Visual Fatigue

2.

Background

Background

This chapter is providing the necessary backgrounds to understand the scope of the study
presented. It will start with an overview on visual fatigue before introducing different ocular
systems involved in near vision. The chapter concludes with a report of the current state of
research.

2.1.

Visual Fatigue

Although it is almost 70 years since Carmichael said: ”Fatigue is one of those common concepts
familiar to all mankind which turn out on close inspection to be far from clear or simple.”,7 this
sentence still holds true. Therefore, I would like to start this chapter by giving an overview on
the various terms related to visual fatigue, their definition, and development over time.

2.1.1.

Definition

Howe, being the first to publish on fatigue in the context of vision in 1912,8 defined fatigue in
his 1913 published paper as "the process of becoming fatigued or tired when a muscle, which
has been at rest, is contracted repeatedly with more or less gradually decreasing power."9 And
he clearly focuses on the signs rather than symptoms by doing so. The same somewhat
biomechanical approach was used by Berens et al. in 1926 when they referred to Howe’s
definition for their study on convergence fatigue.10 A condition nowadays mostly referred to
as convergence insufficiency. Interestingly, with the current research of the Convergence
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Insufficiency Treatment Trial (CITT) investigator group on the Convergence Insufficiency
Symptom Survey (CISS)11 the focus has shifted from signs toward symptoms.
This focus on symptoms is also reflected in recent definitions of fatigue in a more general way.
In 2013, Thiagarajan and Ciuffreda12; 13 refer to Torres and Jason14 when defining fatigue as “a
complex, nonspecific symptom involving multiple biological components (e.g., central
mechanisms, cellular mechanisms, neuroendocrine factors, and muscle properties) whose
underlying mechanism is not yet clearly and fully defined.“12 And Dittner et al.15 described
fatigue in 2004 as a subjective experience of “extreme and persistent tiredness, weakness or
exhaustion—mental, physical or both” and stressed the importance of “the absence of any
excessive expenditure of energy or effort as cause” to differentiate normal tiredness or
sleepiness from fatigue.
However, in contrast in 2000 Yuan and Semmlow16 are using an action-reaction and therefore
more sign-focused approach by stating that: “Fatigue is an important, yet insufficiently
understood, aspect in vision research and oculomotor control. For many biological systems,
fatigue manifests as an aftereffect following a heavy task load. Although visuomotor fatigue is
a common phenomenon, it is not easy to define the load (the cause of fatigue) or the
‘aftereffect’ (the fatigue itself), in a simple, precise and uncontroversial manner. For the
visuomotor system, the load/task could be reading a book, watching a video, or counting cells
through a microscope. The aftereffect might include alterations in the visual sensory system,
central nervous system, or oculomotor behavior. In addition to these various factors, mental
alertness or other subjective or psychological factors could further complicate the problem.”16
In this context it is worth mentioning the incredible research on saccadic eye movements of
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rhesus monkeys by Prsa et al.17 published in 2010, in which they concluded that “the muscular
periphery remains intact during the fatiguing eye movement task, while internal sources of
noise (drowsiness, attentional modulation, neuronal fatigue etc.) must be responsible for a
diminished oculomotor performance.”17
In 1950, Berens et al. reported fatigue as being used as “a cause of certain results, as a
description of events and as an entity in itself.”18 In their studies of fatigue of accommodation,
they used fatigue as a description of events that occur and define fatigue as impairment of
function.18 This sign-based approach is also used in recent publications on accommodative
fatigue and accommodative insufficiency when focusing on objective measurements.19; 20
In the Medical Subject Headings (MeSH), a thesaurus managed by the United States National
Library of Medicine (NLM) used by the MEDLINE/PubMed database, visual fatigue together
with ocular fatigue, eye fatigue, and eyestrain is listed under the MeSH heading asthenopia
(C11.093).21 According to the International Classification of Diseases (ICD-10) of the World
Health Organization (WHO), visual fatigue is best classified together with asthenopia as
subjective visual disturbance (H53.1).22
In the attempt to define visual fatigue in 1987, Rose differentiated between visual discomfort
and ocular-motor fatigue. He reported that “the visual discomfort cluster of symptoms and
findings include ocular irritation, burning and pain in the eyes, blurring of vision, headache,
bulbar conjunctival injection, and general fatigue. Ocular motor fatigue includes measurable
changes in accommodation, convergence, eye movements, blinking, and pupillary response.”23
In the German literature Heuer et al.24 suggested in 1989 a similar separation by saying: “Das
Konzept der visuellen Ermüdung ist nicht durch besonders klare operationale Definitionen
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ausgezeichnet. Zur Erfassung kommen […] subjektive, physiologische und verhaltens- bzw.
leistungsorientierte Maße in Betracht. Da die mit den verschiedenen Methoden gewonnen
Ergebnisse geringe Übereinstimmung aufweisen, scheint ihre auch begriffliche Trennung
angebracht zu sein.”24
This separation has somewhat sunken into oblivion and it wasn’t until 2007 when Lambooij et
al.25 proposed to distinguish between visual fatigue and visual discomfort even though they
reported these terms as used interchangeably in the literature. In their definitions, “visual
fatigue refers to a decrease in the performance of the visual system as a consequence of
physiological strain or stress resulting from excessive exertion. […] Visual discomfort is its
subjective counterpart.”25 The same authors in unison with other authors described visual
discomfort as being characterized by unpleasant somatic symptoms and perceptual distortions
induced by a prolonged exposure to near-work tasks.4; 20; 25–28 Furthermore, Lambooij et al.29
specified in 2009 that a “change within the visual system itself does not necessarily indicate
visual fatigue. […] Only changes that decrease the performance of the visual system or that are
accompanied by the experience of visual discomfort can be referred to as visual fatigue.”29 This
relationship between symptoms and signs / visual discomfort and visual fatigue is generally
assumed.4; 25; 30, but to my knowledge has never been verified.
Rather than giving a formal definition of visual fatigue, Megaw31 listed in 1995 the following
key points that should be included in a definition:


visual fatigue does not occur instantaneously



visual fatigue should be distinguishable from mental workload demands



visual fatigue can be overcome by rest
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visual fatigue should be discernible from any adaptive response of the visual system



symptoms of asthenopia are the main reason for assuming the existence of visual
fatigue



symptoms of asthenopia can be caused by nonvisual factors

According to Tyrell and Leibowitz32 and Bangor33 the National Research Council defined visual
fatigue in 1983 as “any subjective visual symptom or distress resulting from the use of one’s
eyes.” As Bangor concluded, this is a rather all-encompassing symptom-based approach, which
treats the human operator as the final arbiter for what constitutes visual fatigue.33
From the literature presented in the previous subchapter we can conclude that visual fatigue
stands for:


the status of one’s visual system after its intense use reflected by signs and/or
symptoms



signs of objectively measured changes in functions of the visual system induced by
the extensive use of the visual system essentially reflecting a temporary attrition of
the visual system or parts of it



subjectively experienced visual symptoms resulting from an overburdened visual
system



a syndrome of signs and symptoms correlated with continued use of the visual
system

In my opinion, the above definitions reflect different dimensions of the term visual fatigue.
Therefore, I doubt the necessity, feasibility, and the benefit of a conceptual differentiation of
these dimensions, although there are more precise terms that might be used. However, I do
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agree with Lambooij et al.25 that authors should specify which dimension they are referring to
and should give a short definition on how the term is used in their work, independently of the
actual term they are using; or in the words of Lambooij et al.: “An all-inclusive definition may
be impossible, however, due to the spider web of relations between causative factors,
symptoms and indicators, accurate research-specific operationalizations of visual comfort and
visual fatigue will also be highly valuable.”25

2.1.2.

Computer Vision Syndrome (CVS)

The concept of the occurrence of visual fatigue with the use of screens is not new. As far back
as in 1933 Snell published a review on visual fatigue and how it might relate to motion pictures
and television.34 With the emergence of personal Visual Displays Terminals (VDT) and personal
computers in the 1980’s, research has begun to concentrate on this area again.
In 1974, Hultgren and Knave were the first to describe eye discomfort among VDT workers in
their research concentrating on glare and light reflection.35
In their excellent review paper on Computer Vision Syndrome (CVS) that is referred to by a
number of authors36; 37, Blehm et al.38 report in 2005 “the main visual symptoms reported by
VDT users include eyestrain, tired eyes, irritation, burning sensation, red-ness, blurred vision,
and double vision, thus termed the phrase ‘Computer Vision Syndrome’ (CVS).”38 CVS is
described by the same authors as “a repetitive stress disorder characterized by a symptom
complex of eye-strain, tired eyes, irritation, burning sensations, redness of eyes, dry eyes,
blurred, and double vision apart from nonocular complaints like neck, shoulder, and back pain
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experienced by computer users,”37 —a definition also used by Bali et al.37 in their recent review
of 2014.
The American Optometric Association just recently added the term “Digital Eye Strain” to their
definition of CVS to reflect the increased use of portable devices and defines both as follows:
“Computer Vision Syndrome, also referred to as Digital Eye Strain, describes a group of eye
and vision-related problems that result from prolonged computer, tablet, e-reader and cell
phone use. Many individuals experience eye discomfort and vision problems when viewing
digital screens for extended periods. The level of discomfort appears to increase with the
amount of digital screen use.“39
Just as with visual fatigue, CVS has several dimensions. Hayes et al. describe in their paper the
interaction between eye symptoms, other symptoms, job, and quality of life as shown in Figure
2-1.
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Figure 2-1 A priori quality of life structural equation model from Hayes et al.40

However, just last year Seguí et al.41 reported that “although the symptoms reported by
patients are quite consistent across studies, it is notable that the literature offers little guidance
about the operational definition of CVS.”41

2.1.3.

Prevalence

Visual fatigue is not considered a disease. Therefore, only limited reports on its prevalence are
found in the literature. However, there are several studies dealing with the prevalence of
asthenopia in children. These have been reviewed recently by Vilela et al.42 in a meta-analysis
reporting the pooled prevalence of asthenopia in children as 19.7% (12.4–26.4%). The following
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Table 2-1 is a reprint from the original paper published in 2015 and shows the details of the
studies that meet their including criteria.

Table 2-1 Descriptive results of the selected studies of asthenopia in children from Vilela et al.42

Other studies have looked at visual discomfort among college students. Borsting, Christopher
and Ridder43 reported in 2007 17% of 571 college students at the Claremont Colleges University
as having moderate to severe symptoms. Conlon et al.27 reported in 1999 results from data
collected in 1991 including 518 Australian university students, they found 46.9% having
moderate to severe symptoms.
While the studies reported in this chapter up to now looked at the prevalence of asthenopia
and visual discomfort in a somewhat general but age-specific population, studies
concentrating on Computer Vision Syndrome (CVS) looked at the prevalence of CVS among
computer workers. By looking at this more specific and more exposed population, a higher
prevalence is expected. And indeed previous studies and reviews reported as much as 90% of
routinely computer users experiencing CVS.1; 2; 38; 40; 41; 44–48 The following Table 2-2 shows an
overview of studies reporting the prevalence of CVS in different countries.
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Hultgren and Knave35
Cakir et al.49
Elias et al.50
Läubli et al.51
Dainoff et al.52
Smith et al.1
Crespy et al.53
Turner54
Starr et al.55
Dain et al.56
Dain et al.57
Thomson58
Salibello and Nilsen59
Sanchez-Roman et al.60
Mocci and Corrias61
Bhanderi et al.62
Ranasinghe et al.48

Background

Year
1974
1978
1979
1980
1980
1980
1980
1982
1982
1985
1988
1994
1995
1996
2001
2008
2016

Country
Sweden
Germany
France
Switzerland
USA
Switzerland
New Zeeland
USA
Australia
Australia
UK
USA
Mexico
Italy
India
Sri Lanka

Prevalence [%]
47*°
68–85°
30–85°
65
45
67–93*°
75*°
37–59
76
25
63
40*
75
69
32
46
67

N

294
113

257
145
1003
324
35
212
419
2210

Table 2-2 Prevalence of CVS in different studies. * As reported by Thomson 44. ° As reported by Dain et al.57.

A different approach was taken by other authors using surveys to investigate how many
optometric primary eye-care examinations are given primarily because of vision and eye
related problems at computers. In 1992, Sheedy63 reported it to be 14.25%, five years later
Nilsen and Salibello64 reported 15.7% of primary eye-care examinations as being primarily CVSrelated, both in the USA. In their 2005 review on CVS, Blehm et al.38 reported similar surveys
among optometrists in the USA and UK showing a prevalence of 12.4% and 9.0%, respectively.

2.1.4.

Pathophysiology

Authors of review papers generally suggest differentiating between two or three
pathophysiological causes of visual fatigue depending on whether they included extraocular
mechanisms or not. Loh and Redd36 as well as Bali et al.37 followed Blehm et al.38 in their
suggestion to differentiate between ocular surface mechanisms, accommodative mechanisms,
and extraocular mechanisms. Consistent with this, Bali et al.37 jois Rosenfield46 in reporting that
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factors leading to CVS have been grouped (1) into inappropriate ocular motor responses and
(2) dry eye. The first one being strongly linked with accommodative mechanisms and the
second with ocular surface mechanisms. Furthermore, Rosenfield46 states that non-ocular
causes of CVS may also be a significant cause but are beyond the scope of his review and refers
to Sheedy and Shaw-McMinn2 for an extensive review.
A different approach is used by Tosha et al.20 when reporting that “two major theories about
the cause of visual discomfort have been proposed in individuals with good visual acuity and
eye health: oculomotor anomalies and visual sensory hypersensitivities.“20 As reported in the
previous paragraphs the oculomotor anomalies theory is in line with most other reviews,36–38;
46; 65

whereas the visual hypersensitivity hypothesis is more controversial and mainly supported

by the work of only one author.66–68
Table 2-3 shows the different terms used in review papers for similar pathophysiological
concepts.
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Generic Terms

Bali et al. (2014)37

Ocular
Surface
ocular surface
mechanisms
ocular surface
mechanisms
ocular surface
mechanisms
dry eye

Rosenfield (2011)46

dry eye

Tosha (2009)20

‒

Blehm et al. (2005)38
Loh and Redd (2008)36
Bali et al. (2014)37

Ocular Motor
accommodative
mechanisms
accommodative
mechanisms
accommodative
mechanisms
inappropriate
ocular motor
responses
inappropriate
ocular motor
responses
oculomotor
anomalies

Visual
Sensory
‒
‒
‒
‒

Non-ocular
extraocular
mechanisms
extraocular
mechanisms
extraocular
mechanisms
‒

‒

non-ocular
causes

visual
sensory
hypersensitivities

‒

Table 2-3 Pathophysiological concepts in review papers.

Causes related to the visual sensory system as well as non-ocular causes of visual fatigue have
not been the focus of our study, however, some specific questions of the used survey might be
related to this aspect, see Chapter 3.4. for more details. Furthermore, as described in Chapter
3.2., despite ocular surface related changes are part of the visual fatigue study they will not be
reported in this thesis, as this thesis focuses on the oculomotor near-response-triad reflex
related aspects of visual fatigue. Therefore, the second part of this background chapter will
focus on the systems involved in near vison (e.g., accommodation, vergence, and pupils) and
their interaction. Before, though, we report on the current state of research on visual fatigue
with a focus on ocular motor.
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Oculomotor Near-Response-Triad Reflex

One of the primary goals of the human visual system is to provide us with a clear and single
image. In order to do so even when the viewing distance is changing, i.e. an object is moving
closer or we are looking to an object further away or vice versa, the following three adjustments
occur:

A. The refractive system needs to change its refractive power in order to create a
focused image in the fovea centralis, i.e. on the retina. This is done by changing
the shape of the crystalline lens, a process referred to as ocular accommodation.
B. The ocular motor system, more precisely the extraocular muscles need to rotate
both eyes so that the two images (one for each eye) fall on corresponding retinal
arias, preferable the fovea centralis. This is achieved when the two lines of sight
cross in the object of interest. This requires the two eyes to rotate in contralateral
directions, i.e. both in- or outward. Contralateral eye movements are cold
vergence, they are subdivided in convergence (inward) and divergence (outward).
C. To decrease the coordinative requirements for the first two systems, the pupils act
as apertures and change their diameter to alter the depth-of-focus, and some
optical aberration. By doing so the optical specifications of the system are
changed. When looking at close objects the pupil is constricted while it is dilated
when looking at more distant objects.
These three systems eventually act as one highly coordinated triad in order to provide us with
a clear and single image at any time. The need for the described adjustments and their
coordination is well agreed on in the literature. It has been one of the many research interests
of Ernest Edmund Maddox69 who reported in 1886 on the relation between convergence and
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accommodation, and referred back to research done as early as 1613 by Francis Aguillon who
introduced what he named “common sense” that coordinates the two eyes. In optometry and
vision science these coordinated systems are most commonly referred to as near response70–
73

or near triad29; 72; 74. Some authors used the prefix oculomotor; either instead of near creating

the term oculomotor response46, or as addition, oculomotor near triad74. Other authors
combined the two terms and introduced the term near response triad75. Noorden76 uses a
more generic term and speaks of the near vision complex. In neurology the described
adjustments are considered reflexes and consequently named near reflex71;
accommodation reflex77;

77

or

78

. Even though these adjustments clearly are adaptations or

accommodations of the visual system to changing situations, it is important to know that in
optometry and vision science the term adaptation is used for the light adaptation of the retina
and accommodation refers to the refractive change of the crystalline lens only. In my view the
most inclusive, although not very colloquial term to describe what Aguillon referred to as
coordinating “common sense” is the oculomotor near-response-triad reflex.
In the rest of this chapter the three systems involved in the oculomotor near-response-triad
reflex will be discussed individually before biomechanical models of their interaction and
common neurological innervation pathways are introduced. The chapter concludes with a
summary on the current state of research.
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Accommodation

As shown in Figure 2-2, when an object moves closer to an optical system (i.e., the eye), its
emerged light rays become more divergent. In order to still concentrate these rays on the same
focal plate (i.e., the fovea centralis), the optical system needs to increase its refractive power.

Figure 2-2 Eye focused to distance (top) and close (bottom) from

79

This process by which the shape (i.e., curvature and thickness) of the crystalline lens of the eye
changes to adapt the refractive power to different viewing distance, thus providing a clear
image to the visual system, is called accommodation.30; 77; 78; 80–85
Accommodation is measured in diopters (D = 1/m), reflecting the change in lens power and
linked to the reciprocal of the viewing distance in meters. For example, a viewing distance of
50 cm (= 0.5m) requires an accommodation of 2 D.30; 85 However, as will be described in Chapter
2.2.1.3. on the accommodative lag and lead, the existence of this 2-D stimulus doesn’t
necessarily result in a 2-D response by the accommodative system.24; 30; 37; 74; 86–88
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Mechanism of Accommodation and Relevant Anatomy

The mechanism of the accommodation has been investigated for centuries. Almost 250 years
ago, in 1867 Hermann Helmholtz, physiology professor in Heidelberg, Germany published its
extensive, over 900 page “Handbuch der Physiologischen Optik” (Compendium of
Physiological Optics) with a detailed chapter on the mechanism of accommodation.80 He
observed the following four changes on accommodating eyes:

1) The diameter of the pupil changes, it gets smaller with near accommodation and
expands with far accommodation.80
2) The pupil margin and the center of the anterior lens surface move slightly forward.
Figure 2-3 shows Helmholtz original drawing of the appearance of a far and a near
adjusted eye.80
3) The front surface of the crystalline lens becomes more convex when focusing near
and flatter when focusing far objects.80
4) The reflection created by the back surface of the lens becomes slightly smaller
with near accommodation. Helmholtz concluded from this observation that also
the curvature of the back surface of the crystalline lens increases, but less than
the front surface does. And that the position of the back surface remains the
same.80
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Figure 2-3 Outer appearance of a eye focused to distance (left) and close (right) from Helmholtz80

From these four observations Helmholtz concluded that the center thickness of the crystalline
lens increases when an eye focuses on a near object. As its volume has to remain unchanged,
the diameter of the equatorial plate has to shorten.80
According to Helmholtz80 previous research and proposed mechanism of accommodation
could not completely explain these observed and assumed changes. Based on his observations
and conclusions, Helmholtz80 proposed that in its relaxed, far focused state the crystalline lens
is stretched by the zonules. The zonules attach to the lens capsule and proceed back and
outwards along the ciliary processes to the base of the ciliary body where they merge with the
ciliary muscle, the uvea, the retina, and the vitreous. Contraction of the ciliary muscle allows
the ends of the zonules to move toward the lens, hence to reduce tension on the zonules
allowing the crystalline lens to bowl and increase its refractive power.
With this proposed mechanism, Helmholtz was the first to describe the roll of the lens capsule,
the zonules, and the ciliary muscle in the accommodation process.

Figure 2-4 The accommodative apparatus from Sterner85.
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Current literature [77; 81–85] agrees that the accommodative apparatus as shown in Figure 2-4
consist of:

A) The ciliary muscle, having circumferentially oriented fibers that act as a kind of
sphincter; contraction of these fibers pulls the ciliary attachment points of the
zonules (zonular fibers) toward the center of the pupil and relaxes some of the
tension in the zonular suspension. Other ciliary muscle fibers are oriented parallel
to the surface of the eye; contraction of these pulls the ciliary attachment points
partly anteriorly and partly toward the center of the pupil, again relaxing some of
the tension in the zonular suspension.
B) The zonules, fibers of connective tissue, acting as suspension for the crystalline
lens arranged radial along the lenses equator as shown in Figure 2-8. One end is
attached to the lens capsule, the other to the ciliary body. Figure 2-5 shows the
first scanning electron microscopic (SEM) picture of the entire accommodative
apparatus including the zonules of a cynomolgus monkey by Rohen83. Figure 2-6
to Figure 2-8 show more recent SEM of the human accommodative apparatus by
Canals et al.84. At rest, the tension of the zonules keep the crystalline lens
flattened and thin; consequently the eye is focused on distant objects. Somewhat
counterintuitively, contraction of the ciliary muscle loosens the zonules allowing
the lens to thicken and the anterior surface to bugle out slightly.
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Figure 2-5 Cross-sectional view SEM of the accommodative apparatus (50x) from

83.

Figure 2-6 Dorsal view SEM of the lens and zonulas Posterior and Anterior zonules (18x) from 84.

Figure 2-7 Dorsal view SEM of the ciliary body and zonules. Most fibers originate at the pars plana (PL) and are
divided by the pars plicata (→) into posterior (P) and anterior (A) zonules (30x); from 84.
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Figure 2-8 Anterior oblique view SEM of the lens and zonules; cornea and iris have been extracted (10x); from 84.

C) The crystalline lens in the lens capsule, consisting of a nucleus and a cortex. As
reported in the previous subchapter, already in 1867 Helmholtz knew most of the
changes that occur in the crystalline lens.80 Roughly 100 years later, in 1973,
Brown82 published his work on the changes in shape and internal form of the lens
of the accommodating eye; proving the vast majority of Helmholtz’s assumptions
to be true. Using slit-image photographic technique, Brown investigated crystalline
lenses of children, young adults, and older (i.e. presbyopic) adults. He reported
that (1) “the radius of curvature of the anterior surface shortens centrally and
lengthens peripherally so that the lens becomes conoid. The change in the
posterior surface is similar, but of lesser extent.”82 (2) “Cone formation is age
dependent being most marked at 29 [the age range of our subjects] and absent at
11 at which age the radius shortens by an equal amount centrally and
peripherally.”82 (3) “The anterior pole moves forward. The posterior pole moves
backward to a smaller extent.”82 (4) “The lens cortex is almost unchanged in
thickness. The nucleus is markedly thickened. It is the nucleus which is active in
changing the shape of the lens.”82 (5) “The equator of the nucleus and of the lens
are reduced in diameter.”82 Figure 2-9 by Brown82 compares the cross section of a
crystalline lens focused on a far object to the cross section of the same crystalline
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lens of a 29-year-old subject accommodating 10 diopters (i.e., to an object 10 cm
from the eye). Figure 2-10 by Brown as well82 shows the extrapolated shape of the
same two conditions; note that the changes occur primarily in the nucleus (dark
grey).

Figure 2-9 Slit-image photographs of the lens of a 29-year-old subject. Focused on far (top) compared to near
(bottom); from 82.

Figure 2-10 Drawing of the lens shape of a 29-year-old subject, focused on far (top) compared to near (bottom). Note
the changes in the nucleus (dark grey); from 82.

In conclusion, the accommodative mechanism includes contraction of the ciliary muscle,
releasing the tension on the zonules, allowing the crystalline lens in the elastic lens capsule to
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increase its curvature, more specifically the front surface of the nucleus resulting in a cone
shaped crystalline lens witch increases the power allowing for a sharp image of close objects.30;
77; 80–85

Figure 2-11 by Rohen83 and Figure 2-12 by Sterner85 are showing the structural changes

in the accommodative apparatus resulting from the accommodative process.

Figure 2-11 Schemata of the accommodative mechanism non-accommodating eye on top, accommodating eye on
bottom from 83.
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Figure 2-12 Schemata comparing the non-accommodating eye (dashed) with the accommodating eye (shaded) from
85.

2.2.1.2.

Components of Accommodation

Paralleling Maddox’s four components of convergence

89

, that will be explained in Chapter

2.2.2.2, Heath 90 suggested four components of accommodation and reviewed the related early
research. These four functional or operational components of accommodation also reflect
different potential stimuli for the accommodative system. The suggested components are:

A) Tonic accommodation, being the part of accommodation present in the absence
of any stimuli, i.e. in the dark. Research has shown that this relaxed state of
accommodation is not at zero but around 0.5 D to 3.0 D.24; 30; 74; 85; 87; 90–100
B) Convergence accommodation is the portion of accommodation stimulated by the
convergence system, hence its indirect stimuli is disparity. The gain linking
convergence to accommodation is referred to as CA/C, convergence
accommodation per convergence.74; 85; 90; 91; 99–110 This interaction between
convergence and accommodation will be discussed in Chapter 2.2.4.
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C) Proximal or psychic accommodation is the amount of accommodation triggered by
the awareness of the proximity of an object. Poor mental (psychic) awareness as
well as proximity clues such as target size have been studied and found to alter
accommodation.74; 85; 90; 100; 111–118
D) Reflex accommodation is the instant response of the accommodation to defocus.
Most authors agree that blur is the major stimulus for the accommodation,
however it is unclear how this blur is detected. Vergence of light at the retina,
contrast gradients, and special frequencies among others have been suggested
and researched.74; 85; 90; 96; 100; 101; 117; 119–128

2.2.1.3.

Accommodative Lag and Accommodative Lead

Lag of accommodation can be thought of as under-accommodation, where the
accommodative response is less than the accommodative demand. Different origins of this
under-accommodation have been described in the literature, I suggest to groupe them into
the following four categories:

1) The reduced pupil diameter increases the depth of focus resulting in an equally
sharp image over a greater accommodative range (see Figure 2-13). Hence the
accommodative effort can be reduced without compromising the image quality on
the retina. The resulting accommodative lag is physiological and reflects nature’s
effort to get maximal output from minimal input. Typically, accommodation shifts
towards tonic accommodation.24; 30; 37; 74; 86–88; 129–131
2) Reduced stimulus quality may not be triggering the reflex accommodation to a
sufficient extent resulting in a lag of accommodation. For example, the contrast on
the border of a pixel on a screen is less than that of a printed character resulting
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in blurred margins. Authors have suggested this to be one of the reasons for the
increased accommodative lag found when working on computers.30; 37; 74; 86–88;
129–131

3) Impairments of the visual system might affect precision of the accommodation as
well. Reduced visual acuity results in reduced blur detection affecting the reflex
component of the accommodation; whereas anomalies of the oculomotor system
affect accommodation either direct or via the accommodation / vergence
crosslink. Furthermore, drugs and other substances can affect the
accommodative system.24; 30; 37; 74; 86–88; 129–131
4) Fatigue can lead to an increased lag of accommodation in a similar way as the
physiological lag described in the first paragraph. Heuer et al.24 postulated, that
the closer the working/viewing distance is to the resting position of the
accommodation (i.e., tonic accommodation) the less the visual system fatigues
and related symptoms are reduced.24; 30; 37; 74; 86–88; 129–131

Figure 2-13 Connection of pupil size, depth-of-focus, and lag/lead of accommodation from 132
Martin Kündig

Pacific University Oregon & Aalen University

27

Visual Fatigue

Background

A physiological lag of accommodation in the range of 0.1 D to 0.4 D is regularly found in
optometric clinics. In contrast, as described by Schor86, no lag or even a lead of accommodation
is an indication for binocular problems. Schor showed in his theoretical approach that changes
in the AC/A or CA/C gains connecting the accommodative and vergence system lead to
changes in the accommodative lag.86 I therefore suggest that reverse changes in the lag of
accommodation might be indicative for changes in AC/A or CA/C.

2.2.1.4.

Biomechanical Models of Accommodation

Several models for the biomechanical control of the accommodation process have been
suggested. Chapter 8 of Hung and Ciuffreda’s book, “Models of the Visual System”,133 provides
a comprehensive insight. Figure 2-14 shows a modified control mode for the steady-state
accommodation by Jiang134 based on a model suggested by Hung and Semmlow135. The
difference between the accommodative stimulus (AS) and the accommodative response (AR)
results in the accommodative error (AE). The AE is then an input for the accommodative
sensory gain (ASG) accounting for reduced stimulus effectiveness (i.e., reduced stimulus
quality). Its output is then the input to the dead space operator (DSP) representing the depth
of focus (DOF). If the threshold of the DSP is exceeded, the accommodative controller gain
(ACG) is activated. The output of the ACG representing the reflex accommodation is summed
with the tonic accommodation (ABIAS) and the convergence accommodation (CA) in the
accommodative saturation element representing the accommodation plant (PLANT). The final
output (i.e., AR) is then aging compared to the input (i.e., AS) using a feedback loop, making
this model closed loop.
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Figure 2-14 Control model of accommodation by Jiang134, see text above for explanations from 136.

2.2.1.5.

Innervation and Neurology of the Accommodation

As with most neural circuits, the neural pathway involved in the regulation of accommodation
can be divided into an afferent input limb to the brain, an efferent output limb from the brain,
and a central processing pathway in the brain. Figure 2-15 shows the entire accommodation
neural circuit including the afferent (blue), central (green), and efferent (yellow) portions.
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Figure 2-15 Accommodation neural circuit including afferent (blue), central (green) and efferent (yellow) pathways
from 77.

2.2.1.5.1. Afferent

The afferent pathway stimulating accommodation conforms to the general visual (optical)
pathway running via the retina, the optic nerve (CN II), the chiasma, the optic tract and the
lateral geniculate nucleus (lateral geniculate body) to the visual cortex as shown in Figure
2-16.77; 78; 85.
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Figure 2-16 The optical pathway representing the afferent from

137.

2.2.1.5.2. Central

The central pathway is the most complex and least understood part of the accommodation
neural circuit. Several authors around Paul D. Gamlin from the University of Alabama at
Birmingham have published different works on the central control of accommodation72; 73; 138–
143

. The focus of research has been near-response cells located in the supraoculomotor nuclei

(SOA) and the caudal fastigial nucleus (cFN), but also other arias of the central nevus system
(CNS) have been found to be involved; for review see [85; 141–143]. In Figure 2-17, Sterner85
has summarized the central neural pathways reported to be involved in the control of
accommodation.
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Figure 2-17 Neural pathways involved in the control of accommodation and vergence in CNS based on

141

from 85.

2.2.1.5.3. Efferent

As unclear as the exact central processing of the accommodation is, it is generally agreed that
the efferent signal controlling the accommodation process is mainly parasympathetic and
starts in the Edinger-Westphal nucleus, more precisely the Edinger-Westphal preganglionic
(EWpg) population.77; 78; 85; 88; 138; 142–146
According to Kozicz et al.142 this central source of input to the ciliary ganglion (see below) was
identified in 1857 by Jacubowich, a Russian anatomist. “However, the discovery of the cells of
origin of the third nerve parasympathetic outflow to the CG is credited to Edinger and Westphal
due to papers each published based on human material.”142
Figure 2-18 shows a three dimensional representation of the human oculomotor complex from
Kozicz et al.142 with the organization of the EWpg, the origin of the efferent parasympathetic
signal to the ciliary muscle.
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Figure 2-18 Tree dimensional representation of human oculomotor complex from 142.

As reported by McDougal et al.143, stimulating the EWpg not only alters the amount of
accommodation but also its velocity.
The efferent signal travels from the EWpg along the oculomotor nerve (CN III) to the ciliary
ganglion (Figure 2-19). The ciliary ganglion is about 3 mm in size and located shortly behind
the ocular globe lateral of the optic nerve. In the ciliary ganglion, the preganglionic axons
synapse with the postganglionic axons traveling as the short ciliary nerves to the ciliary
muscles.77; 78; 85; 143; 146; 147

Figure 2-19 Lateral eye and orbit anatomy with nerves showing the ciliary ganglion by Patrick J. Lynch, medical
illustrator - Patrick J. Lynch, medical illustrator, CC BY 2.5,
https://commons.wikimedia.org/w/index.php?curid=1498186.
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Even if the ciliary ganglion receives the majority of its input from the EWpg, there is evidence
for other neuronal inputs that may modulate the signal.143; 148 The ciliary ganglion should hence
not be solely viewed as a simple relay connecting efferent parasympathetic signals, but as a
site of potential neural integration.143; 149
The following Figure 2-20 by Richter et al.147 shows both the predominant parasympathetic,
and the sympathetic efferent innervation of the accommodation.

Figure 2-20 Efferent pathways of the autonomic nervous system to the accommodation from 147.
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Vergence

As shown in Figure 2-21, objects that change the distance from the eyes result in images falling
on increasing disparate parts of the two retinas. To keep these images on the same retinal spot
(i.e., the fovea centralis), the two eyes need to rotate in opposite directions from each other.76;
77

As mentioned earlier, eye movements in opposite directions are called vergence. If the object

is moving closer to the eyes, they need to rotate inward, i.e. converge, and divergence, i.e.
outward rotation, is needed if an object moves further away.76; 150; 151 Vergence is measured in
prism diopter (cm/m), angular degree (°), or angular minutes (‘ = °/60).30

Figure 2-21 Changes in retinal image position, i.e., disparity if an objects changes depth from 77.

2.2.2.1.

Mechanism of Vergence and Relevant Anatomy

Vergence aligns the two eyes to ensure and maintain binocular fixation and binocular vision
allowing the visual system to perceive a single three dimensional image. Movement of the eyes
is provided by the six extraocular muscles per eye as shown in Figure 2-22.76; 77
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Figure 2-22 Extraocular muscles of the right eye from

77.

The two muscles involved in horizontal eye movements are the medial and lateral recti. As
shown in Figure 2-23, they are seated in a horizontal plane, and their contractions rotate the
eye around a vertical axis. Nasal movement of a single eye (adduction) is conducted by the
medial rectus; temporal movement of a single eye (abduction) is conducted by the lateral
rectus; see Figure 2-24.76; 77
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Figure 2-23 Muscle plan and axis of rotation of the medial rectus from

76

Figure 2-24 Adduction of the medial rectus and abduction of the lateral rectus of the right eye from

77

As the medial and lateral rectus move the eye in opposite directions, they are antagonists of
each other. Synergistic muscles in the two eyes, either moving the two eyes in the same
direction in versions, or in opposite directions as in vergence, are known as yoke muscles. 76
Figure 2-25 from Noorden and Campos76 illustrates Sherrinton’s law of reciprocal
innervation on the example of convergence. Sherrington’s law states that, whenever an
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agonist receives an impulse to contract, an equivalent inhibitory impulse is sent to its
antagonist.152; 153

Figure 2-25 Sherrington’s law of reciprocal innervation during convergence from

76

“Isolated innervations to an extraocular muscle do not occur, nor can the muscles from one
eye alone be innervated.”76 Each time an impulse to perform an eye movement is sent, yoked
muscles of each eye receive equal innervations; this is Hering’s law of equal innervation.154
Hering’s law was also illustrated by Noorden and Campos76, as shown in Figure 2-26.

Figure 2-26 Hering’s law of equal innervation during convergence from

2.2.2.2.

76

Components of Vergence

As mentioned when introducing the four components of accommodation (Chapter 2.2.1.2.), a
similar concept of operational classification of vergence is generally agreed on and shown in
Figure 2-27.88; 90; 99; 100
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Figure 2-27 Left: Maddox’s original components of vergence from 89 Right: Recent representation of the four
components of vergence from 99.

Maddox89 introduced the following four components of vergence:

A) Initial or tonic convergence is the part of vergence present in the absence of any
stimulus. Tonic vergence, which is maintained by the tonus of the extra-ocular
muscles, is related to a baseline level of neural activity. In the absence of a
stimulus, just as in accommodation, the eyes move to a resting position, typically
one of divergence, partly due to the shape of the anatomical structures as shown
in Figure 2-28. Already Maddox did not quantify tonic convergence mainly because
as stated by Noorden76: “In the absence of quantitative data on the absolute
position of rest, it is impossible to make quantitative statements about tonic
convergence.”76; 24; 30; 74; 76; 77; 89; 90; 100
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Figure 2-28 Relative orientations of the eyes and the orbits from

77.

B) Accommodative convergence is the portion of convergence stimulated by the
accommodative system; hence its indirect stimulus is blur. The gain linking
accommodation to convergence is described as accommodative convergence per
accommodation (AC/A). Details on the interaction of these two systems will be
given later in Chapter 2.2.4. It is generally assumed that the general convergence
requirement is fulfilled through the accommodative convergence; this is especially
evident in conditions as accommodative esotropia.76; 88–90; 100
C) Proximal or psychic vergence is nowadays commonly accepted as vergence
component stimulated by perceived distance or knowledge of nearness. However,
Maddox included “convergence due to ‘knowledge of nearness’” as part of
accommodative convergence in his original work. He defined accommodative
convergence as the part of convergence not present when looking far, but only in
near vison. I presume, mainly because he wanted to quantify the different
vergence components—and a distinction between accommodation, and
psychologically driven convergence was hard—Maddox decided to discuss what
he called voluntary vergence under the accommodative component.76; 88–90; 100
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D) Reflex or fusional convergence is stimulated by binocular disparity and the only
vergence component making use of information about ocular misalignment.88; 89;
100

According to Maddox89, fusional convergence is the part of vergence most

affected by ocular fatigue, as is seen in cases of “periodic squint”. While Hung74
reports image disparity as being the primary stimulus to vergence, Noorden76 in
contrast states that accommodative convergence is responsible for gross
adjustment of the eyes' position and fusional convergences' role is in fine-tuning
to provide binocular fixation.

2.2.2.3.

Panum’s Fusional Area and Fixation Disparity

I have stated earlier that, in order to perceive an object as single, its retinal images in the two
eyes need to fall on corresponding retinal points. This statement isn’t entirely correct. From
several observations and theoretical considerations published in 1858 by Peter Ludvig Panum,
a Danish physiology professor,155 concluded that retinal points correspond to areas rather than
points; or in his own words: “Es kann also eine einfache Ortsempfindung nicht nur durch je
zwei Punkte beider Netzhäute, die man identische oder correspondirende zu nennen pflegt,
vermittelt werden, sondern ein jeder empfindende Punkt der einen Retina, kann mit einer
gewissen

Anzahl

zusammenliegender

Punkte

der

anderen

Retina

eine

einfache

Ortsempfindung geben. Wenn man also diejenigen Netzhautpunkte beider Augen, die
zusammen eine einfache Empfindung geben, correspondirende nennen will, so muss man
sagen,

dass

jeder

Netzhautpunkt

mehrere

correspondirende

Punkte

oder

einen

correspondirenden Empfindungskreis im anderen Auge habe. Will man daher den bisherigen
Begriff der correspondirenden Netzhautpunkte festhalten, so muss man hierunter die
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Mittelpunkte der mit einander correspondirenden oder identischen Empfindungskreise der
Netzhaut verstehen, und dieselben demgemäss definiren.“155 These areas of single binocular
vision are in honor of Panum called Panum’s Fusional Areas or Panum’s Areas (PA).76; 156
Just as the depth of focus does in the accommodation system, Panum’s Areas provides
tolerance to the vergence system for minor misalignments. This over- or underconvergence is
termed fixation disparity.76; 157–164 As London and Crelier state: “Fixation disparity is a residual
misalignment of the foveas within PA […]. This is in fact, a mini-strabismus inside PA.”163 Fixation
disparity has been first popularized and clearly defined by Ogle157; 159–161. However, as reviewed
by Carter158, research in this area exists for a long time before. Fixation disparity has been the
subject of numbers of studies linking it to symptoms similar to those observed in visual
fatigue.157; 159–161; 164–176 Especially for German readers, it is important to know that, as discussed
by London and Crelier163 in detail, the concept of fixation disparity is used differently in the
German than in the English literature; the concept popular in the English literature is used in
this thesis.

2.2.2.4.

Biomechanical Models of Vergence

Various biomechanical models of vergence eye movements have been proposed, for review
see [133; 177]. Figure 2-29 shows Schor’s system model in its 1986 published version178, the
system is based on the one proposed in 1974 by Toates179 in his excellent review on vergence
eye movements; the original model is shown in Figure 2-30. The elements of the models are
similar to those explained in the accommodation section of this chapter (see 2.2.1.4.).
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Figure 2-29 Biomechanical model of vergence control by Schor from

Figure 2-30 Biomechanical model of vergence control by Toates from

2.2.2.5.

178.

179.

Innervation and Neurology of Vergence

Just as described in the innervation of the accommodation section, the innervation of the
vergence can be divided into three major parts: afferent, central, and efferent.

2.2.2.5.1. Afferent

The afferent pathway of the vergence reaction is the same as described in the accommodation
section, see Chapter 2.2.1.5.1.
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2.2.2.5.2. Central

As Leight and Khanna180 stated: “There is hardly a corner of the brain that is not concerned with
the control of eye movements”.180 In addition to the near-response cells involved in the
accommodation and vergence control (see Chapter 2.2.1.5.2.), the pontine omnipause neuron
(OPN) thought to be involved in the coordination of vergence and saccadic eye movements
has been the subject of research.72; 75; 77; 138; 181; 182 Figure 2-32 shows the assumed interaction
between the vergence and saccadic pathway. In addition to Figure 2-17, Figure 2-31 from
Leight and Khanna180 shows the areas of the brain involved in eye movement according to
Leight and Zee.183

Figure 2-31 Probable location of cortical areas involved in eye movements from
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Figure 2-32 Innervation of vergence and saccadic eye movements from

72.

2.2.2.5.3. Efferent

The efferent part of vergence eye movements has to be divided into two parts; the innervation
of the medial rectus muscles and the innervation to the lateral rectus muscles. However, as
stated by Sherrinton’s law of reciprocal innervation, both parts are involved in convergence as
well as divergence. The efferent signal to the medial recti starts in the oculomotor nuclei
located in close proximity to the Erdinger-Westphal nuclei (see Figure 2-18). The impulse then
travels along the oculomotor nerve (CN III) to the medial recti whose contraction is responsible
for convergence. The signal to the lateral recti starts in the abduces nuclei of CN VI who travels
to the lateral rectus muscles provoking a divergence eye movement if contracted in both eyes.
Figure 2-33 shows the efferent pathway of the innervation of horizontal eye movements.180
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Figure 2-33 Efferent innervation of the horizontal eye movements from

2.2.3.

180.

Pupil

The pupil is the aperture of the eye; as any aperture of an optical system, it serves two main
purposes: (1) regulating the amount of radiation (i.e. light) entering the optic system, and (2)
affecting the depth of focus among other optical properties.143 Figure 2-34 shows the influence
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of pupil size on the depth of focus, it is reprinted from Wang and Ciuffreda132 whose paper
provides a review on the theory of the depth of focus in the human eye and its clinical
implications.

Figure 2-34 Effect of pupil size on the depth of focus from 132.

The pupil changes its size not only with changing illumination but also when target distances
change. The pupil constricts in near vision and dilates again when focusing far.80 This pupillary
near reflex was first described by Christoph Scheiner in 1619 during his time as professor in
Innsbruck (Austria); Figure 2-35 shows his original report and drawing.184
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Figure 2-35 First report of the pupillary near reflex by Scheiner in 1619 from

184.

Iris size (i.e., pupillary diameter) is altered by two smooth muscles, the sphincter pupillae,
constricting the pupil under the control of the parasympathetic nervous system, and the dilator
pupillae, as his name suggests responsible for pupillary dilation under the control of the
sympathetic nervous system.77; 143 Figure 2-36 shows an anatomical cross section of the iris with
its muscles: the circumferentially arranged sphincter muscle encircling the pupil, and the dilator
muscles, whose fibers are arranged like radiating from the sphincter toward the ciliary body. 77
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Figure 2-36 Microscopic cross section of the macaque iris from 143.

However, the pupillary near response is thought to be driven by the parasympathetic
innervation of the sphincter pupillae only.144 Speaking of the innervation, the pupillary near
response shares most of its neurological pathway with the accommodation as shown earlier in
Figure 2-15.77; 143 Furthermore, the pupillary near response shares a common parasympathetic
efferent pathway with the pupillary light reflex shown in Figure 2-37. However, as we will see
shortly, the afferent and central processes involved in the pupillary near response is more
complex.143

Figure 2-37 Anatomical drawing of the parasympathetic and sympathetic innervation of the iris from

143.

In the hope to better identify the neurological processes involved in the pupillary near
response, lots of research has looked into its stimulation, trying to distinguish whether the
pupillary near response is stimulated by accommodation or convergence, a recent review can
be found in [143]. Marg and Morgan185; 186, in 1949 and 1950, provide a review of the early
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research and present own work that suggests that accommodation is responsible for
stimulation of the near pupil. Whereas in 1964, Backer and Ogle187 reported on the pupillary
response to fusional eye movement. In agreement, Stakenburg188 and Phillips et al.189 reported
on the absence of pupil response to blur-driven accommodation and suggested that target
misalignment and changes in target size drive the pupillary near response. In contrast, in 2005
Kashurirangan and Glasser144 proove the influence of accommodation on the pupillary near
response, however, they did not exclude other influences.
In 1990, Myers and Stark190 review how the pupillary near response is mediated and identified
three hypotheses in the literature:

1. Vergence-pupil synkinesis (VP): a link between the vergence motor controller and
the pupillary motor controller
2. Accommodation-pupil synkinesis (AP): a link between the accommodation motor
controller and the pupillary motor controller
3. Symmetrical dual interaction mode (SDIA & SDIV): a symmetrical link consisting of
VP an AP to the pupillary motor controller
In addition, Myers and Stark proposed a fourth hypothesis:

4. Asymmetric dual interaction mode (ADIA & ADIV): an asymmetrical link from the
vergence motor controller to the pupillary motor controller, and one from the
accommodation motor controller
Figure 2-38 from Meyers and Stark190 shows the diagram of the proposed biomechanical
model including the four hypotheses. The fourth hypothesis reflecting an asymmetric dual
interaction is currently regarded as the most accurate.144; 143
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Figure 2-38 Diagram of the near response triad including four hypothetical pupil synkineses from 190.

2.2.4.

Interaction

As stated earlier, the three systems of the oculomotor near-response-triad reflex
(accommodation, vergence and pupil constriction) are interconnected to ensure a high
coordination.102; 191 The functional interactions of these systems were the subject of countless
research especially during the last 40 to 50 years. Several biomechanical models to reflect the
control steps of the system have been proposed, I will only present a few key models in this
thesis, more comprehensive reviews can be found in the literature4; 74; 104; 133; 143; 177; 178; 192-194.
Figure 2-39 shows a current model presented by McDougal et al.143 including all three systems
similar to the one shown by Myers and Stark190 in Figure 2-38.
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Figure 2-39 Model of the oculomotor near-response-triad reflex from 143.

In 1996. Hung et al.118 proposed a model of the accommodation and vergence interaction
accounting for all accommodation and vergence components introduced in Chapters 2.2.1.2.
and 2.2.2.2. Furthermore, the three main stimuli, blur (AS), proximity (DS), and disparity (VS)
that are reviewed in by Fogt et al.100, are included in this model as shown in Figure 2-40. A
simplified version can be found in [195], unfortunately the reprint from Ciuffreda177 shown in
Figure 2-41 is of reduced quality.

Martin Kündig

Pacific University Oregon & Aalen University

52

Visual Fatigue

Background

Figure 2-40 Dual-feedback model of the accommodation and vergence system including proximal gains proposed by
118 from 177.

Figure 2-41 Model of Figure 2-40 simplified by 195 from 177.
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In the 1980’s, Schor178; 196, and Hung74; 135 were the two driving forces in this area; each one
developing his own model, see Jiang193 for review. To my knowledge, Westheimer197 was the
first to us an electronic circuit layout in 1963 to describe the accommodation and vergence
interaction shown in Figure 2-42.

Figure 2-42 First electro-schematic diagram of the accommodation and vergence interaction by

197

from 198.

Morgan and Harrigan92 used a more neuroanatomical orientated approach to represent the
interaction of the three systems of the oculomotor near-response-triad reflex in 1951; see
Figure 2-43.
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Figure 2-43 Schematic diagram of the near reflex and its neuroanatomical representation from

92.

As has been discussed in the neurological/innervation parts of the previous subchapters on
the individual systems, lots of research has looked in to the neurological controlling of the
individual system as well as their coordination.12; 72; 73; 138-142; 147; 149; 181; 198 -205 Figure 2-15 shows
the generally agreed common pathway of the three systems. However, as reviewed by several
authors141;

143; 206

, the exact central neurological process involved in the oculomotor near-

response-triad reflex remains unclear. Figure 2-44 and Figure 2-45 represent positron emission
tomography (PET) pictures from two studies by Richter et al.147;

200

showing activated and

deactivated cerebral areas involved in positive and negative accommodation and vergence,
representing potential areas involved in their coordination; see also Figure 2-17 for
comparison.
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Figure 2-44 PET during positive accommodation from 147.
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Figure 2-45 PET during negative accommodation and vergence from
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Current State of Research

Bali et al.37 provide a recent review of the research investigating the influence of visual fatigue
and CVS on the oculomotor near-vision-tirade reflex. This chapter focuses on additional work
published in the last 10 years. With the increased popularity of stereoscopic image presentation
(i.e. 3D and VR) the research interest has shifted towards the accommodation-vergence
conflict. In virtual 3D, the vergence point and focus point are not synchronized, hence the
accommodation and vergence system are required to act independently. As shown in Figure
2-46, the accommodation is fixed on the screen while the artificial disparity requires the
vergence system to move.30

Figure 2-46 Accommodation-vergence conflict from 30.

Kim et al.110;

207

compared the natural viewing condition (accommodative and vergence

distance change in unison) with artificial condition in which only the vergence distance changes
(3D viewing). For both conditions, they used three different frequencies to change the distance
(0.01, 0.05 and 0.25 Hz) and recorded subjective vison-related symptoms. Examining 34
subjects (22 to 31 y/o) they found vison-related symptoms to be more severe when object

Martin Kündig

Pacific University Oregon & Aalen University

58

Visual Fatigue

Background

distance changed relatively rapidly, independently if natural or artificial viewing was used.
Furthermore, they report vision-related symptoms at high frequencies to be somewhat more
severe with the artificial condition when compared to natural viewing. In conjunction,
Thiagarajan and Ciuffreda12; 13 reported two studies in which they fatigued the accommodative
and vergence system with congruent and non-congruent stimuli. In the first study12, they
fatigued the accommodative system of 10 visually asymptomatic subjects (22 to 31 y/o) either
by altered binocular fixation between charts at 50 and 20 cm (congruent) or with +/- 1.5 lens
flipper with binocular fixation as well (non-congruent). Before and after the fatiguing task, the
accommodative dynamics to an increasing (-4.5 D) and decreasing (-2.5 D) lens stimulus was
recorded using the Grand Seiko WAM-5500 open-field autorefractor. They report a significant
increase in accommodative lag at both stimulus levels after the non-congruent task, reflecting
a reduced accommodative accuracy; no significant changes were found after the congruent
task. They concluded that since fatigue-related changes in the objective measures were
observed only under non-congruent condition, the fatigue could be primarily attributed to
result from the accommodative system. However, secondarily, the vergence system could also
be involved due to the accommodative-vergence crosslink. In the second study13, the same
approach was used investigating the effect of visual fatigue on the vergence dynamics. The
congruent task in this study consisted of altered bifixation between charts at 2 m and 20 cm,
the non-congruent task used a 7 cm/m BO/BI prism flipper. The vergence dynamics to a 10.3°
stimulus for both convergence and divergence was recorded pre- and post-task with the
Plusoptix Power Refractor II. This second study, including 12 asymptomatic subjects (22 to 67
y/o), did not show any significant changes.

Martin Kündig

Pacific University Oregon & Aalen University

59

Visual Fatigue

Background

Collier and Rosenfield47 used a 30-minute onscreen reading task at 50 cm to induce fatigue.
They measured accommodative response using a Grand Seiko WAM 5500 and associated
phoria (i.e., prism to eliminate fixation disparity) with a customized test on 20 subjects (22 to
30 y/o). They found no significant changes in accommodative response nor associated phoria
during the 30-minute test period. Furthermore, no significant difference in the accommodation
response as a function to subjective discomfort score was fund. However, subjects with zero
fixation disparity reported more discomfort compared to those with base-in associated phoria.
Rosenfield et al.45 reported a similar study in which they compared accommodative and
vergence facilities pre and post a 25-minute onscreen reading task at 50 cm. In addition, they
used the questionnaire suggested by Hayes et al.40 to record the level of ocular discomfort. No
significant change in the vergence facility or monocular accommodative facility was found.
However, they reported a significant increase in the binocular accommodative facility following
the reading task. No significant correlation between the symptom score and any of the
measured facility was found.
Jainta et al.208 compared binocular eye movements and accommodation responses of 20
participants (18 to 34 y/o) as well as their text comprehension when reading a blurred text
(reflecting a defocus of +0.5 D, see Figure 2-47) with the measurements obtained when reading
a normal (i.e. non-blurred) text. Their study is unique in directly blurring the text and not using
lenses or other methods to induce the defocus, by doing so, an equal amount of additional
blur is induced to all subjects. However, this blur is not to be mistaken by the naturally occurring
defocus when the visual system is not focused properly. They found that mainly two aspects of
the binocular coordination were affected. The vergence angles shifted toward an exodirection
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(i.e., divergence) and the vergence fine-tuning during fixation was reduced (i.e., increased
fixation disparity). Furthermore, the observed exoshift in vergence was related to the
magnitude of the individual lag of accommodation and the individual heterophoria (i.e., tonic
vergence). The blurring of the text was found to have no effect on the text comprehension.

Figure 2-47 Text used in the study of Jainta et al. from

208.

Authors around Collier and Tosha19; 20 recruited two groups from a large population of college
students based on their score on a visual discomfort symptoms survey. They found the
accommodative lag (i.e., accommodative insufficiency) to be larger in the symptomatic group.
Chi and Lin209 conducted two studies in 1998 each with 10 subjects (24 to 32 y/o and 18 to 25
y/o, respectively); they used the same six loading tasks to induce visual fatigue in both studies:
performing a monitor task at 2 viewing distances, reading articles under 2 levels of screen
contrast, and tracking visual targets at 2 different speeds. In the first study each of the tasks
was design to last about 20 min, in the second study each task was performed for 60 min.
Seven visual fatigue measurement methods were used in the first study: accommodation
power, visual acuity, pupil diameter, critical fusion frequency (CFF), eye movement velocity,
subjective rating of visual fatigue, and performance. The same measurement techniques,
except pupil diameter and eye movement velocity, were used in the second study. They
concluded that the results indicated that the sensitivities of visual fatigue assessment methods
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varied widely between tasks and between loading manipulations. Sensitivities of
accommodation power, visual acuity, and CFF were greatly improved by a longer task period.
However, these three measurement techniques were highly interrelated and were not sensitive
enough to differentiate between the different VDT tasks. Eye movement velocity and subjective
rating of visual fatigue were sensitive in differentiating tracking from reading and monitoring
tasks and were also sensitive to target velocity changes in the tracking tasks.
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