factors like need for recovery.

Limitations
There are several limitations of the current study that need to be mentioned. 

Firstly, we only measured PLR in this study. Inclusion of another independent ANS 
measurement like HRV would certainly be helpful to validate PLR as an ANS mea-
surement, as well as to gain more insight into the association between fatigue and 
PNS. Secondly, since higher-level cognitive and attentional processing may have an 
impact on the PLR, it is possible that individuals with higher need for recovery 
found the light stimulus more annoying, and thereby perceptually more attended 
and subsequently evoking a stronger PLR. However, note that the light intensity 
applied was partly based on the results of a pilot study in which we explicitly asked 
participants to evaluate the comfort of the stimuli. Finally, the computer screen was 
not switched off during the dark adaptation period or the interval between the flash-
es. The background illumination of the screen may have an impact on the pupil light 
reflex, especially the baseline pupil diameter. 
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Conclusions
The current study supports the use of a generally available display device, a com-

puter screen, as the light source to evoke PLRs. The test-retest reliability of the 
set-up was tested and the results indicate good reliability on the amplitude-related 
parameters. The pilot study and main experiment indicate that the characteristics 
of the stimuli used to evoke the PLR have a strong effect on the PLR parameters. 
Although the associations between the parameters of the PLR as evoked by the 
SCREEN set-up and the parameters of the PLR evoked by a LED set-up were 
relatively high, the results suggest a systematic difference between the PLRs evoked 
by the two set-ups, with relatively large PLRs evoked by the LED system. The reli-
ability of the PLR measurement using a simple computer screen set-up supports the 
potential application of PLR measurements to evaluate PNS activity in new research 
fields like audiology  (Wang et al. 2016). The factor analysis reveals that MCV, ACA, 
BPD and DV1 belong to the same factor, and this factor was likely to be related to 
the PNS activity. We furthermore observed that higher levels of need for recovery 
were associated with larger ACA, BPD and DV1 (SCREEN condition) values, sug-
gesting larger PNS activation. This result is in line with the previous finding that 
people with higher levels of fatigue and need for recovery tend to show smaller pupil 
dilation during cognitive tasks, reflecting reduced PNS inhibition (Rodez Benavent 
et al. 2017; Wang et al. 2017). 

Summary recommendations for PLR measurements:
• A regular PC screen can be used to evoke reliable PLRs (main experiment).
• Do not present a warning sign to announce the upcoming flash (pilot study).
• Be aware of the large effect of stimulus characteristics (color, intensity, dura-

tion) on the absolute value of the PLR parameters (pilot study).
• Do not switch between systems if one aims to compare absolute PLR values 

between experiments, unless the systems have been shown to generate equiv-
alent PLR traces (main experiment).
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objeCtive     People with hearing impairment are likely to experience higher levels 
of fatigue due to effortful listening in daily communication. This hearing-
related fatigue might not only constrain their work performance, but also result 
in withdrawal from major social roles. Therefore, it is important to understand 
the relationships between fatigue, listening effort, and hearing impairment, 
by examining the evidence from both subjective and objective measurements. 
The aim of the present study was to investigate these relationships by assessing 
subjectively measured daily-life fatigue (self-report questionnaires) and 
objectively measured listening effort (pupillometry) in both normally-hearing 
and hearing-impaired participants. 

design  Twenty-seven normally-hearing and 19 age-matched participants with 
hearing impairment were included in this study. Two self-report fatigue 
questionnaires: Need for Recovery and Checklist Individual Strength were 
given to the participants before the test session to evaluate the subjectively 
measured daily fatigue. Participants were asked to perform a speech reception 
threshold test with single-talker masker targeting a 50% correct response 
criterion. The pupil diameter was recorded during the speech processing, and 
we used peak pupil dilation as the main outcome measure of the pupillometry.

results  No correlation was found between subjectively measured fatigue and 
hearing acuity, nor was a group difference found between the normally-hearing 
and the hearing-impaired participants on the fatigue scores. A significant 
negative correlation was found between self-reported fatigue and peak pupil 
dilation. A similar correlation was also found between Speech Intelligibility 
Index required for 50% correct and peak pupil dilation. Multiple regression 
analysis showed that factors representing ‘hearing acuity’ and ‘self-reported 
fatigue’ had equal and independent associations with the peak pupil dilation 
during the speech in noise test. Less fatigue and better hearing acuity were 
associated with a larger pupil dilation. 

ConClusions   To the best of our knowledge, this is the first study to investigate the 
relationship between a subjective measure of daily-life fatigue and an objective 
measure of pupil dilation, as an indicator of listening effort. These findings 
help to provide an empirical link between pupil responses, as observed in the 
laboratory, and daily life fatigue. 

Wang, Y., Naylor, G., Kramer, S. E., Zekveld, A. A., Wendt, D., Lunner, T.
Ear and Hearing. 2017, doi: 10.1097/AUD.0000000000000512
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4.1 INTRODUCTION

There is mounting evidence showing that for listeners with hearing impairment 
(HI) , listening is more effortful than for normally-hearing (NH) listeners (Dwyer 
et al. 2014). Associations between HI and increased levels of physical or mental 
stress are also frequently reported (Hasson et al. 2009; Nachtegaal et al. 2009a). 
Repeated exposure to stress on a daily basis may lead to health issues and mood 
change, including fatigue (DeLongis et al. 1988). It is therefore suggested that 
people with hearing impairment might experience higher levels of fatigue as com-
pared to normally-hearing peers due to relatively high levels of listening effort in 
daily communication caused by their hearing problems (Edwards 2007; McGar-
rigle et al. 2014; Hornsby et al. 2016). The experience of daily-life fatigue among 
HI adults might not only constrain their work performance, but also result in 
withdrawal from major social roles (Kramer et al. 2006; Nachtegaal et al. 2009a). 
Research examining the relationships between hearing impairment, listening ef-
fort and fatigue is limited (Hornsby 2013; McGarrigle et al. 2014; Hornsby et 
al. 2016; Alhanbali et al. 2017), although a growing body of research focusses on 
testing listening effort objectively in laboratory settings (Ohlenforst et al. 2017a). 
Therefore, it is important to examine the association between daily-life fatigue 
and objectively measured listening effort. As such, the current study aims to pro-
vide insight into the associations between hearing impairment, listening effort and 
daily-life fatigue, as well as the underlying mechanisms of potential interactions 
between them. 

Listening Effort and Pupil Dilation
In an attempt to come to a consensus on what is known about the topic of listen-

ing effort, what terms to use and to set priorities for further research, an Eriksholm 
Workshop was organized on ‘Hearing impairment and cognitive energy’ (Picho-
ra-Fuller & Kramer 2016). The workshop laid the groundwork for listening effort 
related research by providing definitions and a theoretical framework. The work-
shop’s consensus definition of listening effort was The deliberate allocation of mental 
resources to overcome obstacles in goal pursuit when carrying out a task that involves lis-
tening (Pichora-Fuller et al. 2016, p.10s). Adapted from Kahneman’s capacity model 
of attention (Kahneman 1973), a new Framework for Understanding Effortful Lis-
tening (FUEL) was proposed. The detailed description of the FUEL framework is 
available in Pichora-Fuller et al. (2016). In short, the FUEL proposes that listening 
effort is modulated independently by task demands, capacity, and motivation/arous-
al. Listening effort can be measured subjectively and objectively. Most subjective 
assessments of listening effort have employed self-report questionnaires (Gatehouse 
& Noble 2004; Dawes et al. 2014). On the other hand, various approaches have been 
adopted in attempts to measure listening effort objectively, including the application 
of dual-task paradigms (Anderson Gosselin & Gagne 2011; Hornsby 2013; Wu et 
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al. 2016) and the measurement of skin conductance responses (Mackersie & Cal-
deron-Moultrie 2016). The task-evoked pupil dilation response is associated with 
both the sympathetic and parasympathetic nervous systems. Its measurement (‘pup-
illometry’) has a long history of application as a measure of cognitive processing load 
(Kahneman 1973; Beatty 1982; Steinhauer et al. 2004). Within the field of hearing 
related research, pupillometry has been used successfully as an index of effortful lis-
tening during speech recognition (Kramer et al. 1997; Zekveld et al. 2011; Koelewijn 
et al. 2014a; Koelewijn et al. 2014b). Pupil dilation has most often been measured 
while participants perform speech reception threshold (SRT) tests, usually con-
ducted in a background of noise (Zekveld et al. 2010, 2011; Koelewijn et al. 2014a; 
Koelewijn et al. 2014b; Kramer et al. 2016; Wendt et al. 2016). Multiple parameters 
of the dilation response can be derived from a pupillometry measurement. The peak 
pupil dilation (PPD) is one of the parameters that has proven to be an effective index 
of changes in cognitive processing load (Zekveld et al. 2010, 2011; Koelewijn et al. 
2014b; Kramer et al. 2016). To date, pupil dilation responses have been found to be 
sensitive to speech intelligibility level (Zekveld et al. 2010, 2011; Zekveld & Kramer 
2014), type of masking noise (Koelewijn et al. 2014b), syntactic complexity (Piquado 
et al. 2010; Wendt et al. 2016) and divided attention (Koelewijn et al. 2014a). Re-
search indicates that the relationship between PPD and intelligibility level (when 
ranging from 0% to 100% correct) has an inverted U-shape, with the largest PPD 
usually being observed for sentence intelligibility levels around 50% correct (Zekveld 
& Kramer 2014; Ohlenforst et al. 2017b). Ohlenforst and colleagues observed an 
inverted U-shaped curve in both NH and HI listeners across a wide range of Sig-
nal-to-Noise Ratios (SNRs). One may intuitively assume that listeners with hearing 
impairment would experience more effort than NH listeners when intelligibility lev-
els are similar for both groups. Consequently, we should then expect HI listeners to 
show a larger PPD than NH listeners. Interestingly, two previous studies have found 
that in challenging listening conditions the PPD was significantly smaller in HI 
participants compared with age-matched NH control groups (Zekveld et al. 2011; 
Kramer et al. 2016). One of the potential explanations for this apparent contra-
diction between hypothesized and observed effects of hearing impairment involves 
interactions with fatigue effects. 

According to the FUEL framework, the influence of fatigue on listening effort 
is mainly confined to the motivation dimension, such that a fatigued individual 
may likely be less motivated to apply effort to the task. So far, only a few studies 
have attempted to explore the relationships between daily-life/task-evoked fatigue 
and listening effort. Participants in the study of Hornsby (2013) performed a du-
al-task paradigm over time, and both listening effort and subjective rating of fa-
tigue were assessed in aided and unaided conditions. Listening effort was indexed 
by visual reaction times during word a recognition and recall task; subjective rating 
of the current level of fatigue was obtained by asking participants the following 
question “How mentally/ physically drained are you right now?” The results did not 
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indicate any associations between subjective ratings of fatigue and objectively mea-
sured (visual reaction time) listening effort. Note that Hornsby assessed transitory 
or task-evoked fatigue. The association between listening effort and daily-life or 
long-term levels of fatigue is currently still unknown. It seems plausible to expect 
that fatigue as experienced in daily life situations may be associated with the moti-
vation or the energy available to exert high levels of listening effort in any listening 
condition, including laboratory settings. To test this assumption, it is worthwhile 
to assess how the pupil response observed in laboratory tests relates to an individ-
ual’s experience of perceived fatigue in daily life, and their need to recover from 
fatigue on a daily basis. Insight into the nature of this relationship may inform to 
what extent inter-individual differences in pupil dilation relate to listening effort 
and fatigue in daily life settings. 

The baseline pupil diameter (BPD, measured prior to stimulus presentation) 
is another pupil size parameter which is related to task engagement (Aston-Jones 
& Cohen 2005). Although no group effect (NH vs. HI) on BPD has so far been 
found during the SRT test (Zekveld et al. 2011; Kramer et al. 2016), some studies 
have observed decreasing BPD with increasing time-on-task fatigue (Zekveld et 
al. 2010; Hopstaken et al. 2015a). Therefore, it is worthwhile to include measure-
ments of BPD in the array of data to be collected.

Daily-life Fatigue
Most people have experienced feelings of fatigue in their life. Research indicates 

that almost half of the adult population has complaints of fatigue (Pawlikowska et al. 
1994). Anecdotal reports and qualitative studies suggest that adults with hearing im-
pairment are more likely than NH adults to experience fatigue and lack of energy on 
a daily basis (Hétu et al. 1988; Kramer et al. 2006; Nachtegaal et al. 2009a; Hornsby 
2013). Long-term fatigue may emerge if an individual frequently experiences tired-
ness without adequate recovery, and this long-term fatigue may have negative im-
pact on their quality of life and working performance. For example, Kramer and 
colleagues (2006) reported that adults with hearing impairment were more likely to 
report sick leave due to fatigue or burnout. 

The most intuitive way to assess daily-life fatigue is through self-report ques-
tionnaires (Hétu et al. 1988; Kramer et al. 2006; Nachtegaal et al. 2009a; Hornsby 
et al. 2016). For instance, The Profile Of Mood States is a 65-item questionnaire 
that measures six mood states, including fatigue and vigor (Lorr et al. 1971). In 
a recent study by Hornsby & Kipp (2016) this questionnaire was administered to 
149 adults seeking help for their hearing difficulties and compared the results to 
normative data. They did not find significant differences in mean fatigue ratings 
between their experimental group and normative data. However, significant be-
tween-group differences in vigor ratings were found, and the prevalences of both 
severe fatigue problems and severe vigor deficits were higher in the adults with 
hearing problems. The Fatigue Assessment Scale is another scale addressing both 
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physical and mental fatigue (Michielsen et al. 2004). It is a unidimensional instru-
ment with 10-items. Alhanbali et al. (2017) applied this instrument in both HI 
(including hearing aid, cochlear implant users and people with single sided deaf-
ness) and NH groups, and reported increased levels of fatigue in the HI groups. 
However, like Hornsby & Kipp (2016), they found no significant correlation be-
tween severity of hearing loss and the Fatigue Assessment Scale within the group 
of hearing aid users. Other questionnaires focus on the impact of fatigue on daily 
activities or during work. An example is the Checklist Individual Strength (CIS). 
It is a multidimensional questionnaire intended to measure chronic fatigue (Ver-
coulen et al. 1994). It has been widely used in clinical settings in patient groups 
suffering chronic disease (Repping-Wuts et al. 2007; Rietberg et al. 2011). Simi-
larly, Need for Recovery (NfR) is an 11-item scale measuring work-related fatigue 
(van Veldhoven & Broersen 2003). The concept of need for recovery after work 
reflects the ability to cope and recover from fatigue and distress at work. This factor 
acts as a predictor of long-term health complaints (Sluiter et al. 2003). Previous 
studies that used the NfR scale showed that people with hearing impairment have 
increased need for recovery after work compared to NH peers (Nachtegaal et al. 
2009a). In addition, poorer outcomes on a speech-in-noise screening measure have 
been shown to be associated with higher NfR (Nachtegaal et al. 2009a). The lack 
of consistency in the association between subjective ratings of daily-life fatigue 
and hearing impairment indicates that more research is needed in this area. In the 
current study, we used both CIS and NfR questionnaires to evaluate the daily-life 
fatigue experienced by NH and HI listeners. 

To summarize, previous research has separately examined associations between 
listening effort and hearing impairment (see Ohlenforst et al. (2017a)), and be-
tween self-reported daily-life fatigue and hearing impairment (Nachtegaal et al. 
2009a; Hornsby 2013; Hornsby & Kipp 2016; Hornsby et al. 2016). We may rea-
sonably expect associations between all three factors, but no studies so far have ad-
dressed all of these factors together. Hence, the aims of the present study were (1) 
to investigate the relationship between hearing impairment and self-reported fa-
tigue, (2) to examine the relationship between self-reported fatigue and objectively 
measured listening effort as indexed by the task-evoked pupil dilation response 
during speech recognition in noise, and (3) to estimate the separate contributions 
of hearing acuity and self-reported fatigue to the pupil dilation during a speech in 
noise task. Given these goals and the findings of previous research surveyed above, 
the hypotheses tested in the present study are summarized as follows:

• H1A: As a group, HI listeners report higher levels of daily-life fatigue than 
NH listeners,

• H1B: Within a group including both HI and NH listeners, poorer hearing 
thresholds are associated with higher levels of self-reported daily-life fatigue.

• H2: Higher levels of self-reported daily-life fatigue are associated with small-
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er PPDs during speech recognition in noise,
• H3: Hearing acuity and self-reported daily-life fatigue contribute separately 

to the PPD during speech recognition in noise.

4.2 METHODS

Participants
Participants were recruited from the VU University Medical Center, local com-

munity centers and hearing aid dispensers in Amsterdam. In total, 19 (13 females) 
HI participants and 27 (17 females) NH participants were included in this study. 
The HI participants were recruited first, followed by age-matched NH individuals. 
We allowed a +/- 5 years age difference between the two groups. The mean age of 
the NH participants was 46.3 years (SD = 12.4), while the mean age for HI par-
ticipants was 47.2 years (SD = 10.9). All participants were native Dutch speakers. 
Candidates with a history of neurological, psychiatric or eye diseases that might 
alter the pupil response were excluded. The audiometric inclusion criterion for the 
NH participants was a Pure Tone Average (PTA) <= 20 dB HL across 250, 500, 
1000, 2000 and 4000 Hz. For the HI group, the PTA had to be between 35 dB 
HL and 65 dB HL. Also the hearing loss had to be sensorineural (air-bone gap 
less than 10 dB between 500 Hz and 4000 Hz) and symmetrical (the difference 
between left and right ears had to be less than 20 dB HL at one frequency or 15 
dB HL at two frequencies or 10 dB HL at three frequencies across 250, 500, 1000, 
2000 and 4000 Hz). The mean PTA for the NH group was 8.8 dB HL (SD = 4.6 
dB HL) and it was 42.1 dB HL (SD = 9.3 dB HL) for the HI group. Participants 
provided informed consent for the study. The study was approved by the VU Uni-
versity Medical Center Ethical Committee.

Self-report Daily-life Fatigue Questionnaires
The questionnaires included in this study were the NfR scale (van Veldhoven & 

Broersen 2003) and CIS (Vercoulen et al. 1994). Both questionnaires were origi-
nally designed and validated in Dutch. 

The NfR scale is an eleven-item scale assessing the effects of fatigue caused by 
work and the need for recovery afterwards. It is a subscale from the Questionnaire 
on the Experience and Evaluation of Work questionnaire, which is focused on the 
experience and assessment of work (van Veldhoven & Broersen 2003; de Croon et 
al. 2006). Examples of items included in the scale are: ‘In general, it takes me over 
an hour to feel fully recovered after work’, or ‘At the end of the day I really feel 
worn out’. Possible responses are ‘yes’ or ‘no’. The total NfR score is the number 
of ‘yes’ responses divided by the total number of items, presented as a percentage 
(i.e. range 0-100). The higher the score, the greater the need for recovery felt by 
the respondent.
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The multidimensional CIS questionnaire was designed to evaluate chronic fa-
tigue, and proved to be an effective questionnaire to measure fatigue in the working 
population (Beurskens et al. 2000). The CIS includes four dimensions: the dimen-
sion Subjective Fatigue is covered by eight items like “I feel tired”, and the dimension 
Reduction in Motivation includes four items like “I feel no desire to do anything”. 
The dimension Reduction in Activity has three items, like “I don’t do much during 
the day” and Reduction in Concentration, as the final dimension, has five items, for 
example, “My thoughts easily wander”. Each item is evaluated on a seven-point scale 
indexing the extent to which the particular statement applies to the participant. We 
used the total score of the twenty items in this study (i.e. range 20-140). Higher 
scores indicate a higher degree of fatigue, more concentration problems, reduced 
motivation, and less activity. 

Speech Reception Threshold Test 
For the speech reception threshold (SRT) test, one set of 25 female-talker sen-

tences was selected from the Versfeld daily Dutch sentences (Versfeld et al. 2000) 
and used as the target speech. The noise signal was a stream of single sentences 
of a male talker from the same sentence database, and the long-term averaged 
spectrum of the interfering talker was matched to the target speech signal. For 
each sentence, noise onset was two seconds before the speech signal and contin-
ued until three seconds after the speech offset. An adaptive procedure was used 
to estimate the SNR required for 50% sentence intelligibility, applying a simple 
one-up-one-down procedure with SNR adjusted in 2-dB steps (Plomp & Mimpen 
1979b). The level of the noise signal was calibrated to 65 dB SPL for both left and 
right ears, and the speech signal was varied. The SNR was initially set to -10 dB. 
Participants were asked to repeat the target sentence after noise offset. The sub-
sequent sentence was presented after the experimenter scored whether or not the 
sentence was correctly reproduced, and a sentence was only scored as correct if the 
participant reproduced the sentence completely without any errors. The first target 
sentence was repeatedly presented with increasing SNRs in 4-dB steps until the 
participant gave a correct response for that sentence. This provided the starting 
SNR for the remaining adaptive procedure that continued until all 25 sentences 
were presented. Each of these remaining sentences were presented only once and 
a step size of 2-dB SNR was used in the remaining adaptive procedure. The SRT 
was determined as the mean SNR of sentences 5 to 25. HI participants were tested 
without their hearing aids. However, the speech and noise signals were amplified 
in accordance with their pure tone thresholds and the NAL-R (Byrne & Dillon 
1986) rule.  The NAL-R gain was applied to each ear separately.

Pupillometry
Pupil diameters of both left and right eyes (only data from the left eye were 

used in the analysis) were recorded by SMI RED 500 (SensoMotoric Instruments, 
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Berlin, Germany) eye tracking system with a sampling rate of 60 Hz and a spatial 
resolution of 0.03°. Pupil recording continued throughout the whole test session, 
but only the pupil data between noise onset (2 seconds before speech onset) and 
noise offset (3 seconds after speech offset) of each sentence was retained for lat-
er processing. The experimenter observed the quality of the collected pupil data 
during testing. In some cases, participants started to blink more often or lower 
their eyelid after a certain time of testing. The experimenter intervened when nec-
essary to remind the participants to refrain from allowing their eyelids to close 
and/or blinking continuously, if possible.

Procedure
Participants were asked to visit the VU University Medical Center twice as 

part of a larger study, and the data collected during the second visit are presented 
in this paper. A set of six questionnaires including the CIS and NfR was given to 
the participants during their first visit, to be completed at home and returned at 
the second visit. 

Participants were asked not to wear eye-makeup, and corrective glasses were 
removed during the pupillometry measurements. Participants were also instructed 
not to drink coffee prior to testing, even though recent evidence suggests that the 
pupil dilation response is not highly sensitive to caffeine consumption (Bardak et 
al. 2016). The test session took place in a sound-treated room, where auditory stim-
uli were presented diotically over headphones (Sennheiser, HD 280). The room 
illumination was controlled by an array of LEDs and had an approximate light 
intensity level of 360 lx. Participants were seated in a comfortable chair with the 
distance between the midpoint of their eyes and the center of the computer screen 
adjusted to approximately 55 cm. A small white dot appeared at the center of the 
black screen (luminance less than 0.1 lx) as the eye fixation mark. We asked the 
participants to relax for five minutes before the SRT test, to rest their eyes and get 
used to the room illumination.

Pupil Data Processing
In accordance with the SRT test procedure in which the responses to the first 

four (out of 25) sentences were discarded, the pupil data from the first four sen-
tences were discarded as well. Pupil diameters more than 3 standard deviations 
smaller than the mean diameter during each sentence, together with zero diameter 
values, were characterized as blinks. Trials were rejected if the data contained 
more than 20% of blinks. This resulted in the rejection of 16 out of 966 (1.6%) tri-
als. Linear interpolations were applied to the blink periods of the remaining trac-
es. Then a five-point moving average filter was applied to smooth the de-blinked 
pupil traces. For each adaptive SRT test track, the smoothed traces (maximum 21, 
minimum 16 traces) were time-aligned relative to the sentence onset, and then 
averaged. Pupil parameters were derived from the averaged trace, including the 
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baseline pupil diameter (BPD) and the peak pupil dilation amplitude (PPD). The 
BPD was determined as the average pupil size in the one-second period of noise-
alone presentation immediately preceding the sentence onset. The PPD is defined 
as the maximum pupil dilation between sentence onset and noise offset, relative to 
the BPD. Readers may refer to (Zekveld et al. 2010) for a more detailed description 
of this procedure. 

Speech Intelligibility Index (SII) 
We calculated the Speech Intelligibility Index corresponding to the signal and 

noise levels at each participant’s SRT. This is henceforth termed SII@SRT. SII@
SRT provides extra information about speech understanding by quantifying the 
proportion of speech information that is both audible and usable for a listener 
(Hornsby 2004). The calculation was performed according to the ANSI S3.5-1997 
standard. The equivalent noise spectrum level, the equivalent speech spectrum lev-
el (corresponding to average SNR), and each individuals’ hearing thresholds were 
used as the input variables to calculate the SII@SRT. 

Statistical Analyses 
We first examined the descriptive statistics of the two questionnaires (NfR and 

CIS), SRT, SII@SRT scores, and pupil parameters (BPD and PPD). One-way 
analyses of variance (ANOVA) were performed on the NfR and CIS scores with 
hearing status (NH vs. HI) as the categorical factor to test hypothesis H1A. Then 
we calculated the Pearson correlation coefficients between age, hearing acuity 
(PTA, SII@SRT), fatigue (NfR, CIS) and pupil parameters (BPD, PPD) in order 
to test hypothesis H1B, and H2. Finally, to investigate hypothesis H3, a factor 
analysis and regression analyses were performed to break down the contributions 
of PTA, SII@SRT, NfR and CIS scores to explaining the PPD. 

We must note that an incident occurred in the middle of the data collection 
period, whereby the noise level was shifted from 65 dB SPL to 54 dB SPL. This 
raised the starting SNR from -10 dB SNR to +1 dB SNR. In total, this incident 
influenced the data of 19 NH participants and 8 HI participants. We investigated 
the potential effect of this shift in noise level, and concluded that it did not affect 
our laboratory outcomes (SRT, PPD and SII@SRT). The detailed description of 
this investigation can be found in the appendix 4-1. 

4.3 RESULTS

table 4-1  shows the descriptive statistics of age, PTA, the SRT for 50% correct 
performance, the questionnaire results, the pupil parameters, and the Speech In-
telligibility Index, all grouped by hearing status (NH vs. HI).
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table 4-1 Descriptive statistics for age, PTA, SRT, SII@SRT, questionnaires and pupil 
parameters

NH HI
Mean SD Mean SD

Age (yr) 46.3 12.4 47.2 10.9
PTA  (dB HL) 8.8 4.6 42.1 9.3
SRT (dB SNR)** -9.3 1.4 -3.2 4.7
SII@SRT** 0.14 0.02 0.28 0.02
NFR 33.0 28.5 45.7 28.9
CIS 55.7 23.3 61.6 20.7
BPD (mm) 4.88 1.03 5.02 0.83
PPD* (mm relative to BPD) 0.24 0.12 0.17 0.10

NH: normally hearing group; HI: hearing-impaired group; PTA, pure-tone average at 250, 
500, 1000, 2000 and 4000 Hz across both ears; SII@SRT: Speech Intelligibility Index cor-
responding to the signal and noise levels at each participant’s SRT; NFR: Need for Recov-
ery scale (range 0-100); CIS: Checklist Individual Strength questionnaire (range 20-140); 
BPD: baseline pupil diameter; PPD: peak pupil dilation relative to BPD;
* :  p < 0.05  ** p < 0.001

Behavioral Data
A one-way ANOVA showed a main effect of hearing status (F (1, 44) = 41.46, 

p < 0.001) on the SRTs, indicating that NH participants had a significantly lower 
(better) SRT than the HI participants. 

Questionnaires
Both NfR and CIS scores followed Normal distributions according to the fre-

quency histograms and Q-Q plots (observed values vs. theoretical quantile of normal 
distribution fitting) of the scores. When comparing the NH and HI groups using a 
one-way ANOVA, there was no significant difference in NfR score (F (1, 44) = 2.18, 
p = 0.15) or CIS score (F (1, 44) = 0.78, p = 0.38) between the groups, although there 
was a non-significant tendency among the HI participants to have higher self-re-
ported fatigue in comparison with the NH participants. A MANOVA analysis com-
bining the scores on the two questionnaires also failed to find a significant group 
effect (F (2, 43) = 1.07, p = 0.35). 

Pupil Parameters
No significant group effect (NH, HI) was observed when performing a one-way 

ANOVA on the BPD (F (1, 44) = 0.25, p = 0.62). The one-way ANOVA of the PPD 
showed a significant group effect, indicating that the PPD was significantly larger in 
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the NH group than in the HI group (F (1, 44) = 4.34, p < 0.05). figure 4-1 illustrates 
the averaged pupil dilation response relative to the baseline pupil diameter during 
the SRT test. 

figure 4-1 The averaged pupil dilation response relative to the baseline pupil diameter 
during the SRT test. Sentence perception performance was 50% correct

Speech Intelligibility Index (SII@SRT)
The mean SII@SRT score for the NH participants was 0.14 (SD = 0.02), and it 

was 0.28 (SD = 0.02) for the HI group. The SII@SRT of the HI group was signifi-
cantly higher than that of the NH group (F (1, 44) = 28.97, p < 0.001), indicating 
that audibility of the speech signal had to be higher for the HI participants for a 
performance of 50% correct during the SRT task 

Correlation between age, hearing acuity, questionnaires and pupil parameters
table 4-2 shows the Pearson correlation coefficients between hearing acuity, the 

fatigue questionnaires, and the pupil parameters (BPD and PPD) for the total sam-
ple (NH + HI). The significance of each correlation coefficient was evaluated using a 
Bonferroni-adjusted alpha level of 0.0071 (0.05/7). There was a significant relation-
ship between NfR and PPD (r (44) = -0.39, p < 0.0071) such that higher NfR was 
associated with a smaller PPD. figure 4-2 shows the scatterplot of the association 
between NfR and PPD. The correlation between CIS and PPD was not significant (r 
(44) = -0.35, p = 0.018), although there was a moderate positive association between 
NfR and CIS (r (44) = 0.57 p < 0.001).

Moreover, we found that there were significant associations between SII@SRT 
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and PPD (r (44) = -0.39, p < 0. 0071), SRT and PPD (r (44) = -0.41, p < 0.0071), 
and a marginally non-significant correlation between PTA and PPD (r (44) = -0.37, 
p = 0.013), such that larger PPD was associated with lower SII@SRT, lower (better) 
SRT, and (possibly) lower PTA. We failed to find any correlation between the BPD 
and any of the parameters mentioned above. 

table 4-2 Pearson correlation coefficients between PTA, scores from SII@SRT, 
NFR, CIS, BPD and PPD during the SRT test 

Auditory Test Questionnaires Pupil Parameters
PTA SRT SII@

SRT
NFR CIS BPD PPD

ALL (n = 46)

PTA 0.79* 0.68* 0.19 0.14 0.01 -0.37

SRT 0.90* 0.11 0.18 0.12 -0.41*

SII@SRT 0.14 0.14 0.12 -0.39*

NFR 0.57* 0.11 -0.39*

CIS 0.24 -0.35

BPD 0.00

PTA, pure-tone average at 250, 500, 1000, 2000 and 4000 Hz; SII@SRT, Speech Intelli-
gibility Index score at SRT; NFR, Need for Recovery; CIS, Checklist Individual Strength; 
BPD, baseline pupil diameter; PPD, peak pupil dilation relative to BPD
* Significant at Bonferonni-corrected criterion alpha level (p < 0.0071)
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figure 4-2 Scatterplot of PPD against NfR score. The solid blue dots represent NH par-
ticipants. The solid red triangles represent the HI participants

Multiple Regression
In order to further investigate how fatigue and hearing acuity contributed to the 

PPD (see H3 in the Introduction), we performed a multiple regression analysis on 
the data acquired from all participants (NH + HI). Beforehand, we sought the op-
portunity to reduce the number of variables that would be included in the multiple 
regression. From our correlation analysis, we found that SII@SRT and PTA were 
highly correlated to each other, as were NfR and CIS. Thus, we ran a factor analysis 
on the data of these four variables for all the participants to examine the underlying 
latent factor structure. The correlation matrix of the four variables was taken as the 
input of the factor analysis, so that the variables were standardized before the factor 
analysis. 
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table 4-3 Rotated factor loadings (Varimax normalized) for each of the four variables 
along with their groupings within the two emergent factors.

Factor 1 Factor 2

NFR 0.11 0.88*

CIS 0.01 0.89*

PTA 0.91* 0.10

SII@SRT 0.91* 0.07

PTA, pure-tone average at 250, 500, 1000, 2000 and 4000 Hz; SII@SRT, Speech Intelli-
gibility Index score at SRT; NFR, Need for Recovery; CIS, Checklist Individual Strength;
*: p < 0.05

Factor 1, which was mainly composed of PTA and SII@SRT values, had an ei-
genvalue of 1.94 and accounted for 48.4% of the variance. The second factor, which 
was the combination of NfR and CIS scores, had an eigenvalue of 1.31 and account-
ed for 32.8% of the variance. According to the results presented in table 4-3, the 
varimax rotated loadings of PTA and SII@SRT to Factor 1 were both 0.91, suggest-
ing that PTA and SII@SRT were similarly strongly associated with the factor. We 
interpreted Factor 1 as reflecting Hearing acuity. The varimax rotated loadings of 
NfR and CIS on factor 2 were 0.88 and 0.89 respectively, indicating similar associa-
tions for these two questionnaires with Factor 2. Thus, Factor 2 could be interpreted 
as the Fatigue factor: the lower the value, the less fatigue was experienced by the 
participants. 

table 4-4 Multiple regression result with PPD (R2 = 0.29, adjusted R2 = 0.26, p<0.001) 
as the dependent variable, and the factors Hearing acuity and Fatigue as the independent 
variables

Dependent 
variable

Independent 
variable

B (regression 
coefficients)

β (standard-
ized regression 

coefficients)

P

PPD Hearing acuity 
factor

-0.04 -0.38 p<0.005

Fatigue factor -0.04 -0.38 p<0.005
PPD: peak pupil dilation relative to BPD 

Next, we performed a multiple regression analysis with the Hearing acuity and 
Fatigue factors as predictors and PPD as dependent variable. The results indicated 
that the two predictors explained 26% of the variance in PPD (R2 = 0.29, adjusted 
R2 = 0.26, F (2, 43) = 8.91, p<0.001). Hearing acuity and Fatigue factors contributed 
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equally and independently to PPD (β = -0.38, p < 0.005). 

4.4 DISCUSSION

In the present study, we acquired self-reported ratings of daily-life fatigue (NfR 
and CIS), measures of hearing acuity (PTA and SII@SRT), and the pupil dilation 
response (Baseline Pupil Diameter, BPD; and Peak Pupil Diameter, PPD) during 
an SRT test targeting 50% performance level in both NH and HI participants. The 
first aim of the study was to examine the difference in self-reported daily-life fa-
tigue between NH and HI participants, as well as the relationship between fatigue 
and hearing acuity. The second purpose of the present study was to investigate 
the relationship between self-reported daily-life fatigue and objectively measured 
listening effort (as indexed by PPD). The third aim was to further investigate the 
latter relationship by examining the individual associations of self-reported dai-
ly-life fatigue and hearing acuity with the PPD. The results showed that individu-
als with higher levels of self-reported daily-life fatigue have smaller PPD. Hearing 
acuity and self-reported fatigue are independently associated with the PPD, such 
that poorer hearing acuity and higher levels of fatigue are associated with smaller 
pupil dilations.

Self-reported fatigue and hearing impairment
The results revealed no significant differences in NfR and CIS scores between the 

NH and HI groups, although there was a non-significant tendency of the HI listen-
ers to have higher (worse) NfR and CIS scores than the NH listeners. Thus, H1A 
was not supported. Similarly, we did not find any associations between self-reported 
fatigue (NfR, CIS) and hearing acuity indices (PTA, SRT, SII@SRT). Hence, H1B 
was not supported either. The lack of association between fatigue and hearing acuity 
is not in line with the previous findings of Nachtegaal et al. (2009a), but does accord 
with Hornsby & Kipp (2016). Hornsby & Kipp (2016) concluded that the absence 
of this relationship in their data was probably due to the individual variance in other 
abilities such as speech processing ability, which might also affect subjective ratings 
of fatigue. Other factors such as personal traits and anxiety may act as better pre-
dictors of self-reported fatigue than hearing acuity. For instance, Jiang et al. (2003) 
found that self-reported fatigue was strongly associated with trait anxiety and harm 
avoidance (derived from a psychobiological model of personality). The nature of the 
current dataset did not allow us to test this type of explanation. To the best of our 
knowledge, the CIS questionnaire has not been used to evaluate differences in fa-
tigue between NH and HI groups before. The close correlation between CIS and 
NfR may indicate that they were tapping into the same dimension of fatigue. 

Self-reported fatigue and pupil dilation response during listening task
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As far as we know, this is the first study to examine the correlation between 
subjectively assessed daily-life fatigue and objectively measured peak pupil dilation 
during speech perception. We found a moderate negative correlation between the 
NfR score and PPD during the SRT test targeting 50% performance (higher lev-
els of fatigue were associated with smaller PPDs), supporting H2. According to 
the hitherto dominant interpretation of larger PPD as reflecting greater cognitive 
processing effort (Zekveld et al. 2010; Koelewijn et al. 2014a), our result seems to 
indicate that a more fatigued individual will expend less – not more – resources to 
achieve the same intelligibility level. These results can be reconciled if the modula-
tion of motivation by fatigue, as posited in the FUEL framework (Pichora-Fuller et 
al. (2016), is considered. Using this interpretation, fatigued individuals may be less 
motivated to perform well in the SRT test, and will exert less effort to perform the 
task, resulting in a reduction of the PPD (Zekveld & Kramer 2014; Ohlenforst et 
al. 2017a). 

However, we failed to observe any significant correlation between fatigue and 
task performance, as indicated by the SRT score. The relatively strong associations 
observed between SRT and PTA/SII@SRT suggest that the SRT is predominantly 
reflecting hearing acuity in the present data set. It is not implausible to think that 
motivation might also be associated with the task performance. As such, an indepen-
dent assessment of motivation might be helpful in future studies. 

Previous studies have observed a decline in the baseline pupil diameter after a 
certain testing time, and have ascribed this to the onset and progression of task-re-
lated fatigue (Zekveld et al. 2010; Hopstaken et al. 2015a). The current study showed 
no relationship between self-reported daily-life fatigue and baseline pupil diameter 
(averaged across 21 sentences). Given that the average testing time in the current 
study was around half an hour, which is relatively short compared to experiments 
designed to induce task-related fatigue, we do not expect our BPD data to be strong-
ly influenced by task-related fatigue effects. The contrast between these two types of 
results tends to reinforce the idea that daily-life fatigue and task-related fatigue are 
qualitatively different phenomena.

The contributions of self-reported fatigue and hearing acuity to pupil dilation 
response

In the current study, we found that HI participants had a smaller PPD than NH 
participants when performing an SRT task targeting 50% correct. This result is in 
line with previous research (Zekveld et al. 2010; Kramer et al. 2016; Ohlenforst et al. 
2017b). In order to gain a better understanding of this result, we further examined 
the relationship between hearing acuity, self-reported fatigue and PPD. Alongside 
the significant correlation between self-reported fatigue and PPD, we also found that 
poorer hearing as reflected by the PTA and SII@SRT was associated with smaller 
PPD. Taken together, both fatigue and hearing acuity were related to smaller PPDs, 
while there was no direct association between fatigue and hearing acuity. Therefore, 
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the current findings might indicate independent associations of hearing acuity and 
self-reported fatigue with PPD. The results from the factor analysis and multiple 
regression analysis further confirmed these independent associations. We found that 
both fatigue (CIS + NfR) and the hearing acuity factor (PTA + SII@SRT) showed 
significant, and almost equal, negative associations with the PPD during listening, 
and the two factors accounted for 26% of the variance in PPD. Less fatigue and bet-
ter auditory sensitivity were associated with larger PPDs during the SRT test. The 
associations we found do not establish causality, but the most plausible direction of 
causality would seem to be that daily-life fatigue and auditory acuity are precursors 
of PPD, rather than vice versa. Meanwhile, an as-yet unidentified common cause 
behind all three cannot be excluded.

The reason why the SRT was not included in the multiple regression analysis was 
that the SII@SRT provides more information about hearing acuity than the SRT in 
itself. We observed a moderate correlation coefficient between SRT and PTA in this 
study, which typically means that the provided audibility was insufficient, although 
the loss of hearing sensitivity was partly compensated for by the application of gain 
according to the NAL-R prescription. Humes (2007) has shown that the gain pre-
scribed by NAL-R above 4 kHz does not fully compensate for the loss of audibility. 
If audibility had been fully compensated, we would expect to observe a weaker cor-
relation between SRT and PTA. The SII calculation takes audibility into account 
whereas the SRT does not directly. Therefore, we used the SII in the analysis. 

Probably the most important finding of the current study is the demonstration of 
significant associations between the PPD and both self-reported daily-life fatigue 
and hearing acuity, without a significant association between fatigue and hearing 
acuity. Given the important role of cognition in speech recognition tasks, it is possi-
ble that the ability to distinguish the target talker from the competing talker plays a 
role in the association between hearing acuity and PPD. For instance, Petersen et al. 
(2017) found that individuals with worse hearing showed a weaker neural tracking 
when differentiating an attended talker from a competing one, while Kuchinsky et 
al. (2014) found that training of speech perception in older adults with hearing loss 
could result in an increased pupil dilation during a word recognition in noise task. 
Thus, it is possible that the larger pupil dilation we observed in the NH group actual-
ly reflects a more salient perception of the target speaker compared to the HI group. 

Meanwhile, the independent contribution of fatigue to the PPD may stem from 
the autonomic nervous system, which controls the pupil dilation response. Recent 
findings from Hopstaken and colleagues (2015a) suggest a possible link between 
mental fatigue and task disengagement associated with the locus coeruleus norepi-
nephrine (LC-NE) system. The LC-NE system is known to be related to task en-
gagement and sympathetic arousal (Aston-Jones & Cohen 2005). Aston-Jones and 
Cohen (2005, p.431) proposed that “descending regulation of LC suggests a mechanism 
for volitional control of waking in the face of fatigue”. Hopstaken et al. (2015b) observed 
that increasing task-related mental fatigue coincided with a diminished pupil di-
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lation response, which suggested the possible involvement of the LC-NE system 
during task disengagement caused by mental fatigue. Speculatively, the present find-
ings may indicate that daily-life fatigue may also affect the pupil dilation response 
through the LC-NE system. Importantly, this appears not to be strongly dependent 
on hearing acuity. The data collected in the present study do not provide further 
elucidation on these potential explanations.

Limitations
There are several limitations of the current study that need to be mentioned. 

Firstly, we measured objective listening effort and subjective daily-fatigue in the 
current study. We might have gained more insight into the associations between 
listening effort and fatigue if we had also included both subjective measurement of 
listening effort (self-rating of perceived listening effort) and objective measurement 
of fatigue (task-induced fatigue). Secondly, the current study tested SRT only at 
50% performance level. Inclusion of more intelligibility levels (84%, 100%) would 
certainly be helpful to gain more insight into how the pupil dilation response related 
to fatigue. Thirdly, the NH and HI groups by themselves were too small to establish 
reliable correlational findings within each group, so correlation analyses are only 
valid for the total NH+HI sample. Finally, for the SII calculation, we used the long-
term RMS level of the noise signal, i.e. assumed a steady noise, whereas the actual 
noise signal was a single talker. The SII@SRT estimates might have been improved if 
we had used a time-varying SII approach as proposed by Rhebergen and colleagues 
(Rhebergen & Versfeld 2005). 
 
Conclusion

The most important and novel finding of this study is the demonstration of sig-
nificant associations between the PPD and both self-reported daily-life fatigue and 
hearing acuity, without a significant association between fatigue and hearing acuity. 
Daily-life fatigue may thus be one of the factors explaining inter-individual differ-
ences in PPD such as are often observed in studies using PPD as an index of listen-
ing effort. The detailed interactions between listening effort, fatigue and hearing loss 
remain to be clarified.
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Context and objeCtive    The task-evoked pupil dilation response during a speech 
comprehension in noise task has been used as a measure of listening effort. Larger 
pupil dilation is associated with higher levels of effort or cognitive resource 
allocation during the task. Previous studies have repeatedly reported that the pupil 
dilation in hearing-impaired participants is smaller than that of normally-hearing 
controls, particularly in challenging listening conditions. This is contrary to the 
intuitive assumption that listeners with hearing impairment likely experience 
more effort than normally-hearing listeners when intelligibility levels are similar 
for both groups. The sympathetic and parasympathetic nervous systems both play 
an important role in the pupil dilation response. Therefore, we hypothesized that 
a potential explanation for the findings described above may involve interactions 
between hearing status and the parasympathetic nervous system. When recording 
in dark, the parasympathetic nervous system has minimum influence on the task-
evoked pupil dilation in response to cognitive processing. In contrast, in light, 
the pupil dilation in response to increased resource allocation is partly mediated 
by the parasympathetic pathways. The aim of the current study was to assess the 
relationship between hearing impairment and parasympathetic nervous system 
activation by comparing the pupil dilation response during speech comprehension 
in dark and light conditions.

Methods  Two age-matched groups of listeners participated in this study: 27 
normally-hearing listeners and 19 with hearing impairment. Subjective Need 
for Recovery ratings were acquired prior to the test session. Participants from 
both groups performed speech reception threshold tests in which target speech 
was masked with a single competing talker. We estimated the speech-to-noise-
ratio required for 50% correct sentence recognition. The tests were conducted in 
both dark and light conditions with randomized order, and pupil responses were 
recorded during listening.  

results  The peak pupil dilation did not differ between the groups in darkness. 
However, in the light condition it was significantly larger for normally hearing 
participants than listeners with hearing impairment. Need for Recovery score and 
hearing status had an interaction effect on the difference between the peak pupil 
dilation in dark and light, such that the difference between normally-hearing and 
hearing-impaired listeners was only apparent for normally-hearing listeners with 
low Need for Recovery.

ConClusion  Only participants with both normal hearing and a relatively low 
level of Need for Recovery showed a difference in the pupil dilation response 
to listening between a dark and a light condition. This difference was smaller 
or absent in participants with hearing impairment and/or participants with 
a relatively high level of Need for Recovery. This indicates a larger inhibitory 
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effect from the parasympathetic system (i.e. less parasympathetic activation) to 
the pupil dilation response of normal hearing listeners with relatively low need 
for recovery. Specifically, the results suggest relatively high parasympathetic 
activity in listeners with hearing loss and/or a relatively high need for recovery. 
Parasympathetic activity is associated with ‘rest and digest’. We speculate that 
increased parasympathetic nervous system activity accompanying hearing 
problems or high need for recovery may be a sign of a coping mechanism 
involving the parasympathetic nervous system that influences cognitive resource 
allocation. This coping may be associated with more ‘rest’ or reduced cognitive 
resource allocation. A by-product of this proposed mechanism is that the pupil 
dilation response in light conditions is relatively restricted.

Wang, Y., Kramer, S. E., Wendt, D., Naylor, G., Lunner, T., Zekveld, A. A.
Trends in Hearing, Under Review
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LIST OF ACRONYMS FOR CHAPTER 5

PPD

SNR

NfR

SRT

SNS

PNS

NH

HI

ΔPPD

BPD

HRV

Peak Pupil Dilation

Signal-to-noise Ratio

Need for Recovery

Speech Reception Threshold

Sympathetic Nervous System

Parasympathetic Nervous System

Normally-hearing

Hearing-impaired

Difference between PPD in Dark and Light

Baseline Pupil Diameter

Heart-rate Variability
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5.1 INTRODUCTION

Speech understanding is usually perceived as more challenging and effortful for 
people with hearing impairment than for normally hearing people, especially in 
background noise (Plomp & Mimpen 1979a; Rönnberg et al. 2008; Kramer et al. 
2009; Zekveld et al. 2011; Pichora-Fuller et al. 2016). Continuous effortful listen-
ing may be associated with higher levels of experienced fatigue in listeners with 
hearing impairment as compared to their normally-hearing peers (Edwards 2007; 
Hornsby et al. 2016). The consequences of hearing-related fatigue may include re-
strictions in engagement in work and withdrawal from major social roles (Kramer 
et al. 2006; Nachtegaal et al. 2009a). 

To gain a better understanding of listening effort and approaches to the assess-
ment of listening effort in various situations, the Eriksholm Workshop on Hearing 
Impairment and Cognitive Energy (Pichora-Fuller & Kramer 2016) proposed rele-
vant measurements ranging from self-reported questionnaires (Gatehouse & Noble 
2004) to physiological measurements like functional Magnetic Resonance Imaging 
(Vaden et al. 2015), skin conductance (Mackersie & Calderon-Moultrie 2016) and 
pupillometry (Zekveld et al. 2011; Kuchinsky et al. 2013; Koelewijn et al. 2014b; 
Winn et al. 2015; Kramer et al. 2016; Ohlenforst et al. 2017b; Wang et al. 2017). 
Larger pupil dilation is associated with higher levels of listening effort during the 
speech in noise task. While measuring speech comprehension across a wide range 
of signal-to-noise ratios (SNR), a recent study found that the relationship between 
speech intelligibility (range from 0% to 100% correct response) and the peak pupil 
dilation (PPD) follows an inverted-U shaped curve. The largest pupil dilation occurs 
when the intelligibility is around 50% correct performance, and this pattern was 
observed in both normally-hearing and hearing-impaired listeners (McMahon et al. 
2016; Ohlenforst et al. 2017b). When assessing the PPD during the speech in noise 
task around this 50% correct level, one may intuitively assume that listeners with 
hearing-impairment would show larger pupil dilation compared to normally-hear-
ing listeners, as they would experience more listening effort due to their hearing 
problem. However, previous studies have repeatedly reported the opposite finding 
in challenging listening conditions (50% intelligibility level), namely that the PPDs 
were smaller in hearing-impaired participants than normally-hearing controls (Ze-
kveld et al. 2011; Kramer et al. 2016; Wang et al. 2017). 

The pupil response is under the direct control of the autonomic nervous system 
(ANS). The ANS consists of two main branches: the sympathetic nervous system 
(SNS), known to govern the ‘fight or flight’ response of the human body; and the 
parasympathetic nervous system, which is in charge of the ‘rest and digest’ response. 
It has often been assumed that the task-induced pupil dilation response reflecting 
cognitive processing load is mainly driven by the SNS activation (Kahneman 1973). 
In fact the pupil diameter reflects a balance between sympathetic and parasympa-
thetic activation. Hence, the task evoked pupil dilation is in fact reflecting combined 
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PNS and SNS activation (Loewenfeld & Lowenstein 1993; Steinhauer et al. 2004). 
Pupil dilation always consists of a “direct” SNS dilation-component and an addi-
tional dilation component that emerges because of inhibition of the PNS pathway 
via the Edinger-Westphal nucleus, the motor center of the PNS pathway (Steinhauer 
et al. 2004). Thus, increased SNS activation is usually associated with a reduction 
or inhibition of PNS activation as well (Chrousos & Gold 1992). It is therefore not 
unreasonable to assume that the counter-intuitive findings mentioned in the previ-
ous paragraph could be due to a difference in the balance of PNS and SNS activity 
between NH and HI participants. To test this hypothesis one should be able to iden-
tify or disentangle the relative contributions of the PNS and SNS components in the 
pupil response. This is particularly crucial to those researchers who wish to interpret 
their pupillometry findings from the perspective of the ANS.

 

figure 5-1 Schematic illustration of the PNS (Parasympathetic Nervous System) and SNS 
(Sympathetic Nervous System) interaction on the pupil size during the: 1) task-evoked 
pupil dilation in dark and 2) task-evoked pupil dilation light. In darkness, the influence 
of the “inhibition effect via the PNS” component on the pupil dilation (middle panel) is 
negligible (Steinhauer et al. 2004)

When studying the relative contribution of PNS and SNS activity to the pupil 
dilation in response to cognitive processing, it is important to note that , in darkness, 
the inhibitory effect on the pupil size via the PNS pathway is negligible (Loewenfeld 
& Lowenstein 1993). Therefore, in darkness, the inhibitory effect of the PNS path-
way will have the least residual effect on task-induced pupil dilation (see right panel 
figure 5-1). Steinhauer et al. (2004) used this characteristic to disassociate the con-
tributions of the SNS and PNS on the pupil dilation response in a mental task. Par-
ticipants performed an arithmetic task in which they continuously had to subtract 7 
or continuously add 1. Crucially, the tasks were performed in either a dark or a light 
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condition while the pupil dilation response was recorded at the same time. Only in 
the light condition, there was an (expected) larger pupil dilation for the difficult task 
(subtract 7) compared to the easier task (add 1). Steinhauer and colleagues therefore 
concluded that the additional pupil dilation in the light condition evoked by the 
extra processing in the difficult task was mainly associated with the parasympathetic 
pathway. This was confirmed by a follow-up study in which they pharmacologically 
blocked either the parasympathetic or sympathetic pathway. The findings from the 
above-mentioned study indicate that it should be possible to quantify the contribu-
tion of the PNS to the pupil dilation by subtracting the pupil dilation evoked by a 
task performed in dark from the dilation evoked by the same task performed in light 
conditions. 

In Wang et al. (2017), twenty-seven NH and nineteen age-matched adults with 
HI performed a speech reception threshold (SRT) test targeting 50% correct re-
sponse while the pupil dilation response was measured in ambient light (360 cd/m2). 
The results showed that NH participants had larger PPD than the HI participants 
during the SRT task. The Need for Recovery (NfR) scale, which is a short question-
naire to evaluate the daily-life fatigue reflecting an individual’s need for recovery 
after work, was also administered to both groups of participants. The results demon-
strated that NfR and hearing acuity had independent and almost equal contribu-
tions to the peak-pupil dilation during the SRT task targeting 50% correct response. 
Higher level of NfR and poorer hearing acuity were associated with smaller PPD. 
Both NfR and hearing acuity might be connected to PNS. Based on PNS’s role in 
‘rest and digest’ (Fink 2000), a recent study found that higher NfR was related to a 
higher level of PNS activity, as evidenced by the pupil light reflex (Wang et al. Under 
Review). Possibly, the PNS is associated with the relatively small task-evoked pupil 
dilation in hearing-impaired compared to normally-hearing groups in difficult lis-
tening conditions. This has been suggested by Hasson et al. (2009), who found that 
people with hearing loss have more difficulty recovering from stress than normally 
hearing peers, and that PNS may have a protective role against the hearing problem 
(Hasson et al. 2009). 

In Wang et al. (2017), pupil dilation was measured in light. Hence, the pupil 
dilation response was driven by both SNS and PNS activity. When the same task is 
performed in darkness, the PNS pathway will have a negligible effect on the task-in-
duced pupil dilation, which will result in a smaller pupil dilation response (relative 
to the baseline pupil size in the same illumination level) as compared to the task 
performed in light (Steinhauer et al. 2004). If we hypothesize that the difference in 
pupil dilation between the two groups is associated with the PNS pathway, then we 
should expect to see no difference in the pupil dilation response between NH and HI 
listeners in darkness. One step further, the difference in the pupil dilation between 
dark and light conditions (difference in PPD or ΔPPD) should reflect the extent of 
the inhibitory effect on the pupil dilation imposed by the PNS pathway, and how 
this inhibition varies between normally-hearing and hearing-impaired participants. 
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In addition, larger NfR has been found to be associated with reduced pupil dilation 
in light (Wang et al. 2017). NfR is likely related to PNS activity as the PNS system 
is involved in the recovery from stressors (Robertson 2004). The observed association 
between NfR and the pupil dilation response in light (Wang et al. 2017) was inde-
pendent of the relationship between hearing status and the pupil dilation response. 
We may reasonably expect no interaction effect of NfR and hearing status on the 
ΔPPD. 

To investigate the research questions mentioned above, we extended the dataset 
reported in Wang et al. (2017), and included pupil dilation response data collected 
in both light and dark conditions. The pupil dilation data in light in the current pa-
per is identical to the data reported in Wang et al. (2017), and the data recorded in 
darkness were acquired during the same session as the light data.

The hypotheses tested in the present study are summarized as below:
• H1: At 50% correct speech understanding, there is no difference in the 

PPD in dark between the NH and HI groups.
• H2A: NH participants have a larger ΔPPD at 50% correct speech under-

standing than the HI participants.
• H2B: There is no interaction effect of NfR groups and hearing status on 

the ΔPPD.

5.2 METHODS

Participants
Nineteen (13 females) hearing-impaired (HI) and twenty-seven (17 females) nor-

mally-hearing (NH) participants were recruited from the VU University Medical 
Center, local community centers and hearing aid dispensers in Amsterdam. All par-
ticipants were native Dutch speakers without any history of neurological, psychiatric 
or ophthalmological conditions that may alter the pupil response. The ages of the 
HI participants ranged from 22 to 59 yrs, with a mean age of 47 yrs (SD = 10.9 yrs). 
The age range of the age-matched NH participants ranged from 21 to 58 yrs, with a 
mean age of 46 yrs (SD = 12.4 yrs). Pure-tone threshold audiometry was measured 
at the beginning of the test session. The NH participants had pure-tone thresholds 
of 20 dB HL or lower for octave-band frequencies between 250 and 4000 Hz. The 
inclusion criteria for the HI participants were as follows: they should have a senso-
rineural hearing loss with pure-tone thresholds between 35 and 65 dB HL and an 
air-bone gap <10 dB between 500 and 4000 Hz. The hearing loss had to be sym-
metrical (the difference between the left and right ear had to be <20 dB HL at one 
frequency or 15 dB HL at two frequencies or 10 dB HL at three frequencies across 
250, 500, 1000, 2000, and 4000 Hz) (see figure 5-2 ). The study was approved by the 
Ethical Committee of the VU University Medical Center. All participants provided 
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informed consent before the test session. 

figure 5-2 Means and SDs (indicated by error bars) of the unaided pure-tone thresholds 
for each ear for two groups of participants. HI: normally-hearing participants; NH: hear-
ing-impaired participants.

Speech Reception Threshold Test (SRT)
In the SRT test, 25 female-talker daily Dutch sentences each were selected from 

an open set (Versfeld et al. 2000) and used as the target speech. The target speech 
was masked by a single-talker masker that was composed of a stream of male-talk-
er single sentences taken from the same sentence database. The masker signal was 
equalized to have an identical long-term average equivalent spectrum as the target 
female speech. For each sentence, the single-talker masker was presented 2 seconds 
before target speech onset and ended 3 seconds after target speech offset. Partici-
pants were asked to repeat the target sentence after noise offset and ignore the sin-
gle-talker masker. Participants were instructed to repeat the sentence aloud. The 
experimenter then scored the sentence and a sentence was only scored as correct if 
the participants reproduced the sentence completely correct without any errors. The 
SRT test was conducted using an adaptive procedure (one-up-one-down) to estimate 
the SNR required for perceiving 50% sentences entirely correctly (Levitt 1971). The 
noise level was fixed to 65 dB SPL for both ears and we varied the level of target 
speech signal during the adaptive procedure. The initial SNR was set to -10 dB, and 
the first sentence was repeatedly presented with increasing SNRs in 4-dB steps until 
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the participants correctly reproduced the first sentence. The succeeding sentences 
were only presented once with a 2-dB steps depending on whether the preceding 
sentence was repeated correctly or not. The SRT score was calculated based on the 
mean of SNR of sentences 5 to 25. For HI listeners, the SRT test was performed 
without their hearing aid (s), and we amplified the target speech and noise signal 
separately to each ear in accordance to the National Acoustic Laboratories’ linear 
fitting procedure, revised version (Byrne & Dillon 1986). Two conditions were pre-
sented in which different sets of sentences were used. In one condition, the SRT test 
was performed in darkness, and in the other condition, the SRT test was performed 
in ambient light. The order of conditions was counterbalanced across participants.

Questionnaires
The NfR questionnaire is an 11-item scale assessing the effects of fatigue caused 

by work and the need for recovery afterwards. Examples of items included in the 
scale are as follows: “In general, it takes me over an hour to feel fully recovered after 
work,” or “At the end of the day I really feel worn out”. Possible responses are “yes” 
or “no”. The total NfR score is the number of “yes” responses divided by the total 
number of items, presented as a percentage (i.e., range 0–100). The higher the score, 
the greater the NfR felt by the respondent. 

Apparatus
The test took place in a sound-treated booth located in VU University Medical 

Center. Participants were asked to sit straight in a comfortable chair and fixate their 
eye-gaze to a small white dot (luminance < 0.1 cd/m2) located in the center of a com-
puter screen. The center of the screen was adjusted to the eye height, and the distance 
between the center of the screen to the mid-point of eyes was approximately 55 cm. 
A remote eye tracking system (SMI RED 500, SensoMotoric Instruments, Berlin, 
Germany) placed below the computer screen was used to record the pupil response. 
Pupil diameters of both eyes (only data from the left eye was used) were recorded 
with a sampling rate of 60 Hz and a spatial resolution of 0.03°. The ambient light 
intensity was controlled by an array of light-emitting diodes placed on the ceiling 
of the booth. The perceived light intensity for the light condition was approximately 
360 cd/m2, and 0.1 cd/m2 for the dark condition. Auditory stimuli were presented 
binaurally via headphones (Sennheiser, HD 280). 

Procedures
Participants were asked to come twice  as the presented experiment belongs to 

part of a larger study (Wang et al. 2017). Data presented in the current article was 
collected during the second visit. A set of questionnaires, including NfR, was given 
to the participants during the first visit, to be filled in at home and returned at the 
second visit. Before the test session, participants were told not to wear make-up or 
contact lenses. Coffee consumption was also not allowed on the same day prior to 
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the test. After 5 minutes dark adaption time, participants performed the SRT test 
in dark and light conditions, and the order was counterbalanced across participants.  
Pupil recording continued throughout each condition. In some cases, participants 
started to lower their eyelid and blink more often. The experimenter then reminded 
the participants to avoid blinking or closing their eyelids.

Pupillometry and Pupil Data Processing
A detailed specification of pupil data processing can be found in Zekveld et 

al. (2010) and Wang et al. (2017). For each of the 25 sentences in each condition 
(dark/light), the pupil data collected during the first four sentences was discarded. 
For the pupil data collected during the remaining 21 sentences, diameters more 
than 3 SDs smaller than the mean diameter during each sentence, together with 
zero diameter values, were coded as blinks. We rejected trials of which the data 
contained more than 20% blinks. A linear interpolation was applied to replace the 
blinks in the remaining traces, and a five-point moving average filter was applied to 
filter out any high frequency artifacts. The baseline pupil diameter (BPD) was de-
fined as the average pupil diameter in a 1-second period prior target speech onset, 
during the presentation of the single-talker masker (see Figure 3). The smoothed 
pupil dilation data during the presentation of the target speech until masker-offset 
were baseline corrected by subtracting the BPD. The peak pupil dilation (PPD) 
was defined as the maximum pupil diameter relative to the BPD between sentence 
onset and masker offset. 

Statistical Analysis
We first ran a descriptive statistical analysis on age, NfR score, the SRT (dB 

SNR), and the pupil parameters in the dark and light condition. This was followed 
by a planned comparison for the PPD in dark as we expected there was no signifi-
cant difference between the two groups (corresponding to hypothesis H1). Next, we 
performed a univariate analysis of variance (ANOVA) using the difference in PPD 
between the light and dark condition (ΔPPD, PPD in light minus PPD in dark) as 
the dependent variable, and hearing status as the independent variable to test hy-
pothesis H2A. After that, we tested the interaction effect of NfR group (grouping 
based on median NfR score, high-NfR vs low-NfR) and hearing status (NH vs HI) 
on ΔPPD in order to test hypothesis H2B. Finally, we ran a Spearman correlation 
analysis on the age, PTA, NfR, SRT scores and pupil parameters in dark and light 
to provide more insight into the associations between these variables.

5.3 RESULTS

Behavioral Data
table 5-1 shows the results of the descriptive analysis of the demographic data, 
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the pure-tone average (PTA) at 250, 500, 1000, 2000 and 4000 Hz of the better ear, 
the NfR ratings, and the SRTs in dark and light. In the dark condition, the average 
SRT was -9.9 dB SNR (SD = 2.2 dB SNR) and -3.6 dB SNR (SD = 5.3 dB SNR) for 
the NH and HI participants, respectively. In light, the NH groups had an averaged 
SRT of -9.3 dB SNR (SD = 1.4 dB SNR) while the HI group had an average SRT 
of -3.2 dB SNR (SD = 4.7 dB SNR). Repeated-measure ANOVA analysis using 
hearing status (NH vs HI) as independent factor and SRT score in dark and light 
conditions revealed a significant between-subjects effect of hearing status (F (1, 44) = 
40.91, P < .001), that HI group overall had a higher SRT score. We did not find any 
significant effect of conditions (F (1, 44) = 1.73, p = .20) and the interaction between 
conditions and hearing status (F (1, 44) = 0.12, p = .73).

table 5-1 Descriptive statistic of age, PTA, NfR score, SRT performance and pupil pa-
rameters 

NH (n = 27) HI (n = 19)

Mean SD Mean SD

Age (year) 46.3 12.4 47.2 10.9

PTA (dB HL) 8.8 4.6 42.1 9.3

NfR score (%) 33.0 28.5 45.7 28.9

Dark SRT (dB SNR) -9.9 2.2 -3.6 5.3

BPD (mm) 6.28 1.04 6.36 1.08

PPD (mm) 0.17 0.08 0.16 0.12

Light SRT (dB SNR) -9.3 1.4 -3.2 4.7

BPD (mm) 4.88 1.03 5.02 0.83

PPD (mm) 0.24 0.12 0.17 0.10

ΔPPD (mm) 0.07 0.02 0.01 0.03

PTA, Pure-tone Average; NfR Need for Recovery; SRT, Speech Reception Threshold; 
BPD: Baseline Pupil Diameter; PPD: Peak Pupil Diameter; ΔPPD, difference in PPD 
between light and dark

Need for Recovery (NfR) Score
The mean NfR scores were 33.0 (SD = 28.5) and 45.7 (SD = 28.9) for the NH 

and HI groups, respectively. The median NfR score was 36.4 across both groups. 
We performed a median-split analysis in which participants with a NfR score of 
36.4 or higher were included in the High-NfR group and participants with scores 
below 36.4 were included in the Low-NfR group. 
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figure 5-3 Averaged pupil responses during SRT test results in 50% correct sentence rec-
ognition in both dark and light conditions. Panel above: NH (normally-hearing) vs HI 
(hearing-impaired); Panel below: HighNfR (Need for recovery score) vs LowNfR
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Effect of Hearing Status on PPD in dark
To test hypothesis H1, we ran a planned comparison to test the effect of hearing 

status (NH vs HI) on PPD in dark. No significant difference was found between the 
NH and HI groups (t [44] = 0.09, p = .77) in dark.

Effect of Hearing Status on ΔPPD 
We tested the effect of hearing status on ΔPPD by performing a one-way ANO-

VA. The result indicates that the between-subject effects of hearing status was mar-
ginally significant (F (1, 42) = 3.67, p = .06), with relatively large ΔPPD in the NH 
as compared to the HI group (corresponding to hypothesis H2A).

Effect of NfR and Hearing Status on ΔPPD 
figure 5-3 depicts the averaged pupil responses during SRT test targeting 50% 

correct response in dark and light conditions. The upper panel in this showed the pu-
pil responses of NH and HI groups, while the bottom panel showed the pupil dila-
tion response of high-NfR and low-NfR groups (by collapsing NH and HI groups). 
We ran a univariate ANOVA on ΔPPD using hearing status (NH vs HI) and NfR 
group (high-NfR vs low-NfR) as the between-subject factors. There was a significant 
interaction effect between hearing status and NfR groups on ΔPPD (F (1, 42) = 4.23, 
p < .05) (hypothesis H2B was not supported). We did not observe a statistically sig-
nificant main effect of NfR (F (1, 42) = 1.62, p = .21). Post-hoc t-tests examining the 
interaction effect revealed that NH participants with low NfR had a larger ΔPPD as 
compared to NH participants with high NfR (t [25] = 3.09, p < .0125 (0.05/4) after 
Bonferroni correction), and tended to have a larger PPD when compared to HI par-
ticipants with high NfR, although the result was close to significant after Bonferroni 
correction (t [24] = 2.38, p < .03). No other significant differences were found for the 
subgroups comparisons. fituge 5-4 illustrates the mean and SD of the ΔPPD values 
for each subgroup defined by hearing status and NfR grouping factor.
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figure 5-4 ΔPPD (PPD in light minus PPD in dark) for participants grouping by hearing 
status (NH vs HI) and NfR grouping factors (high-NfR vs low-NfR). Error bars indicate 
standard errors of the ΔPPD 

Spearman correlation coefficients between Age, PTA, SRT, NfR and Pupil Pa-
rameters

The NfR scores were not normally distributed. Therefore, we ran a non-para-
metric Spearman correlation analysis assessing the associations between age, PTA, 
NfR, SRT scores, BPD and PPD in dark and light, and as ΔPPD. A Bonferroni-cor-
rection was applied and therefore, the criterion p-value was set to 0.0063 (0.05/8). 
Results of the correlation analysis are listed in table 5-2. We found that there were 
significant negative correlations between age and BPD (Dark: r = -.56, p < .001; 
Light: r = -.40, p < .007), such that higher age was associated with smaller BPD. 
PTA and NfR score were found to be negatively associated with PPD in light, higher 
PTA and higher NfR score being associated with smaller PPD in light. We did not 
find any significant correlation between PTA, NfR and ΔPPD.
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table 5-2 Spearman correlation coefficients between age, PTA, NfR score, BPD and PPD 
during the SRT test in dark and light conditions   

PTA NfR SRT 
in dark

SRT 
in 
light

BPD 
in dark

BPD 
in 
light

PPD 
in dark

PPD 
in 
light

ΔPPD

Total (N = 46)
Age .13 .16 .09 -.01 -.56** -.40** .07 -.10 -.18
PTA .20 .79** .74** -.08 -.35 -.19 -.37* -.22
NfR .04 .11 -.07 .11 -.18 -.35* -.26
SRT in 
dark

.86** -.04 -.01 -.13 .36* -.24

SRT in 
light

-.01 .12 -.10 -.41* .13

PTA: Pure-tone Audiometry; SRT: Speech reception threshold score; BPD: Baseline Pupil 
Diameter; PPD: Peak Pupil Diameter; ΔPPD, difference in PPD between dark and light
*:  Correlation is significant at the 0.05 level (2-tailed);**:  Correlation is significant at the 
0.00625 level (2-tailed).

5.4 DISCUSSION

In the present study, the relationships between hearing impairment, NfR and PNS 
was examined by comparing the difference in PPD between dark and light con-
ditions during the SRT tasks targeting 50% correct response. The first aim of the 
present study was to see if there was any difference in PPD between the NH and 
HI participants when measuring the pupil dilation in different light conditions, 
namely light and dark. The second aim was to further examine the difference in 
the PPD between dark and light condition, and its association with hearing status 
and NfR. 

Pupil Dilation in Dark and Light Conditions
In our previous study (Wang et al. 2017) (measured with the same participants as 

the current study), we found that the pupil dilation recorded in light during the SRT 
task was associated with NfR and hearing acuity. To gain a better understanding 
about these associations and the role of PNS, we extended the previous dataset by 
analyzing the pupil dilation data recorded during the SRT test in a dark condition. 
When the test was performed in light, NH participants showed a significantly 
larger PPD than the HI participants (Wang et al. 2017). However, no difference 
was present between the groups when testing in darkness. This finding supports 
our hypothesis H1 (no difference in the PPD in dark between the NH and HI 
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groups). According to Steinhauer et al. (2004), the contribution of the PNS to the 
task-evoked pupil dilation is minimal when recording in dark. In other words, the 
pupil dilation response in dark is mainly driven by SNS activation. Therefore, we 
may infer that the contribution of SNS activation to the pupil dilation response 
is similar between NH and HI participants. When the same task was measured 
in the presence of ambient light, the inhibitory effect on the pupil dilation im-
posed by the PNS pathway also becomes one of the main sources to dilate the 
pupil (Lowenstein & Loewenfeld 1950). As such, the larger PPD observed for NH 
participants when testing in a light condition might indicate a smaller inhibitory 
effect via the PNS pathway on the PPD for the HI group than for the NH group 
during the test (i.e. a more active PNS in the HI group).

One may argue that the absence of a difference in pupil dilation between the two 
groups in dark was due to a ceiling effect on the pupil size (i.e., the pupil size had 
already reached its maximum and there was no room for further dilation). However, 
we believe this was not necessarily the case in the current study as the pupil may 
dilate more than 0.5 mm when recording in dark (Steinhauer & Hakerem 1992; 
Steinhauer et al. 2004). Also, the baseline pupil size was similar for the two groups 
in both dark and light conditions (p > .62).

The Interaction between Hearing Status, NfR and PNS as Reflected by the 
Difference in the PPD between Dark and Light Conditions.

We did not find any between-subject effects of hearing status on ΔPPD and 
hence, which did not support H2A. Meanwhile, we observed an interaction effect 
between hearing status (NH vs HI) and NfR grouping factor (high-NfR vs low-
NfR) on ΔPPD, not support for H2B either.

The effect of NfR on ΔPPD showed a different pattern in NH and HI partic-
ipants. Only within the NH group, a higher-level of NfR was associated with a 
smaller difference in PPD between dark and light conditions (i.e., a smaller inhibito-
ry effect of pupil dilation via the PNS on the pupil size). When analyzing the ΔPPD 
for the 4 subgroups categorized by hearing status and NfR grouping factor, the NH 
participants with a low-NfR showed significantly larger ΔPPDs comparing to the 
other 3 subgroups (see figure 5-4 ). NH participants with higher need for recovery 
showed smaller PPDs in light, indicating larger inhibition via the PNS pathway 
of the PPD during listening (i.e. a more activated PNS). It should be noted that 
a reduced inhibitory effect via the PNS pathway could be associated with a more 
activated PNS tone in general. A recent study found that higher NfR was associated 
with larger constriction of the pupil light reflex - an indication of higher activation of 
the PNS (Wang et al. Under Review). Given the important role of the PNS during 
recovery from stress (Fink 2000), PNS may be activated under stress (or need for 
recovery) so that the human body could increase its restorative function in order to 
cope with a relatively high NfR on a daily basis.  

With respect to the HI group, the current results suggested that the ΔPPD of HI 
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participants was not influenced by NfR. The average ΔPPD of the HI group was rel-
atively small, but H2A was not supported although the difference in ΔPPD between 
NH and HI participants approached significance. This may suggest that the PNS 
may respond more to hearing difficulty than daily-life NfR. However, a limitation 
of the current study is that the number of HI participants included was smaller than 
the number of NH listeners, only 6 HI participants had a low NfR level. It might 
still be possible that NfR also impacts the PPD in HI participants, likely to a lesser 
degree than in the NH participants, but that we need a larger sample size to detect 
this difference (post-hoc power analysis suggested that 68 HI participants in total 
would be needed to achieve a statistical power of 0.8). 

Previous studies have suggested that parasympathetic activity may be protective 
against hearing problems (Horner & Higueret 1998; Hasson et al. 2009). We believe 
our current finding is in line with this hypothesis. A recent systematic review inves-
tigating the possible connection between hearing impairment and PNS functioning 
underlined the need for more research into this topic (Wang et al. 2016). Hasson et 
al. (2009) however did examine this relationship and found a negative correlation 
between hearing problems and parasympathetic activity, which was evaluated by the 
high-frequency component of the heart-rate variability (HRV). The authors believed 
their finding indicated that people with worse hearing problems had lower levels 
of PNS activity and thus had a worse ability to ‘unwind’ or recover from the stress 
related to their long-lasting hearing problem. These results seem to contradict the 
current findings. However, there are two possible explanations for the inconsistency 
between the current and Hasson’s findings: 1) it is possible that HRV indicators 
are not assessing exactly the same dimension of PNS activity as the pupil param-
eters (Bär et al. 2009; Daluwatte et al. 2012). 2) The sample tested in the study of 
Hasson included orchestra musicians. The cause of the hearing problems and the 
hearing-related difficulties they face in daily-life situation could be different than 
those experienced by the current sample of listeners with hearing loss. Nevertheless, 
further research is needed to better understand the relationship between hearing 
impairment and PNS activity. 

To summarize, we believe the current findings may be indicative of a coping 
mechanism of the PNS to higher-level NfR (observed in NH group) and/or hear-
ing impairment. In this mechanism, the adverse effects of sustained high Need for 
Recovery and/or chronic hearing loss may eventually lead to a suppressive effect on 
cognitive resource allocation mediated by the PNS. This response may increase one’s 
ability to rest (by triggering the allocation of fewer cognitive resources), reflected in 
a more restricted pupil dilation response during listening.

Age and Baseline Pupil Diameter
We observed strong negative correlations between age and BPD in both dark and 

light conditions. Younger participants tend to show larger BPD than the elderly par-
ticipants. Previous studies have reported similar correlations between age and rest-
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ing BPD (Bourne et al. 1979; Loewenfeld 1979; Bitsios et al. 1996a). For instance, 
Bitsios et al. (1996a) found smaller resting BPD in an elderly group (median age = 
69.0 years) than in a younger group (median age = 19.5 years) in dark, as well as with 
the presence of ambient light. Similar associations have also observed when record-
ing pupil dilations during cognitive processing (Van Gerven et al. 2004; Tsukahara 
et al. 2016). Since the BPD is also a parameter reflecting the balance between PNS 
and SNS, the diminished BPD in elderly groups may be due to age-related changes 
in PNS, SNS or the activity in both systems. A systematic review has pointed out 
that diseases related to PNS dysfunctions, such as Parkinson and Alzheimer’s, could 
influence the BPD of pupil light reflex due to cholinergic deficiency (Wang et al. 
2016). Further studies are needed to investigate the exact interaction between SNS 
and PNS when aging.

Conclusion
The present study demonstrates the difference in pupil dilation response during 

speech comprehension task between dark and light conditions. Participants with 
normal hearing and lower-level NfR showed a larger difference in the pupil dila-
tion response between the dark and light condition than participants with hearing 
impairment and/or higher-level of NfR. This indicates a larger contribution of the 
parasympathetic system in the pupil dilation response of normal hearing listeners 
with relatively low need for recovery. Specifically, the results suggest relatively high 
parasympathetic activity in listeners with hearing loss and/or a relatively high need 
for recovery. It was speculated that increased PNS activity in response to hearing 
problems or to high need for recovery may be a sign of a coping mechanism that 
reduced cognitive resource allocation. The pupil dilation response in light conditions 
is reduced as a by-product of this coping mechanism. 
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The studies described in this thesis aimed to 1) systematically review the existing 
literature on the possible connections between hearing impairment and parasym-
pathetic nervous system activity (Chapter 2), 2) provide a theoretical framework 
and methodological knowledge to support the future implications using pupil light 
reflex as a test method to investigate the association between hearing impairment 
and parasympathetic nervous system activity (Chapter 2 and 3), 3) investigate the 
relationships between hearing acuity, daily-life fatigue and task-evoked pupil di-
lation during speech comprehension in noise task (Chapter 4), and 4) unravel the 
possible role of the parasympathetic nervous system activity in the pupil dilation 
response during speech comprehension in noise tasks (Chapter 5). In the current 
Chapter (6), the main findings of the thesis are presented first, followed by a de-
scription of the methodological considerations, recommendations for future re-
search and implications for clinical practice. Finally, this chapter includes a short 
summary highlighting the most important conclusions. 

6.1 MAIN FINDINGS

Lack of studies investigating the relationships between hearing impairment 
and parasympathetic nervous system

In Chapter 2 the possible relationships between the parasympathetic nervous 
system (PNS) and hearing impairment (HI) were examined by systematically re-
viewing the existing literature. Till the date that the search was finished (30th Oc-
tober 2014), only two relevant studies addressing the association between hearing 
impairment and PNS activity were identified (Hasson et al. 2009; Mackersie et al. 
2015). Hasson et al. (2009) measured the heart rate variability (HRV) of orchestra 
musicians with different degrees of hearing problems. They found that the high-fre-
quency (HF) component of the HRV, an indicator of the cardiovascular PNS activ-
ity, was negatively correlated with hearing problems. The other study also measured 
the HRV in participants with normal hearing (NH) and HI during the sentence 
recognition in noise task (Mackersie et al. 2015). The results indicate that the HF 
component of the HRV was lower in participants with hearing loss than in normal-
ly-hearing participants at the lower (more difficult) signal to noise ratios. Thus, both 
studies found a reduced PNS activity in participants with worse hearing ability, as 
shown by the HF component of HRV. The fact that only two studies were identified 
in this research area indicates a huge gap in knowledge in this topic area. Overall, it 
can be concluded there is too little evidence to draw any concrete conclusions about 
the associations between hearing impairment and PNS activity. As a result, Chap-
ter 2 pointed out the need for future studies to further investigate the relationships 
between HI and PNS. Fortunately, more studies started to bridge this knowledge 
gap shortly after the systematic review came out (Francis et al. 2016; Mackersie & 
Calderon-Moultrie 2016). The studies presented in Chapters 4 and 5 further dig into 
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this topic and provide further insights into this association.

Pupil light reflex as an effective measure for parasympathetic nervous system 
activity

Chapter 2 and 3 focused on the theoretical and methodological aspects of using 
the pupil light reflex (PLR) to evaluate PNS activity. The systematic review present-
ed in Chapter 2 investigated the relationships between PLR and PNS activity by 
reviewing the sensitivity of PLR as a testing method to differences between patients 
with PNS-related dysfunctions (e.g. Parkinson’s diseases, Alzheimer’s disease, dia-
betes) and healthy controls. Most of the existing literature found at least one PLR 
parameter (e.g. maximum constriction velocity, constriction amplitude) to be signif-
icant between the patient group and control group. 
Based on the theoretical ground provided by the review, in Chapter 3, we devel-
oped a PLR measurement tool using a computer screen to generate the light stimu-
li and compared this method with the more commonly system using light-emitting 
diode (LED) to evoke the light stimuli. The test-retest reliability of both set-ups 
was examined and we demonstrated that the computer screen set-up allows a sen-
sitive and reliable registration of the PLR, whose reliability is similar to that of 
the PLR generated by a LED set-up. In addition, associations between PLR pa-
rameters and Need for Recovery (NfR), which was assumed to be associated with 
PNS related activity, was observed as well. Higher levels of need for recovery were 
associated with higher levels of PNS activity as reflected by PNS related PLR pa-
rameter values in healthy individuals. 

The relationships between hearing acuity, daily-life fatigue and pupil dilation 
during speech comprehension in noise task

Chapter 4 described the study to investigate the relationships between hearing 
acuity, daily-life fatigue and task-induced pupil dilation response during the speech 
comprehension in noise task. In Chapter 4, listening effort during the speech recep-
tion threshold (SRT) test targeting 50% correct response was objectively indexed by 
peak pupil dilation (PPD) for both NH and HI participants. Self-reported daily-life 
fatigue was measured by the NfR and the Checklist Individual Strength (CIS) ques-
tionnaires. Hearing acuity was determined by pure-tone average (PTA) and Speech 
Intelligibility Index (SII). The results indicate that both daily-life fatigue and hear-
ing acuity showed significant, and almost equal, negative associations with the PPD 
during listening. Less fatigue and better auditory sensitivity were associated with 
larger PPDs during the SRT test. However, the detailed interactions between listen-
ing effort, fatigue and hearing loss remain unclear. Chapter 5 includes an attempt to 
further explain these interactions by including PNS activity in the analyses, and the 
findings will be discussed in the paragraph below.
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The role of PNS during effortful listening
One of the main motivation to initiate the research described in this thesis is to 

answer the question of why HI participants showed smaller PPD during the chal-
lenging (e.g. 50% intelligibility level) speech recognition in noise task than their 
NH peers, and the answer might lie in the contribution of parasympathetic activity. 
When recording the pupil size in dark, the PNS has minimum influence on the task-
evoked pupil dilation in response to cognitive processing. In contrast, in light, the 
pupil dilation in response to increased resource allocation is partly mediated by the 
inhibitory effect via the parasympathetic pathways (Steinhauer et al. 2004). There-
fore, comparing the pupil dilation response during speech comprehension tasks in 
dark and light conditions enables a closer examination of the relationship between 
HI and PNS activity.

The study presented in Chapter 4 covers an experiment in which the pupil di-
lation response was recorded during the SRT test in the presence of ambient light. 
In Chapter 5, a dataset supplementing that of Chapter 4 by providing pupil dilation 
data recorded in the same participants in darkness. The results showed no difference 
in the PPD between NH and HI groups in darkness, while the PPD was signifi-
cantly larger for NH participants than listeners with HI in the light condition. This 
result might indicate that the contribution of SNS activation to the pupil dilation 
response is similar between the two groups of listeners. The larger PPD observed for 
NH participants when testing in a light condition might indicate a smaller inhibitory 
effect via the PNS pathway (i.e. more PNS activation) on the PPD for the HI group 
than for the NH group during the test. 

In addition, the study described in Chapter 5 found an interaction effect of NfR 
groups (defined by median NfR score, high-NfR vs low-NfR) and hearing status 
(NH vs HI) on the difference between PPD in dark and light. Only NH participants 
with low-level NfR showed a larger PPD in light than in dark condition, which 
indicates larger inhibition via the PNS pathway of the PPD during listening (i.e. 
less PNS activation). These data confirm the findings in Chapter 3 showing that 
lower-level NfR was associated with a smaller PLR, a sign of a less activated PNS. 
The difference in PPD between dark and light was much smaller in participants with 
HI and/or participants with a relatively high-level of NfR, thereby suggesting that 
HI listeners and/or listeners with a high-level of NfR are more likely to have a more 
activated PNS. 

Given the role of PNS in control of the ‘rest and digest’ activity, the findings ob-
served in Chapter 5 may suggest that some sort of a coping mechanism of the PNS 
becomes active to adapt to the presence of a high level of need for recovery and/or 
hearing impairment. The PNS acting like ‘man with the hammer’, a commonly used 
term among cycling folklore to describe the adverse effect during sustained cycling, 
during sustained cognitive processing including effortful listening. Apparently, the 
PNS becomes more activated in order to increase the restoration ability of the human 
body to cope with the higher need for recovery and hearing loss. As a consequence, 
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other functions of the body including the cognitive resources allocation and pupil 
dilation response could be suppressed. Thus, reduced pupil dilation during effortful 
listening could be a by-product of the ‘man with the hammer’ effect from the PNS. 
In all, this finding of the role of the PNS during effortful listening as the ‘man of 
the hammer’ is the most novel and important finding of the current thesis. This 
finding emphasizes the importance of PNS in coping with hearing problem and 
higher need for recovery, and again, points out the needs for future studies to gain 
more insights into the relationship between PNS and hearing impairment.

6.2 METHODOLOGICAL CONSIDERATION

Pupil light reflex
Pupil light reflex (PLR) as a method to evaluate PNS activity has its strengths and 
limitations. Comparing to other PNS measurements, PLR provides a non-intru-
sive, fast and relatively easy (that you can even measure it with a computer screen as 
suggested in Chapter 3) way to measure the PNS activity. Meanwhile, as pointed 
out in Chapter 2, PLR has been found to be a sensitive method to evaluate a variety 
of PNS dysfunctions. However, PLR also has some methodological considerations 
which will be discussed in more details below.

Sensitive to the characteristics of the light stimuli
The PLR is a reflex in response to light. Therefore, this method is highly sen-

sitive to the characteristics of the light stimuli, including color (Fan et al. 2009a; 
Ishikawa et al. 2012), light Intensity (Bakes et al. 1990; Bitsios et al. 1999a; Fan et 
al. 2009b), and duration (Pong & Fuchs 2000) of the light. In Chapter 2, the sys-
tematic review study pointed out a lack of standardization in the assessment of PNS 
activity using PLR measurements. This is mainly due to the various types of light 
stimuli that have been used in different studies which makes it almost impossible 
to compare the absolute PLR values across studies. The pilot study described at the 
end of Chapter 3 reports how the PLR as measured with a computer screen set-
up responds to light stimuli characterized by different colors, light intensities and 
durations. This insight may contribute to the further standardization of a valuable 
method to evaluate PNS activity.

Sensitive to other factors including cognitive processing
Other than the characteristics of the light stimuli, the PLR is also sensitive to 

many external factors.  To illustrate, the PLR has been found to be sensitive to aging 
(Bitsios et al. 1996a), gender (Fan et al. 2009c), sleepiness (McDougal & Gamlin 
2015) and smoking (Morte et al. 2005).  In addition, although the PLR is commonly 
considered as a low-level reflex that occurs without the modulation of higher-level 
processing. However, there is mounting evidence showing that the PLR could be 
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influenced by cognitive processing as well. Steinhauer et al. (2000) investigated the 
PLR during mental arithmetic tasks, and they found reduced PLR constriction in 
conditions requiring high levels of mental effort. Another interesting study by Naber 
& Nakayama (2013) showed that viewing pictures with a sun induced larger pupil 
constriction than pictures without a sun, even though all pictures had the same level 
of light intensity. This result might suggest that PLR can be modulated by high-
er-level visual processing. In addition, multiple studies reported covertly attending 
to a brighter region of the visual field is sufficient to drive a pupillary constriction 
(Binda et al. 2013a; Mathôt et al. 2013). A recent study suggested that the attention-
al modulation of the PLR is related to the activity of frontal eye fields, a prefrontal 
cortical area governing the movements and attention of the eye (Binda & Gamlin 
2017; Ebitz & Moore 2017). For those who wish to measure PLR in their future 
studies, extra caution is needed as one needs to control for these external factors (e.g. 
find an age-matched control group if want to perform group comparison on the PLR 
parameters)

PLR parameters
Multiple parameters can be extracted from a simple PLR trace. Chapter 2 listed 

the relevant parameters found in the literature, including: 
• maximum constriction velocity (MCV), (the maximum slope of the constric-

tion)
• maximum constriction acceleration (MCA), (the maximum value of the sec-

ond derivative of constriction)
• absolute constriction amplitude (ACA), (the amplitude difference between 

baseline and minimum pupil diameter of the constriction)
• relative constriction amplitude (RCA), (the ratio of ACA to baseline pupil 

diameter (BPD), expressed as a percentage)
• latency, (the time between light stimulus onset and constriction onset); 
• constriction time, (the time from the end of latency period to the moment of 

maximum constriction)

After reviewing the sensitivity of these parameters to detect PNS dysfunction, we 
suggest that the MCV and RCA are the PLR parameters that are most likely sen-
sitive to PNS dysfunction. Conversely, in Chapter 3, RCA was found to be related 
to SNS activity, indicating that RCA is not a pure PNS-indicator. Therefore, it is 
not fully clear yet whether all known PLR parameters purely reflect PNS activity 
or a combination of both PNS and SNS activities. More studies need to be done to 
disassociate the PNS and SNS contributions in the PLR parameters.

Task-evoked pupil dilation response
Influence of need for recovery and fatigue (long-term daily life fatigue and task-induced 
fatigue)
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Task-evoked pupil dilation response during the speech comprehension in noise 
task has been considered as a measurement of listening effort. The studies presented 
in Chapters 4 and 5 showed that daily-life fatigue and need for recover can also in-
fluence the PPD of the pupil dilation response. It should be noted that the fatigue 
and need for recovery in Chapter 4 and 5 were measured subjectively via the self-re-
ported questionnaires (CIS and NfR), and were corresponding to long-term fatigue 
in daily-life situations.

Task-induced fatigue, the fatigue caused by sustained mental effort may also al-
ter the pupil dilation response. For example, Hopstaken and colleagues (2015a, b) 
conducted visual N-back tasks for 2 hours while recording the pupillary response at 
the same time. In Hopstaken et al. (2015b), the result showed that the mean task-
evoked pupil dilation across time was strongly correlated to subjective ratings of 
fatigue, such that a smaller mean pupil dilation was found to co-occur with evidence 
of increasing time-on-task fatigue. Similarly, Zekveld et al. (2010) found decreasing 
baseline pupil diameters and decreasing PPD as time on task increased. The baseline 
pupil diameter, which is closely related to task engagement and arousal under the 
control of the locus coeruleus norepinephrine (LC-NE) system (Beatty 1982; As-
ton-Jones & Cohen 2005), was also found to be associated with time-on-task fatigue 
by Hopstaken et al. (2015a). Therefore, it is suggested that the influence of task-in-
duced fatigue to the pupil dilation response may be driven by the LC-NE system.
The above findings address the influence of fatigue (both long-term and task-in-
duced fatigue) to the pupil dilation response. Therefore, it is important for any 
future researchers to take the influence of fatigue and need for recovery into con-
sideration when designing their future pupillometry experiments.

6.3 RECOMMENDATIONS FOR FUTURE RESEARCH

Combine pupillometry with other autonomic measurements
This thesis presents studies measuring pupil responses, both dilation and con-

striction and the contribution of PNS in these responses. It remains unclear however 
whether the PNS activity measured by pupillometry is consistent with the activity 
evaluated by other measurements like heart rate variability (HRV) and skin conduc-
tance. 

Chapter 2 identified a few studies that measured PLR and HRV at the same time 
(Pfeifer et al. 1985; Perry et al. 1989; Levy et al. 1992; Bar et al. 2008). Although 
most of the studies found that the PLR results were in line with the findings from 
cardiovascular measurements, it would be premature to conclude the consistency be-
tween the two measures on the basis of so relatively little evidence. In addition, there 
is some evidence suggesting that HRV indicators are not assessing exactly the same 
dimension of PNS activity as the pupil parameters do (Bär et al. 2009; Daluwatte et 
al. 2012). As a result, future research is needed to systematically examine the consis-



 129

tency between PLR and other PNS measurements. 
Similarly, the consistency between listening effort measured by task-evoked pupil 

dilation response and other autonomic measurements during the speech compre-
hension tasks in noise task also remains unclear. Regardless of the fact that there 
are more studies which started to examine listening effort during auditory tasks by 
measuring ANS activity (Mackersie et al. 2015; Francis et al. 2016; Mackersie & 
Calderon-Moultrie 2016), there is only one study available that compared the re-
sults obtained through pupillometry with the ANS activity indexed by cortisol levels 
(Kramer et al. 2016). Further work involving pupillometry and other ANS-related 
measurements during speech comprehension in noise task is needed to be able to 
better examine the relative sensitivity of these measures. 

Last but not least, since pupillometry is a non-intrusive measure, it can be easi-
ly measured simultaneously with other commonly used measurements in cognitive 
hearing science (e.g. EEG and fMRI). Therefore, I recommend future research to 
consider using pupillometry as a supplementary measurement if possible.

Unravelling the input of PNS and SNS to the dynamic pupil response
The pupil response is under the direct control of the PNS and SNS of the ANS. 

Still, little is known about the exact contributions of these two systems to the pupil 
response. 

For PLR, effort has been made to quantify the PNS and SNS inputs by construct-
ing mathematic models. Usui & Hirata (1995) and Yamaji et al. (2000) proposed 
a modeling method called ‘pupillary muscle plant’, where tension of the sphincter 
and dilator muscle, as well as the SNS and PNS contribution were considered as the 
input of the model system. By inverse dynamic modeling, they were able to estimate 
the PNS contribution based on PLR response, and the whole model was validated 
by experimental testing. Fan & Yao (2011) built a similar model where PNS activ-
ity was considered as part of the input. They extracted the PNS contribution from 
experimental data and found a higher PNS activity in females than in males. How-
ever, as pointed out in Methodological Considerations earlier in this chapter, PLR 
is really sensitive to the characteristics of the light stimuli and other external factors, 
making it more complex for modelling. Further research may be needed in order to 
provide a model taking these factors as inputs.

As for the task-induced pupil dilation response during cognitive processing, 
Steinhauer & Hakerem (1992) proposed a hypothesized model covering the relative 
contribution of PNS and SNS activations to the pupil dilation during the cognitive 
task. figure 6-1 is from the original works of Steinhauer and Hakerem (1992) which 
depicts their model. First, there is an early dilation component mainly driven by the 
inhibitory effect to the pupil dilation via the PNS pathways. This effect is minimum 
in darkness and becomes more apparent when the ambient light intensity increased. 
Later, the SNS component kicks in via the direct SNS simulation of the pupillary 
dilator muscle to further dilate the pupil regardless of the presence of ambient light. 
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figure 6-1 hypothesized model of the contribution of PNS and SNS components in the 
pupil dilation response. Original figure from Steinaheur and Hakerem (1992)

However, the proposed model is only on a theoretical basis. With the help of new 
pupillometry analysis approaches like growth curve analysis, future studies may be 
able to refine the model and put it into practice.

Measuring the pupil response in real-life scenarios 
The experimental studies presented in the current thesis were all conducted in 

a laboratory environment. Even though laboratory studies are able to provide strict 
control of the test stimuli (auditory and visual) and the test environment (ambient 
light and acoustic condition), there is still a need to measure the pupil response in re-
al-life scenarios. This is particularly important for task-induced pupil dilation during 
effortful listening, as the communication in social context is usually more complex 
and effortful (e.g. cocktail party environment). With the growing availability of re-
mote eyetracker (e.g. wearable glasses mounting with infrared cameras), it becomes 
possible to record pupil dilation in realistic situation. However, the biggest challenge 
for a real-life pupil dilation measure is how to eliminate the influence of light reflex, 
as the light intensity varies dramatically in daily-life situations (Teich & Saleh 1991). 
Nevertheless, virtual reality (VR) devices are able to provide immersive experience 
while recording pupil response at the same time. Simulating realistic communica-
tion tasks via a VR device can be a temporary solution to measure pupil dilation in a 
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semi-realistic scenario.

Need for Recovery scale and its usage in future pupillometry studies
In the experimental studies presented in Chapter 3 to 5 of the current thesis, the 

NfR scale has been used as a subjective measurement to assess the need for recovery 
after work for participants with both normally hearing and hearing impairment. 
This short 11-item has been found to be positively correlated to the constriction of 
PLR (Chapter 3), and negatively correlated to PPD during the SRT task targeting 
50% correct response that measured in light (Chapter 4 and 5). Larger PLR con-
striction and smaller PPD during cognitive processing can both be seen as signs for 
higher-level of PNS activity. And due to the ‘rest and digest’ role of PNS, it is ex-
pected NfR is positively related to PNS activity. Therefore, the correlations between 
NfR and pupil dynamics fulfilled the initial expectations. For any future research 
measuring pupil response, this short scale can be facilitated as a supplementary mea-
sure to provide extra information about need for recovery, daily-life fatigue and PNS 
activity.

6.4 IMPLICATIONS FOR CLINICAL PRACTICE

Pupil light reflex as a clinical measure of PNS activity 
There is growing interest in the psychophysiological impact of hearing impair-

ment within the field of audiology. PNS activity, as discussed in previous chapters 
of this thesis, plays an important role in response to both hearing impairment and 
higher-level NfR. Thus, a reliable measure of PNS activity would be of considerable 
value for audiological practice. However, there are only few studies available exam-
ining the associations between hearing impairment and PNS activity, and apparent-
ly no ‘ready-for-clinic’ test to evaluate the PNS activity in hearing-impaired listeners 
in existence yet. 

One of the main focuses of the current thesis is to provide the theoretical and 
methodological background knowledge needed for the future use of PLR as a mea-
sure of the PNS activity. In Chapter 2, a systematic review suggests that PLR has 
been extensively measured as an effective clinical tool to examine PNS dysfunction. 
This is the theoretical foundation to use the PLR to seek the presence of possible 
PNS dysfunction within hearing-impaired listeners. A practical solution using com-
puter screen to generate the light stimuli for the PLR has been given in Chapter 3, 
which provides the methodology support for PLR’s future usage in clinical audiol-
ogy. Measuring the PLR of normally-hearing and age-matched hearing-impaired 
listeners in a lab setting could be an important first step. 



chapter 6  general discussion

6.5 CONCLUSION

This thesis had two main goals. The first goal was to provide the theoretical frame-
work and methodology to support the future implications using pupil light reflex 
as a testing tool to investigate the association between hearing impairment and 
parasympathetic nervous system activity. The second goal was to unravel the pos-
sible role of parasympathetic nervous system during to the pupil dilation response 
during speech comprehension in noise tasks. Based on the results described in this 
thesis, it is concluded that:

• There is a big gap in knowledge on the exact role of the relative contribu-
tions of the SNS and PNS in hearing (impairment) and the pupil response

• Higher levels of need for recovery (or fatigue) are associated with faster and 
larger pupil constriction of pupil light reflex, suggesting increased levels 
of parasympathetic nervous system activity in people experiencing higher 
daily levels of need for recovery.

• Daily-life fatigue and hearing acuity independently and equally contribute 
to the pupil dilation response; people with higher levels of daily-life fatigue 
and worse hearing acuity show smaller pupil dilation during speech percep-
tion targeting 50% correct performance.

• Elevated levels of parasympathetic nervous system activity in people with 
hearing loss and/or fatigue during challenging listening conditions may in-
dicate that the parasympathetic system helps to restore energy and prevent 
an overload of stress. 

This thesis provides new insights into the psychophysiological impact associated 
with hearing impairment, and presents a possible tool and knowledge for future 
work aimed at further evaluation of this impact. 
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2-1  PRISMA Checklist
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Section/topic # Checklist item Reported 
on page # 

TITLE 
Title 1 Identify the report as a systematic review, meta-analy-

sis, or both. 
1

ABSTRACT 
Structured 
summary 

2 Provide a structured summary including, as applicable: 
background; objectives; data sources; study eligibility 
criteria, participants, and interventions; study appraisal 
and synthesis methods; results; limitations; conclusions 
and implications of key findings; systematic review 
registration number. 

2

INTRODUCTION 
Rationale 3 Describe the rationale for the review in the context of 

what is already known. 
3 – 7, 
Fig 2-1, 
Fig 2-2

Objectives 4 Provide an explicit statement of questions being 
addressed with reference to participants, interventions, 
comparisons, outcomes, and study design (PICOS). 

10

METHODS 
Protocol and 
registration 

5 Indicate if a review protocol exists, if and where it 
can be accessed (e.g., Web address), and, if available, 
provide registration information including registration 
number. 

N/A

Eligibility 
criteria 

6 Specify study characteristics (e.g., PICOS, length of 
follow-up) and report characteristics (e.g., years consid-
ered, language, publication status) used as criteria for 
eligibility, giving rationale. 

8 – 10

Information 
sources 

7 Describe all information sources (e.g., databases with 
dates of coverage, contact with study authors to identify 
additional studies) in the search and date last searched. 

10

Search 8 Present full electronic search strategy for at least one 
database, including any limits used, such that it could 
be repeated. 

10 –11

METHODS
Study 
selection 

9 State the process for selecting studies (i.e., screening, 
eligibility, included in systematic review, and, if appli-
cable, included in the meta-analysis). 

11 – 12, 
Fig 2-3
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Data 
collection 
process 

10 Describe method of data extraction from reports (e.g., 
piloted forms, independently, in duplicate) and any 
processes for obtaining and confirming data from 
investigators. 

12

Data items 11 List and define all variables for which data were sought 
(e.g., PICOS, funding sources) and any assumptions 
and simplifications made. 

12 – 13

Risk of bias 
in individual 
studies 

12 Describe methods used for assessing risk of bias of in-
dividual studies (including specification of whether this 
was done at the study or outcome level), and how this 
information is to be used in any data synthesis. 

12

Summary 
measures 

13 State the principal summary measures (e.g., risk ratio, 
difference in means). 

N/A

Synthesis of 
results 

14 Describe the methods of handling data and combining 
results of studies, if done, including measures of consis-
tency (e.g., I2) for each meta-analysis. 

N/A

Risk of bias 
across studies 

15 Specify any assessment of risk of bias that may affect 
the cumulative evidence (e.g., publication bias, selective 
reporting within studies). 

12

Additional 
analyses 

16 Describe methods of additional analyses (e.g., sensi-
tivity or subgroup analyses, meta-regression), if done, 
indicating which were pre-specified. 

N/A

RESULTS 
Study 
selection 

17 Give numbers of studies screened, assessed for eli-
gibility, and included in the review, with reasons for 
exclusions at each stage, ideally with a flow diagram. 

14 – 15, 
Fig 2-4

Study 
characteristics 

18 For each study, present characteristics for which data 
were extracted (e.g., study size, PICOS, follow-up 
period) and provide the citations. 

15 – 28

Risk of bias 
within studies 

19 Present data on risk of bias of each study and, if avail-
able, any outcome level assessment (see item 12). 

15

Results of 
individual 
studies 

20 For all outcomes considered (benefits or harms), pres-
ent, for each study: (a) simple summary data for each 
intervention group (b) effect estimates and confidence 
intervals, ideally with a forest plot. 

15 – 28

Synthesis of 
results 

21 Present results of each meta-analysis done, including 
confidence intervals and measures of consistency. 

N/A
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Section/
topic 

# Checklist item Reported 
on page # 

Risk of 
bias across 
studies 

22 Present results of any assessment of risk of bias across 
studies (see Item 15). 

15

Additional 
analysis 

23 Give results of additional analyses, if done (e.g., sensi-
tivity or subgroup analyses, meta-regression [see Item 
16]). 

S1

DISCUSSION 
Summary 
of evidence 

24 Summarize the main findings including the strength 
of evidence for each main outcome; consider their rel-
evance to key groups (e.g., healthcare providers, users, 
and policy makers). 

29 – 34

Limita-
tions 

25 Discuss limitations at study and outcome level (e.g., 
risk of bias), and at review-level (e.g., incomplete re-
trieval of identified research, reporting bias). 

34 – 35

Conclu-
sions 

26 Provide a general interpretation of the results in the 
context of other evidence, and implications for future 
research. 

35 – 36

FUNDING
Funding 27 Describe sources of funding for the systematic review 

and other support (e.g., supply of data); role of funders 
for the systematic review. 

N/A
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2-2 Systematic Search for Five 
Databases
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• PubMed 

#1 Hearing impairment
"Hearing"[Mesh:NoExp] OR "Hearing disorders"[Mesh] OR "Persons With 
Hearing Impairments"[Mesh] OR "hearing loss"[Mesh] OR Presbyacusis[tiab] OR 
Presbyacusia[tiab] OR Presbycusis[tiab] OR hypoacusis[tiab] OR Deaf*[tiab] OR 
(Hearing[tiab] AND (condition*[tiab] OR disabilities[tiab] OR disability*[tiab] 
OR disabled*[tiab] OR disorder*[tiab] OR handicap*[tiab] OR impair*[tiab] OR 
loss[tiab] OR Problem*[tiab])) 

#2 PLR (pupil light reflex)
"Reflex, Pupillary"[Mesh] OR "Pupillary reflex"[tiab] OR "pupil reaction"[tiab] 
OR "pupil reflex"[tiab] OR "light reflex"[tiab] OR "pupillary reaction"[tiab] OR 
"pupillary reactivity"[tiab] OR "pupil reactivity"[tiab] OR "pupillary response"[tiab] 
OR "pupil response"[tiab] OR "dynamic pupil"[tiab] OR "flash response"[tiab]

#3 Parasympathetic nervous system
"Parasympathetic Nervous System"[Mesh] OR "Acetylcholine"[Mesh] OR 
"parasympathetic"[tiab] OR "cholinergic"[tiab] OR "Vagus Nerve"[tiab] OR 
"Nerves vagus"[tiab] OR "ciliary ganglion"[tiab] OR "ganglion ciliare"[tiab] OR 
"ganglion opticum"[tiab] OR "optic ganglion"[tiab]

#4 NOT ("animals"[MeSH Terms] NOT "humans"[MeSH Terms])

• EMBASE.com 

#1 Hearing impairment
'hearing'/de OR 'hearing disorder'/exp OR 'hearing impairment'/exp OR 'hearing 
impaired person':ti,ab OR 'hearing impaired persons':ti,ab OR Presbyacusis:ti,ab 
OR Presbyacusia:ti,ab OR Presbycusis:ti,ab OR hypoacusis:ti,ab OR Deaf*:ti,ab 
OR (Hearing NEXT/1 (condition* OR disabilit* OR disabled OR disorder* OR 
handicap* OR impair* OR loss OR Problem*)):ti,ab

#2 PLR (pupil light reflex)
'pupil reflex'/exp OR ((Pupil* OR light OR flash) NEXT/1 (reflex* OR reaction* 
OR reactivit* OR respons*)):ti,ab OR 'dynamic pupil':ti,ab

#3 Parasympathetic nervous system
'cholinergic system'/exp OR 'acetylcholine'/exp OR 'parasympathetic':ti,ab OR 
'cholinergic":ti,ab OR 'Vagus Nerve':ti,ab OR 'Nerves vagus':ti,ab OR 'ciliary 
ganglion':ti,ab OR 'ganglion ciliare':ti,ab OR 'ganglion opticum':ti,ab OR 'optic 
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ganglion':ti,ab

#4 Human studies filter

• PsycINFO

#1 Hearing impairment
DE "Hearing Disorders" OR DE "Deaf" OR DE "Deaf Blind" OR TI hearing 
OR TI Presbyacusis OR TI Presbyacusia OR TI Presbycusis OR TI hypoacusis 
OR TI Deaf* OR (TI Hearing AND (TI condition* OR TI disabilities OR TI 
disability* OR TI disabled* OR TI disorder* OR TI handicap* OR TI impair* 
OR TI loss OR TI Problem*)) OR AB hearing OR AB Presbyacusis OR AB 
Presbyacusia OR AB Presbycusis OR AB hypoacusis OR AB Deaf* OR (AB 
Hearing AND (AB condition* OR AB disabilities OR AB disability* OR AB 
disabled* OR AB disorder* OR AB handicap* OR AB impair* OR AB loss OR 
AB Problem*))

#2 PLR (pupil light reflex)
TI ("Pupillary reflex" OR "pupil reaction" OR "pupil reflex" OR "light reflex" OR 
"pupillary reaction" OR "pupillary reactivity" OR "pupil reactivity" OR "pupillary 
response" OR "pupil response" OR "dynamic pupil" OR "flash response") OR AB 
("Pupillary reflex" OR "pupil reaction" OR "pupil reflex" OR "light reflex" OR 
"pupillary reaction" OR "pupillary reactivity" OR "pupil reactivity" OR "pupillary 
response" OR "pupil response" OR "dynamic pupil" OR "flash response")

#3 Parasympathetic nervous system
DE "Parasympathetic Nervous System" OR DE "Efferent Pathways" OR 
DE "Vagus Nerve" OR DE "Acetylcholine" OR TI ("parasympathetic" OR 
"cholinergic" OR "Vagus Nerve" OR "Nerves vagus" OR "ciliary ganglion" 
OR "ganglion ciliare" OR "ganglion opticum" OR "optic ganglion") OR AB 
("parasympathetic" OR "cholinergic" OR "Vagus Nerve" OR "Nerves vagus" 
OR "ciliary ganglion" OR "ganglion ciliare" OR "ganglion opticum" OR "optic 
ganglion")

#4 filter for human studies

• Cinahl

#1 Hearing impairment
(MH "Hearing Disorders+") OR (MH "Deafness+") OR (MH "Hearing Loss, 
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Partial+") OR (MH "Hearing+") OR (MH "Deaf-Blind Disorders+") OR TI 
hearing OR TI Presbyacusis OR TI Presbyacusia OR TI Presbycusis OR TI 
hypoacusis OR TI Deaf* OR (TI Hearing AND (TI condition* OR TI disabilities 
OR TI disability* OR TI disabled* OR TI disorder* OR TI handicap* OR TI 
impair* OR TI loss OR TI Problem*)) OR AB hearing OR AB Presbyacusis OR 
AB Presbyacusia OR AB Presbycusis OR AB hypoacusis OR AB Deaf* OR (AB 
Hearing AND (AB condition* OR AB disabilities OR AB disability* OR AB 
disabled* OR AB disorder* OR AB handicap* OR AB impair* OR AB loss OR 
AB Problem*))

#2 PLR (pupil light reflex)
TI ("Pupillary reflex" OR "pupil reaction" OR "pupil reflex" OR "light reflex" OR 
"pupillary reaction" OR "pupillary reactivity" OR "pupil reactivity" OR "pupillary 
response" OR "pupil response" OR "dynamic pupil" OR "flash response") OR AB 
("Pupillary reflex" OR "pupil reaction" OR "pupil reflex" OR "light reflex" OR 
"pupillary reaction" OR "pupillary reactivity" OR "pupil reactivity" OR "pupillary 
response" OR "pupil response" OR "dynamic pupil" OR "flash response")

#3 Parasympathetic nervous system
(MH "Parasympathetic Nervous System+") OR (MH "Vagus Nerve") OR 
(MH "Acetylcholine") OR TI ("parasympathetic" OR "Efferent Pathways" OR 
"cholinergic" OR "Vagus Nerve" OR "Nerves vagus" OR "ciliary ganglion" 
OR "ganglion ciliare" OR "ganglion opticum" OR "optic ganglion") OR AB 
("parasympathetic" OR "Efferent Pathways" OR "cholinergic" OR "Vagus Nerve" 
OR "Nerves vagus" OR "ciliary ganglion" OR "ganglion ciliare" OR "ganglion 
opticum" OR "optic ganglion")

• Cochrane Library

#1 Hearing impairment
"Hearing" OR Presbyacusis OR Presbyacusia OR Presbycusis OR hypoacusis OR 
Deaf*

#2 PLR (pupil light reflex)
"Pupillary reflex" OR "pupil reaction" OR "pupil reflex" OR "light reflex" OR 
"pupillary reaction" OR "pupillary reactivity" OR "pupil reactivity" OR "pupillary 
response" OR "pupil response" OR "dynamic pupil" OR "flash response"

#3 Parasympathetic nervous system
"Parasympathetic" OR "Acetylcholine" OR "cholinergic" OR "Vagus Nerve" OR 
"Nerves vagus" OR "ciliary ganglion" OR "ganglion ciliare" OR "ganglion opticum" 
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2-3 Table for PLR and 
Parasympathetic Functions
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Note:
The assumption is:
Pupil light reflex is an effective method to measure parasympathetic activity. If a disease is 
related to parasympathetic dysfunction, then the patients with this type of disease should 
reflect a different (attenuated) PLR than the comparison group.

N/A: not applicable
ns: not significant
* : significant
^*: most sensitive parameters as claimed by the author(s) of that study
+: positive relationship to the assumption
-: negative relationship to the assumption
0: no difference between groups 
Only the parameters considered to be related to parasympathetic nervous system function 
were included (PNS only)

For PLR parameters:
MCV: maximum constriction velocity
MCA: maximum constriction acceleration
ACA: absolute constriction amplitude
RCA: relative constriction amplitude
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3-1 Danish translated Need 
for Recovery scale

Vurdering af restitutionsbehov
Angiv hvorvidt du er enig i følgende udsagn vedrørende din arbejdssituation
(er du ikke i arbejde, så svar ud fra din hverdag)

1. Jeg har svært ved at slappe af sidst på en arbejdsdag.

2. Sidst på en arbejdsdag er jeg helt smadret.

3. Mit job gør, at jeg føler mig temmelig udmattet sidst på en 
arbejdsdag.

4. Efter aftensmaden føler jeg mig ofte stadig rimeligt frisk.

5. Jeg kan som regel først slappe af på den anden fridag.

6. Jeg skal gøre en indsats for at koncentrere mig i mine frie timer 
efter arbejde. 

7. Jeg har svært ved at rumme andre mennesker, når jeg selv lige er 
kommet hjem.

8. Det koster mig som regel mere end en time, før jeg er kommet 
mig efter en arbejdsdag.

9. Når jeg kommer hjem, skal de lige lade mig være i fred.

10. Det sker ofte, at jeg efter en arbejdsdag er for træt til at at nå 
noget derhjemme den dag.

11. Det hænder, at jeg sidst på dagen er for træt til gøre mit arbejde 
ordentligt. 

nej          ja
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One-way ANOVA on PPD showed that the effects of noise level shifting were not 
significant on all participants (NH + HI) (F (1, 44) = 0.24, p = 0.63), the NH group 
(F (1, 27) = 0.59, p = 0.45) and the HI group (F (1, 17) = 0.86, p = 0.37). We also 
ran one-way ANOVA on the SII score, using participants before and after SNR 
shifting as the between group factor. Again, there were no significant between group 
differences on SII score for all participants (F (1, 44) = 2.07, p = 0.63), the NH group 
(F (1, 27) = 1.15, p = 0.29) and the HI group (F (1, 17) = 0.77, p = 0.39). The same 
results were obtained from similar ANOVAs with SRT as dependent variable. Thus, 
we conclude that the unintended change of initial SNR part way through the data 
collection period had no significant effect on the end results in terms of availability of 
auditory information (SII) or pupil dilation (PPD).

4-1 Data Acquired Before and 
After the Noise Level Shift
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summary

Summary

There is mounting evidence showing that for listeners with hearing impairment, lis-
tening is more effortful in daily communication settings than for normally-hearing 
listeners. More effortful listening may be associated with higher levels of experienced 
fatigue and need for recovery in listeners with hearing impairment as compared to 
their normally hearing peers. The consequences of hearing-related fatigue may in-
clude restrictions in engagement in work and withdrawal from major social roles. 

The autonomic nervous system governs the stress response of the human body. 
There are two main branches of the autonomic nervous system: the sympathetic ner-
vous system known to govern the ‘fight or flight’ response; and the parasympathetic 
nervous system, which is in charge of the ‘rest and digest’ response. The parasympa-
thetic nervous system is somewhat analogous to the brake of a car, in the sense that it 
helps the body to restore energy and recover from stress. Given the important role of 
the parasympathetic nervous system in the recovery phase after stress, investigation 
of parasympathetic activity may help to gain a more comprehensive understanding of 
the mechanisms and consequences of listening effort and their relations with hear-
ing-related fatigue. 

Evidence suggests that autonomic nervous system activity can be assessed by 
measuring the task-evoked pupil response. The task-evoked pupil dilation during a 
speech comprehension in noise task has been considered as a measure of sympathetic 
nervous system activity indexing listening effort. Larger pupil dilation is associated 
with higher levels of effort or cognitive resource allocation during the task. Previous 
studies have repeatedly reported that the pupil dilation in hearing-impaired partic-
ipants is smaller than that of normally-hearing controls, particularly in challenging 
listening conditions. This is contrary to the intuitive assumption that listeners with 
hearing impairment would experience more effort than normally-hearing listeners 
when intelligibility levels are similar for both groups and thus have a larger pupil di-
lation response. A potential explanation for the findings described above may involve 
interactions between hearing status and the parasympathetic nervous system, as ev-
idence has suggested that the parasympathetic nervous system also plays an import-
ant role in the task-evoked pupil response in most conditions. Namely, depending 
on the illumination level during the test, the parasympathetic nervous system has 
a different contribution to the pupil dilation response. Therefore, by changing the 
illumination level during testing, you can assess this specific contribution allowing 
the examination of the parasympathetic activation by means of measuring the pupil 
dilation response.  

In contrast to the pupil dilation response to cognitive resource allocation, the 
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pupil light reflex (PLR) is an index of parasympathetic nervous system activity (e.g. 
not associated with sympathetic nervous system activity). The PLR is the rapid con-
striction of the pupil diameter in response to an increase in light intensity, and has 
been widely used as a clinical diagnostic tool to assess parasympathetic activity and 
dysfunction. Taken together, measuring pupil dilation and constriction responses 
may provide insight into the relationships between parasympathetic nervous system 
activation, fatigue and hearing impairment.

The studies described in this thesis had two main aims. The first aim was to 
provide the theoretical framework and methodology to support future implications 
using the pupil light reflex as a testing tool to investigate the association between 
hearing impairment and parasympathetic nervous system activity. The second goal 
was to unravel the possible roles of the sympathetic and parasympathetic nervous 
systems in the pupil dilation response during speech comprehension in noise tasks. 

Following a general introduction (Chapter 1), Chapter 2 presents a systematic 
review of the literature that sought the existing evidence related to possible con-
nections between parasympathetic nervous system functioning and hearing impair-
ment. Only two studies were found, indicating a huge gap in knowledge on this 
relationship. It was concluded that further research is needed in order to gain a better 
understanding of the relationship between parasympathetic functioning and hearing 
impairment. At the same time, the PLR was reviewed as an effective method to eval-
uate parasympathetic functioning and was found to be a candidate tool to investigate 
this association. 

In Chapter 3, as a follow-up experiment of the systematic literature review, two 
systems using either a computer screen or a light-emitting diode to generate and 
record the PLR were validated and compared. It was also found that higher need for 
recovery was associated with faster and larger pupil constriction during the PLR, 
suggesting increased levels of parasympathetic nervous system activity in people ex-
periencing higher daily levels of need for recovery.

Chapter 4 presents an experimental study aiming to clarify why previous studies 
repeatedly have found that people with hearing impairment showed smaller pupil 
dilation during a speech-in-noise task, compared to their normally-hearing peers. 
Pupil dilation response was recorded during a speech understanding in noise task 
targeting an intelligibility level of 50% correct. The results indicated that daily-life 
fatigue and hearing acuity had independent and equal contributions to the pupil 
dilation response, and that people with higher levels of daily-life fatigue and worse 
hearing acuity showed smaller pupil dilation during this task. Given these results, 
the data still did not reveal why adults with hearing impairment had smaller re-
sponses than normally hearing listeners in the same conditions. Therefore, we fur-
ther investigate this question in a follow-up study.

In Chapter 5, based on the findings of the previous studies, pupil dilation data 
recorded in both dark and light conditions were analyzed. Any difference in the pu-
pil dilation between these two conditions could be viewed as an index of inhibition 



summary

of the parasympathetic activity. Participants with normal hearing and lower levels 
of need for recovery showed a larger difference in the pupil dilation between the 
dark and light conditions than participants with hearing impairment and/or higher 
levels of need for recovery. It was speculated that increased parasympathetic nervous 
system activity accompanying hearing problems or high need for recovery may be a 
sign of a coping mechanism involving the parasympathetic nervous system that may 
influence cognitive resource allocation. This coping may be associated with some sort 
of a ‘protective’ mechanism or reduced cognitive resource allocation. A by-product 
of this proposed mechanism is that the pupil dilation response in light conditions is 
relatively restricted. 

Finally, a discussion of the main findings of this dissertation, methodological 
considerations, implications for clinical practice, and recommendations for future 
research are presented in Chapter 6. This thesis provides new insight into the psy-
chophysiological impact of hearing impairment, and a possible tool for the future 
evaluation of this impact. 
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Samenvatting

Onderzoek toont aan dat mensen met gehoorproblemen meer inspanning ervaren 
tijdens het luisteren in dagelijkse situaties dan mensen met normaal gehoor. Meer 
luisterinspanning is gerelateerd aan grotere vermoeidheid en een hogere herstelbe-
hoefte. Gehoor-gerelateerde vermoeidheid kan resulteren in verminderde arbeid-
sparticipatie en terugtrekking uit de sociale omgeving.

Het is dus van belang om de relatie tussen gehoor en vermoeidheid te bestuderen, 
omdat dit bij kan dragen aan de diagnostiek van deze problemen en aanknoping-
spunten kan bieden voor de revalidatie. Het onderzoek in dit proefschrift richtte 
zich daarom op het ontwikkelen en toepassen van meetmethodes die gevoelig zijn 
voor het functioneren van het autonome zenuwstelsel van het menselijk lichaam. 
Het autonome zenuwstelsel regelt de stressreactie van het lichaam en bestaat uit 
twee onderdelen: het sympathische zenuwstelsel waarvan bekend is dat het de 'vecht 
of vlucht' reactie aanstuurt en het parasympathische zenuwstelsel dat gerelateerd is 
aan 'rust en herstel'. Het parasympatische zenuwstelsel kan gezien worden als een 
rem van een auto - het helpt het lichaam een stapje terug te doen zodat energie kan 
worden aangevuld en er herstel van stress op kan treden. Gezien de belangrijke rol 
van het parasympathische zenuwstelsel in de herstelfase na stress, kan onderzoek 
naar parasympathische activiteit inzicht geven in de mechanismen die ten grondslag 
liggen aan luisterinspanning en gehoor-gerelateerde vermoeidheid.

Er zijn aanwijzingen dat de activiteit van het autonome zenuwstelsel kan worden 
onderzocht door de taak-gerelateerde pupil-verwijding te meten. De pupilverwij-
ding tijdens spraakverstaan in ruis wordt beschouwd als een maat voor de luister-
inspanning. Grotere pupilverwijding wordt geassocieerd met hogere niveaus van 
inspanning doordat er een groter beroep wordt gedaan op cognitieve vaardigheden. 
Eerdere studies hebben herhaaldelijk gevonden dat de pupilverwijding van slech-
thorende deelnemers kleiner is dan die van normaal horende deelnemers, vooral in 
uitdagende luisteromstandigheden. Intuïtief zou je echter verwachten dat luisteraars 
met gehoorverlies méér inspanning ervaren dan normaalhorende luisteraars, zeker 
als de verstaanbaarheidsniveaus voor beide groepen vergelijkbaar zijn. Dit onver-
wachte resultaat is mogelijk deels het gevolg van de interactie tussen gehoor en het 
parasympathische zenuwstelsel. Onderzoek toont aan dat zowel het sympathisch als 
het parasympatisch zenuwstelsel een rol spelen bij de taak-gerelateerde pupilrespons. 
Daarnaast is de bijdrage die het parasympathisch systeem heeft aan de pupilverwi-
jding afhankelijk van de lichtsterkte in de ruimte waarin de taak wordt uitgevoerd. 
Door de lichtsterkte tijdens de taak te variëren, kan worden onderzocht wat de bij-
drage van parasympatisch zenuwstelsel is aan de pupilverwijding, en hoe dit samen-
hangt met individuele verschillen in bijvoorbeeld gehoor.  



In tegenstelling tot het effect van cognitieve inspanning op de pupil verwijding, is 
de pupillichtreflex (PLR) alleen geassocieerd met de parasympathische activiteit van 
het zenuwstelsel en dus niet met sympathische activiteit. De PLR is de snelle con-
strictie van de pupil in reactie op een toename van de lichtintensiteit. De PLR wordt 
op grote schaal gebruikt als een klinisch diagnostische tool om parasympathisch 
functioneren te beoordelen. Kortom, het meten van pupilverwijding en pupilcon-
strictie kan inzicht geven in de relatie tussen de activiteit van het parasympathische 
zenuwstelsel, vermoeidheid en gehoorverlies.

De studies beschreven in dit proefschrift hadden twee doelen. Het eerste doel 
was om een theoretisch kader te scheppen en methoden te ontwikkelen die het toe-
komstig gebruik van het meten van de PLR ondersteunen in onderzoek naar de 
associatie tussen gehoor en parasympathische activatie. Het tweede doel was om te 
onderzoeken wat de specifieke bijdrage is van het sympathisch en parasympathisch 
zenuwstelsel aan de pupilverwijding tijdens het verstaan van spraak in ruis.

Na een algemene inleiding (hoofdstuk 1) presenteert hoofdstuk 2 een system-
atisch literatuuroverzicht waarin werd gezocht naar bestaand bewijs voor mogelijke 
verbanden tussen het functioneren van het parasympathisch zenuwstelsel en slech-
thorendheid. Slechts twee studies werden gevonden, wat wijst op een hiaat in de 
kennis over deze mogelijke relatie. Er werd geconcludeerd dat verder onderzoek 
nodig is om een beter begrip te krijgen van de relatie tussen parasympathisch func-
tioneren en slechthorendheid. Tegelijkertijd bleek uit de bestaande literatuur dat de 
PLR een effectieve methode is om het parasympathische functioneren te evalueren 
om deze associatie verder te onderzoeken.

In Hoofdstuk 3 werden twee systemen voor het genereren en vastleggen van 
de PLR vergeleken: één met een computerscherm en de ander met een LED 
(light-emitting diode). In deze studie werd ook gevonden dat een hogere herstelbe-
hoefte geassocieerd is met snellere en grotere pupilvernauwing tijdens de PLR. Dit 
wijst op verhoogde parasympathische activiteit bij mensen die een hogere dagelijkse 
herstelbehoefte ervaren.
Hoofdstuk 4 presenteert een experimenteel onderzoek om te verduidelijken waar-
om in eerdere onderzoeken herhaaldelijk werd vastgesteld dat mensen met gehoo-
rproblemen een kleinere pupilverwijding hebben tijdens het luisteren in moeilijke 
condities dan hun normaalhorende leeftijdsgenoten. De pupilverwijdingsrespons 
werd gemeten tijdens een spraakverstaan-in-ruis taak met een verstaanbaarhe-
idsniveau van 50% correct. De resultaten gaven aan dat zowel de ervaren vermoe-
idheid in het dagelijks leven als het gehoorverlies een bijdrage aan de pupilverwi-
jding leverden. Daarnaast bleek de bijdrage van deze twee factoren onafhankelijk 
en gelijkwaardig. Hogere vermoeidheid en een slechter gehoor waren gerelateerd 
aan een kleinere pupilverwijding tijdens deze taak. Deze resultaten geven ech-
ter niet aan waarom volwassenen met een gehoorverlies een kleinere pupilrespons 
hebben dan normaal horende luisteraars in dezelfde, moeilijke, luisteromstan-
digheden. Daarom onderzoeken we deze vraag verder in een vervolgstudie.

samenvatting
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In hoofdstuk 5 werd de pupilverwijding als gevolg van luisterinspanning geme-
ten bij hogere of lagere lichtsterkte in de testruimte. Cruciaal is dat het verschil 
in pupilverwijding als gevolg van mentale inspanning tussen deze twee condities 
kan worden gezien als een index van parasympathische activiteit. Hoe groter het 
verschil, hoe kleiner de parasympatische activiteit is. Het verschil tussen de twee 
condities was het grootst bij deelnemers die zowel een normaal gehoor als een lage 
herstelbehoefte rapporteren. Het hebben van gehoorverlies en/of een hogere her-
stelbehoefte was juist gerelateerd aan een kleiner verschil tussen deze condities. Dit 
wijst mogelijk op een toegenomen parasympatische activiteit in mensen met gehoo-
rverlies of een grotere herstelbehoefte. We speculeren dat dit mogelijk duidt op een 
coping mechanisme waarbij het parasympathische zenuwstelsel betrokken is en dat 
invloed kan hebben op de nmentale inspanning. Wellicht heeft dit mechanisme een 
'beschermende' functie door ervoor te zorgen dat er minder inspanning geleverd kan 
worden door het individu. Als gevolg hiervan is dat de pupilverwijding door inspan-
ning relatief klein (in lichte condities).

Ten slotte presenteert hoofdstuk 6 de belangrijkste bevindingen van dit 
proefschrift, enkele methodologische overwegingen, de implicaties voor de klinische 
praktijk en aanbevelingen voor toekomstig onderzoek. Dit proefschrift draagt bij 
aan zowel de praktische ontwikkeling van meetmethodes om het functioneren van 
het autonoom zenuwstelsel te meten als het meer theoretische inzicht in de relatie 
tussen slechthorendheid en deze fysiologische maten. Voor het begrip van de relatie 
tussen gehoor en het functioneren van het autonoom zenuwstelsel biedt het oog een 
schat aan waardevolle informatie!
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