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CHAPTER 1

General Introduction

General Introduction

Modern daily life depends heavily on the use of all sorts of visual information. Its
effective use requires visual processing not only to be precise, but also efficient. This
becomes even more apparent in conditions where the environment changes quickly
and where speed may even be crucial. Mistakes due to a slow or incorrect interpretation
of a traffic situation, for example, can have fatal consequences. In addition, current
technology and media ask for the continuous ability to discriminate between relevant
and irrelevant information at a high rate. People who experience problems with daily
tasks due to affected visual acuity or visual field, or who have been diagnosed with
an ocular or neurological disorder may enroll in a rehabilitation program. However,
despite our reliance on quick perception, speed is hardly incorporated in clinical
assessments of visual functioning. People who see too slowly but lack any of the
conditions mentioned above, are therefore not eligible for rehabilitation even if their
delay prevents them from adequately performing daily activities. This thesis addresses
the added value of temporal measures in the assessment of visual functioning.

Visual functioning
Visual perception arises when light enters the eye and reaches the retina (Figure 1.1).
Sensors in the retina called photoreceptors register its presence and generate a neural
signal. Signals from multiple photoreceptors are combined and modulated by different
neurons, i.e., horizontal, bipolar and amacrine cells, to enhance processing at later
stages (Blake & Sekuler, 2006; Kandel, Schwartz, & Jessell, 2000; Purves et al., 2008).
After retinal processing, the signal is conveyed through the optic nerve, optic chiasm
and optic tract to the lateral geniculate nucleus (LGN) via two parallel systems. The
first is the magnocellular system, which carries information on movement, location and
speed of an object. The other, parvocellular system is important for detail, texture, size
and color recognition. From the LGN, visual signals continue through the optic radiation
to the primary visual cortex (V1). Here, information from both eyes is combined to
extract simple features from the image. The signal continues to higher order cortical
areas where it is further processed through two pathways. The ventral ‘what’ pathway
mainly receives input from the parvocellular system and projects, via V2 and V4, to the
inferiotemporal cortex. It brings about recognition of scenery aspects, for example the
perception of a glass on the table. The dorsal ‘where’ pathway analyzes information
regarding movement and location, thereby guiding interactions with the scene. It
allows us to for example take the glass from the table. The dorsal pathway receives its
input mainly from the magnocellular system and transmits it to the posterior parietal
cortex, through V2 and the middle temporal area (MT).

9

Eye

Light

Optic nerve

Optic chiasm

CHAPTER 1

PPC
l
rsa

DoMT

Optic tract

Optic radiation
LGN

V1

V2
Ve V4
nt
ra
l

IT

FIGURE 1.1 | Schematic representation of the human visual system. When light reaches the
retina, neurons in the retina generate a neural signal. This signal is transferred through the optic
nerve, optic chiasm and optic tract to the LGN via the magnocellular (green) and parvocellular
(yellow) systems. From the LGN, the systems continue through the optic radiation to V1 and V2.
From there, the magnocellular system mainly continues through the dorsal pathway via the MT
to the PPC. The parvocellular system mainly proceeds through the ventral pathway via V4 to IT.
IT = inferior temporal cortex; LGN = lateral geniculate nucleus; MT = middle temporal area; PPC =
posterior parietal cortex; V1 = primary visual cortex; V2 = secondary visual cortex.

Natural visual scenes are cluttered and contain many different objects that cannot all
be processed simultaneously. Visual perception alone is therefore not enough to use
the input effectively. Instead, attention is needed to focus on relevant information
only. Selective attention seems to operate at multiple stages in the brain (Kastner &
Pinsk, 2004). Driving is one activity which highly depends on visual input and fast
processing of that input as well as attention to specific details. Most, if not all countries
therefore require adequate vision in order to obtain and retain a driver’s license. In the
EU, USA and in many other countries across the world adequate vision is defined in
terms of visual acuity (Colenbrander & De Laey, 2005; European Council of Optometry
and Optics, 2017) and sometimes also visual field. While prolonged reaction time and
reduced attention can be lethal in traffic, no criteria are set about visual speed and
attention except for the self-reported absence of problems.
Older adults often show greater difficulty in carrying out everyday tasks that require
visual search, peripheral visual attention and extraction of information of cluttered
visual scenes, including driving (Ball, Owsley, & Beard, 1990). Furthermore, they often
complain they need more time to complete visual tasks or to recognize objects in
their daily life (Kosnik, Winslow, Kline, Rasinski, & Sekuler, 1988). In addition, people
with vision loss can complete many daily activities, but they often need much more
time than normally sighted subjects (Dougherty et al., 2009; Owsley, McGwin, Sloane,
Stalvey, & Wells, 2001). Despite these time-related problems, tests to measure visual
speed or attention are not included in the American Optometric Association’s guidelines
for performing a clinical examinations of the eye and vision (Casser et al., 2005). During
the examination, clinicians may notice abnormally slow responses from patients, but
response times are usually not formally recorded. Furthermore, the International
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Classification of Disease (11th Revision) defines visual impairment in terms of visual
acuity and visual field alone (World Health Organization, 2018). People who experience
problems due to delayed vision may seek help from the ophthalmology clinic. However,
if their visual acuity and field are not affected and they are not diagnosed with another
ocular or neurological diagnosis, they do not qualify for visual rehabilitation.

Electrophysiological measures of timing
Although measures of timing are usually not part of general eye and vision examinations,
visual speed can be assessed in several ways. One approach is to record electrical
responses of the eyes and brain, called electrophysiology. It allows us to investigate
different components of the visual system separately. For example, electroretinography
(ERG) measures mass electrical activity of retinal neurons (Young, Eggenberger, &
Kaufman, 2012). Different retinal functions can be investigated by varying stimulus
parameters. For example, one can choose to stimulate the entire retina at once which
increases sensitivity to general deviations. In contrast, stimulating individual regions
enables us to investigate the functionality of local areas in the retina (Hood et al., 2012;
Hood & York, 2000). The responsiveness of certain retinal cells or pathways can be
investigated by varying wavelength, luminance, contrast to the background or temporal
frequency of the presentation of light or by presenting a patterned stimulus.
Electrophysiological activity in the brain can be measured with a technique called
electroencephalography (EEG). Responses of the early visual cortical areas to visual
stimuli are called visual evoked potentials (VEPs). Again, different features or pathways
of visual functioning can be investigated by varying stimulus features such as spatial
frequency, luminance, contrast, chrominance and orientation (Berninger, Arden, Hogg, &
Frumkes, 1989; Rabin, Switkes, Crognale, Schneck, & Adams, 1994; Tobimatsu & Celesia,
2006). In addition, cognitive responses can also be measured with EEG with different
paradigms. One example is the oddball task, where a subject observes different
stimuli that occur with different frequencies. When the subject actively attends to an
infrequently presented stimulus, additional responses appear compared to when the
subject is distracted (Duncan et al., 2009). ERGs and VEPs are regularly recorded for
clinical purposes of diagnosing specific diseases or monitoring their progression. This
is not the case for cognitive responses however (Young et al., 2012).
Research has shown that ERG, VEP and cognitive response times change with
increasing age in adulthood (Allison, Hume, Wood, & Goff, 1984; Allison, Wood, & Goff,
1983; Celesia & Daly, 1977; Celesia, Kaufman, & Cone, 1987; Gerth, Garcia, Ma, Keltner,
& Werner, 2002; Kuba et al., 2012; Pitt & Daldry, 1988; Seiple et al., 2003; Shaw &
Cant, 1980; Sokol, Moskowitz, & Towle, 1981; Tobimatsu, Kurita-Tashima, Nakayama-
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Hiromatsu, Akazawa, & Kato, 1993; Wright, Williams, Drasdo, & Harding, 1985). The
course of the relationship is currently undecided. However, latencies seem to be longer
for older than for young to middle-aged adults. In addition, many elementary visual
functions such as visual acuity and contrast sensitivity influence the latency and
amplitude of such responses (Bartel & Vos, 1994; Bobak, Bodis-Wollner, & Guillory,
1987; Tobimatsu et al., 1993; Tumas & Sakamoto, 1997).

Psychophysical measures of visual speed
Another approach to measure visual speed is psychophysics, or the study of
quantitative relationships between physical stimulation and perceptive events
(Blake & Sekuler, 2006). The methodology is often used to find a person’s threshold
of sensitivity. For example, visual acuity is the smallest symbol someone can
recognize. Contrast sensitivity tasks measure the smallest contrast someone can
distinguish, usually in the central field. Perimetry on the other hand maps contrast
sensitivity throughout the visual field. These three visual features and more are
regularly measured in ophthalmology settings in order to diagnose or monitor disease
progression. In addition, visual speed of processing is often recorded for scientific
purposes or in neuropsychological assessments.
One indicator of visual speed is the reaction time to a visual stimulus. This is the
time between the presentation of a stimulus and the response of a subject to that
stimulus. Simple reaction time paradigms consist of presenting a stimulus to which the
subject responds as quickly as possible, for example by pressing a button. In choice
reaction time paradigms, subjects respond differently to different stimuli as quickly
and as accurately as possible. In addition, several pencil-and-paper tasks exist that do
not measure individual responses, but rather the time it takes to complete an entire
task, or the number of responses one can make within a certain time period (Strauss,
Sherman, & Spreen, 2006). Response times strongly depend on stimulus strength, e.g.,
luminance (Pins & Bonnet, 1996) and size (Schultz & Eriksen, 1978). That is, responses
are faster to large and clearly visible stimuli. Recently, researchers developed a task
that measures both speed and acuity simultaneously, the so-called speed-acuity
task (Barsingerhorn, Boonstra, & Goossens, 2018a). It measures response times and
accuracy to a range of optotype sizes of a Landolt C stimulus, as well as accuracy of the
response in a 2-alternative forced choice task. With this task they showed that visual
processing speed increases significantly between 5 and 12 years of age. This indicates
that an important developmental optimization in the visual system takes place in that
period. Furthermore, children with visual impairment are slower than normally sighted
peers, not uncommonly more so than can be expected from their reduced acuity
(Barsingerhorn, Boonstra, & Goossens, 2018b).
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One problem with response time as an index for speed of processing is that it includes a
motor component that cannot be easily differentiated from the perceptual component.
Inspection time is an alternative measure of processing speed and records the period
of time needed to make a correct decision about a presented stimulus (Owsley, 2013).
This task is typically done with a two alternative forced choice task on a PC where
the presented stimulus can be shown for only a few tens of milliseconds, depending
on the system hardware. One can again either measure the accuracy over a range of
presentation times or search for a certain accuracy threshold.
Regardless of the paradigm, processing speed decreases with increasing age during
adulthood (Salthouse, 2000). In addition, visual impairment also decreases processing
speed (Cheong, Legge, Lawrence, Cheung, & Ruff, 2007). Psychophysical tasks can be
very informative about patients’ visual functions, which is useful for diagnosis and
progression of diseases. However, they are often too simplistic to predict a patients’
daily life difficulties (Colenbrander, 2005). Some tasks have been designed to measure
performance on real world tasks. For example the timed instrumental activities of daily
living test, which represents the speed at which one performs a number of everyday
tasks such as finding a telephone number, making change and reading ingredients
on a food can (Owsley et al., 2001; Owsley, Sloane, McGwin, & Ball, 2002). However,
these tasks are harder to measure and standardize. To fill this gap, researchers have
developed the Useful Field of View task.

Useful Field of View task
The Useful field of view (UFOV) is the area from which one can extract visual
information in a brief glance without eye or head movement. In 1990, Ball et al.
showed that performance on this task is a better predictor for daily problems than
standard perimetry measures. The UFOV task did not only require the detection of
peripherally presented targets, but also their location in a short period of time, i.e.,
75-125 ms. Furthermore, the target could be embedded in distractors and patients also
performed a secondary central task simultaneously. The UFOV was shown to decrease
as a function of central task difficulty, presence of distractors and age (Ball, Beard,
Roenker, Miller, & Griggs, 1988).
Over time, the UFOV task was further developed to make it more practical and shorter
in duration (Edwards, Vance, et al., 2005). The task now consists of three subtests
that measure different aspects of cognitive and visual processes by determining
the minimal duration needed for a subject to make a correct decision regarding the
content of a visual stimulus on 75% of the trials. Shorter durations therefore represent
better performance (Figure 1.2). During the first subtest, central vision and visual
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processing speed are said to be determined by measuring exposure duration after
which the subject can correctly identify a centrally presented target. In the second
task, a peripheral stimulus is presented simultaneously with the central stimulus. In
addition to identifying the central stimulus, the subject is asked to locate the peripheral
stimulus. This is why the developers suggested this subtest measures divided attention.
In the third subtask, the targets are embedded in distractors which the subject should
ignore and was therefore said to measure selective attention.
Stimulus displays
UFOV1

1000 ms

UFOV2
> 16 ms

1000 ms

8

Identification

UFOV3

1
2

7

3

6
5

4

Localization

FIGURE 1.2 | Visual representation of the UFOV task. A fixation box is presented for 1 second
after which one of three stimulus displays was presented. The presentation duration depends
on performance of the participant to obtain a 75% correct performance. Then, the stimulus is
replaced by a random-dot mask. After one second, participants perform an identification task
where they indicate which of two stimuli was presented in the center of the screen. In UFOV2
and UFOV3, participants perform an additional localization task, where they have to indicate the
location of a peripherally presented stimulus.

Importantly, strong relations between the UFOV test and various everyday functions
have been reported, for example, the Timed Instrumental Daily Living test mentioned
above (Owsley et al., 2002). The function that has gotten the most attention by far since
the development of the UFOV task is driving ability. In fact, one of the earliest studies
investigating the UFOV task showed that it’s scores were able to discriminate between
subjects who were involved in an at-fault car crash and those who were not with a
high sensitivity and specificity (Ball, Owsley, Sloane, Roenker, & Bruni, 1993). Since
then, several studies have related UFOV task performance to driving ability (Bowers
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et al., 2013; Hoffman & McDowd, 2010; Rubin et al., 2007; Wood, Chaparro, Lacherez,
& Hickson, 2012). Furthermore, two meta-analyses reported medium to large effect
sizes in the new UFOV test’s discriminability of safe and unsafe drivers on a variety
of driving measures, e.g., on-road driving, driving simulator and driving problems
(Mathias & Lucas, 2009; Seong-Youl, Jae-Shin, & A-Young, 2014).
As mentioned before, the UFOV was specifically designed to capture problems often
experienced by older adults. It is therefore no surprise that age is one of the most
robust predictors of UFOV performance (Ball et al., 1988; Edwards et al., 2006; Sekuler,
Bennett, & Mamelak, 2000). In addition to older adults, patients with ophthalmological
and neurological diseases perform worse than healthy controls. This was found for
instance in patients with brain injury (Fisk, Novack, Mennemeier, & Roenker, 2002),
multiple sclerosis (Badenes et al., 2014), dementia (Dommes, Wu, et al., 2015), mild
cognitive impairment (Okonkwo, Wadley, Ball, Vance, & Crowe, 2008) and Parkinson’s
disease (Classen et al., 2011; Uc et al., 2006) as well as those suffering from glaucoma
(Rosen et al., 2015) and visual field loss due to retinal diseases (Alberti, Horowitz,
Bronstad, & Bowers, 2014). For many of these groups, the relationship with daily
activities and driving has been confirmed (Akinwuntan et al., 2013; Classen et al.,
2009; Dommes, Le Lay, et al., 2015; George & Crotty, 2010; Rizzo, Reinach, McGehee, &
Dawson, 1997) although UFOV performance was not always the best predictor (e.g. see
George & Crotty, 2010).
Interestingly, performance can be improved with speed of processing training, which
simulates the UFOV task. Various clinical trials have been initiated to investigate its
effects (Ball et al., 2002; Edwards, Vance, et al., 2005; Vance et al., 2007). A systematic
review and meta-analysis showed that training related improvement is retained for
several years and may generalize to other tasks, including driving (Edwards, Fausto,
Tetlow, Corona, & Valdés, 2018). Furthermore, one study showed that participants who
received training were less likely to show decline on a clinically relevant quality of life
scale than participants who received another training or no training at all (Wolinsky
et al., 2006). Combining data from six studies, (Ball, Edwards, & Ross, 2007) showed
that baseline UFOV performance was strongest related to training effects whereas age,
mental status and education were only weakly related.

Thesis Outline
In this thesis, we investigate the possibility that visual speed declines in the absence
of or in addition to visual impairment. Because of its relation with various everyday
functions and the potential of training, the UFOV is a promising task. In addition,
there is an increasing interest in the mechanisms and functions that underlie UFOV
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performance. Some studies have shown that not only the initially suggested central
vision and processing speed, divided attention and selective attention are related,
but a range of other cognitive and perceptual functions as well (Matas, Nettelbeck, &
Burns, 2014; O’Brien, Lister, Peronto, & Edwards, 2015). Due to the differences between
published studies in the subjects and measures they included, it is difficult to reach a
conclusion about the set of functions that may be involved in UFOV performance. In
chapter 2 we systematically analyzed the correlations between UFOV performance and
perceptual and cognitive functions available in the literature.
Aging has been related to declines of several visual functions, including contrast
sensitivity and visual acuity (Owsley, 2016). In addition, age is strongly related to visual
measures of processing speed (Salthouse, 2000). Since visual functions such as acuity
and contrast sensitivity can also influence results of visual measures of processing speed
(Skeel, Nagra, VanVoorst, & Olson, 2003), it is unclear to what extent visual processing
speed may decline in the absence of ocular disorders. We therefore investigated
changes in visual processing speed throughout adulthood in an observational study
with adults aged 20-70 years. To ensure they were not unknowingly suffering from
visual disorders that would influence our results, we screened all subjects extensively.
In chapter 3, we describe changes in UFOV performance and investigate whether
these relate to performance on elementary visual functions. Namely near and far
visual acuity, contrast sensitivity and crowding. In chapter 4 we investigate changes
in electrophysiological responses to visual stimuli at three successive levels of visual
processing in the same group of healthy participants. More specifically, we measured
responses of the retina with multifocal ERG, processing in the striate and extrastriate
visual cortex with pattern-reversal and onset VEPs and cognitive processing with an
oddball paradigm.
Certain visual disorders lead to specific visual deficits. For example, post-chiasmatic
brain damage commonly results in an area of reduced visual sensitivity or blindness
in the contra-lesional hemifield. The so-called visual field defect can be mapped with
traditional perimetry techniques. However, previous research showed that objective
measures of the visual field defect cannot fully explain patients’ daily-life difficulties
(Gall, Lucklum, Sabel, & Franke, 2009; Mueller, Poggel, Kenkel, Kasten, & Sabel, 2003;
Papageorgiou et al., 2007). In addition, patients’ remaining ‘intact’ visual field is often
impaired too (for a review see Bola, Gall, & Sabel, 2013). In chapter 5, we examine
whether assessing visual functioning of this part of the field with an adapted version
of the UFOV test can be useful to better understand the difficulties experienced by
patients with post-chiasmatic brain damage.
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A Meta-analysis of perceptual and
cognitive functions involved in Useful
Field of View test performance

Published as: Woutersen, K., Guadron, L., van den Berg, A.V., Boonstra, F.N., Theelen, T.,
& Goossens, J. (2017). A meta-analysis of perceptual and cognitive functions involved
in useful-field-of-view test performance. Journal of Vision, 17(14)(11), 1–20. https://
doi.org/10.1167/17.14.11

A Meta-analysis of perceptual and cognitive functions involved in Useful Field of View test performance

Introduction
Older adults often experience problems in daily activities that require visual
processing of peripheral stimuli such as driving, grocery shopping and avoiding objects
during movement. Although the size of the visual field is known to decrease with age,
traditional perimetry methods often fail to explain patients’ difficulties. The useful
field of view (UFOV) test was developed to capture such problems and showed superior
performance in doing so (Ball et al., 1990).
Currently, the UFOV test consists of three subtests that measure different aspects of
cognitive and visual processes by determining the minimal presentation duration that
a subject needs to make correct decisions regarding the content of a visual stimulus
on 75% of the trials (Figure 2.1; Aust & Edwards, 2016; Visual Awareness Research
Group, 2009). Shorter stimulus presentation durations therefore represent better
performance. During the first subtest (UFOV1), central vision and visual processing
speed are probed by measuring exposure duration necessary for the subject to
correctly identify a centrally presented target. In the second subtest (UFOV2), a
peripheral stimulus is presented simultaneously with the central stimulus. In addition
to identifying the central stimulus, the subject has to locate the peripheral stimulus.
This subtest is therefore suggested to measure divided attention. In the third subtest
(UFOV3) the targets are surrounded by distractors that the subject should ignore. This
subtest is therefore suggested to measure selective attention. Some researchers have
used a fourth UFOV subtest (UFOV4) in which two stimuli appear simultaneously in the
center and the subject has to indicate whether they are the same. In addition, subjects
have to localize a peripheral stimulus. This subtest is also suggested to measure
selective attention. Edwards, Vance, et al. (2005) reported moderate to high test-retest
reliability of the UFOV test depending on the subtest or composite of scores.
Importantly, many reports exist of relations between the UFOV test and various
everyday functions. For example, Owsley, Sloane, McGwin, and Ball (2002) showed
that older people who scored worse on UFOV2 also performed worse on the timed
instrumental activities of daily living test. The latter test measures the speed at
which one performs everyday tasks such as finding a telephone number, making
change and reading ingredients on a food can. Furthermore, UFOV test scores have
often been related to driving ability (Ball et al., 1993; Bowers et al., 2013; Hoffman
& McDowd, 2010; Rubin et al., 2007; Wood et al., 2012). Two recent meta-analyses
reported medium to large effect sizes of the UFOV test’s ability to distinguish safe from
unsafe drivers based on various measures such as on-road driving, driving simulator
performance and driving problems (Mathias & Lucas, 2009; Seong-Youl et al., 2014).
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FIGURE 2.1 | Visual representation of the UFOV test. Reprinted from Aust and Edwards (2016)
with permission from the authors and the Taylor & Francis group.

Several patient groups show poor performance on the UFOV test including those with
ophthalmological and neurological diseases (Alberti et al., 2014; Badenes et al., 2014;
Classen et al., 2011; Fisk et al., 2002; Rosen et al., 2015). In addition, UFOV performance
declines with increasing age (Ball et al., 1988; Edwards et al., 2006; Sekuler et al., 2000).
Performance on the UFOV test can be improved with speed of processing training. This
training simulates the UFOV test and several clinical trials have been conducted to
investigate its effects (Ball et al., 2002; Edwards, Wadley, et al., 2005; Vance et al.,
2007). Interestingly, the training effects seem to transfer to other tests such as the
timed instrumental activities of daily living test and a driving test and persist longer
than one year (Ball et al., 2002; Roenker, Cissell, Ball, Wadley, & Edwards, 2003).
Currently, there is an increasing interest in the mechanisms and functions that underlie
UFOV performance. As mentioned above, the UFOV was suggested to measure central
vision and processing speed, divided attention and selective attention and it has been
used as such in various studies (see e.g., Belchior et al., 2013; Broman et al., 2004; Gray,
Hahn, Robinson, Harvey, Leonard, Luck, & Gold, 2014; Rutherford, Richards, Moldes,
& Sekuler, 2007). However, apart from processing speed, no study has yet, to our
knowledge, confirmed this idea. Instead, a number of studies have shown that other
perceptual and cognitive functions are also involved. For example, after relating scores
on several perceptual and cognitive tests to UFOV performance, Matas, Nettelbeck,
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and Burns (2014) concluded that UFOV1 performance is primarily explained by lowlevel visual functions. Interestingly, the authors reported that the inspection-time task,
which is highly similar to this subtest, did not explain additional variance when they
included other low-level functions including visual acuity, contrast sensitivity and
change detection in their regression model. The authors suggested that UFOV2 reflects
efficiency of divided attention while low-level visual and attentional factors as well
as general cognitive ability were the strongest predictors of UFOV3 performance.
Furthermore, O’Brien et al. (2015) reported correlations between UFOV subtest scores
and event-related brain potentials related to low-level visual processes as well as higher
processes of attention control and processing speed. These and other studies show that
the UFOV tasks may be tapping into other functions in addition to or instead of those
proposed initially. Due to the differences between published studies in the subjects and
measures they included, it is difficult to reach a conclusion about the set of functions that
may be involved in UFOV performance. In an attempt to clarify previously published
results, we systematically analyzed the correlations between UFOV performance and
perceptual and cognitive functions that are thus far available in the literature. To our
knowledge, no such summary currently exists. This information is however important
for the interpretation of UFOV scores, especially when they are used to represent a
person’s central vision and processing speed, divided or selective attention. It may also
guide future research studying the mechanisms underlying UFOV performance.

Methods
Information sources and search
After consulting a librarian, we performed a literature search using the CINAHL,
EMBASE, ERIC, PyschInfo and Pubmed databases on April 22nd 2016. We were
interested in Pearson’s correlation coefficients between UFOV subtests and other tests
measuring a cognitive or perceptual function (see summary measures and analyses).
Because we wanted to include all articles that report this outcome measure of interest,
including those that report it as an interim result or secondary outcome measure, we
used a very general search phrase: “UFOV OR useful field of view”. The search was
limited to English full-text articles published after 1995, because the current version of
the UFOV was not available before that year (Ball et al., 2007). We requested copies of
unavailable articles via ResearchGate.

Eligibility criteria and study selection
Two independent reviewers (authors KW and LG) selected articles in a two-stage
process. First, titles and abstracts were screened. In case of doubt, abstracts were

23

CHAPTER 2

included. Then, the methods and results sections were read carefully for the final
selection. In case of doubt (n=8), a third reviewer was consulted (author JG). Articles
were included if they met the following criteria: first, the article described an
experimental or observational study and included at least 15 healthy adults not
influenced by any substance or medication. Articles describing patient populations
or participants younger than 18 years were included if they reported the outcome of
interest separately for a control group that meets the aforementioned criteria. Second,
the current version of the UFOV test was used which measured presentation duration
instead of area reduction (Visual Awareness Research Group, 2009). Third, a Pearson’s
correlation coefficient was reported that quantifies the relationship between UFOV
scores and another neuropsychological, psychophysical or ophthalmological test.

Data collection process and items
The following variables were extracted from each article: publication year, main
subject, number of participants, mean age and age range of participants, type of
participants (e.g., drivers, community dwelling older adults) and participant population
(for populations that have been described in multiple articles, such as participants
from the ACTIVE trial; Ball et al., 2002), male/female ratio, and inclusion criteria.
Furthermore, we extracted the correlations between UFOV subtest scores and other
neuropsychological, psychophysical or ophthalmological tests, the names of these
tests and the functions they measure. Author LG checked the extracted correlation
coefficients.
Once the data were collected, we grouped the coefficients into separate cognitive and
perceptual domains systematically. We first sorted coefficients based on the name of
the test and grouped identical tests. Then, we sorted coefficients into the perceptual
and cognitive functions reported in the articles from which they were extracted. For
example, the ETDRS and Balie-Lovie were grouped as tests of visual acuity. Lastly, we
categorized these functions into overarching domains using the domains specified
in a compendium of neuropsychological tests (Strauss et al., 2006). For example, in
accordance with this compendium, we categorized working memory and visual
memory as ‘memory’. Because contrast and visual acuity are very different visual
functions that may have independent relationships with the UFOV task and because
enough papers reported on these two measures, we split the correlations into different
subdomains. Unfortunately, this was not possible for other domains due to the low
number of coefficients available in the literature; only one coefficient would be left per
subdomain and UFOV subtest. Since all speed and closure tests turned out to be visual,
we termed these domains ‘vision.speed’ and ‘vision.closure’ respectively.
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Quality assessment
To assess the quality of the articles included in this study, we modified the QUADAS tool
(Whiting, Rutjes, Reitsma, Bossuyt, & Kleijnen, 2003) to fit it to our research purposes
(Table 2.1). Criteria were scored as yes (+), no (-) or unknown (?). We analyzed whether
the included studies could be generalized qualitatively based on demographical
information extracted from the articles. However, we did not use this assessment in our
quantitative analyses.

TABLE 2.1 | QUADAS criteria and modifications used in the current study.

Original QUADAS (Whiting et al., 2003)

Modified QUADAS

1 Was the spectrum of patients representative of the patients who will receive the
test in practice?

Because the spectrum of ‘healthy adults’ is
very broad and influenced by many factors,
we investigated the demographical information separately.

2 Were selection criteria clearly described?

Unmodified.

3 Is the reference standard likely to correctly classify the target condition?

This question was not applicable.

4 Is the time period between reference standard and index test short enough to be
reasonably sure that the target condition
did not change between the two tests?

Were the UFOV and the test that is related
to it performed in the same month? Since
we were interested in the healthy population, we did not expect very fast changes in
condition.

5 D
 id the whole sample or a random selection of the sample, receive verification
using a reference standard of diagnosis?

This question was not applicable.

6 Did patients receive the same reference
standard regardless of the index test
result?

Since we only included articles that reported a coefficient for UFOV subtests, the
answer to this question was yes for every
article. We therefore removed the question.

Some index tests could include the UFOV
7 W
 as the reference standard independent
of the index test (i.e. the index test did not (for example the roadwise test), however,
we did not include those coefficients, so the
form part of the reference standard)?
answer to this question was always ‘yes’.
8 W
 as the execution of the index test
described in sufficient detail to permit
replication of the test?

Were details provided about the test, such
as stimuli, sequence etcetera, or was a name
or citation provided to find the original
test?

9 W
 as the execution of the reference
standard described in sufficient detail to
permit its replication?

Because we only included articles that used
the current UFOV version, sufficient details
must have been provided in the included articles to determine the version. The answer
to this question was therefore always ‘yes’.
>>
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TABLE 2.1 | continued

Original QUADAS (Whiting et al., 2003)

Modified QUADAS

10 Were the index test results interpreted
without knowledge of the results of the
reference standard?

Because we were only interested in the
actual coefficients and not the authors’
interpretations of those, this question was
not applicable.

11 Were the reference standard results
interpreted without knowledge of the
results of the index test?

See point 10.

12 Were the same clinical data available
when test results were interpreted as
would be available when the test is used
in practice?

This question was not applicable.

13 Were uninterpretable/ intermediate test
results reported?

This question was not applicable.

14 Were withdrawals from the study explained?

Were details about missing/removed data
or withdrawals provided?

Summary measures and analyses
We analyzed our data quantitatively using R version 3.1.2 (R Core Team, 2014) with
the ‘metafor’ version 1.9-7 package (Viechtbauer, 2010). The outcome measure of
interest was the Pearson’s correlation coefficient between a UFOV subtest score and
another neuropsychological, psychophysical or ophthalmological test. We chose to
only include Pearson’s correlation coefficients, because they cannot be combined
with nonparametric or regression coefficients in one analysis. Moreover, Pearson’s r is
easier to interpret because it tests for a linear relationship as opposed to Spearman’s
correlation coefficient and does not depend on the inclusion of other variables, like
regression or partial correlation coefficients. We did not analyze combined UFOV
scores, because many different combinations have been reported, each with only a few
reports. For the same reason we did not include coefficients of the fourth UFOV subtest.
We first reversed the sign of the correlations such that all positive correlations indicate
that better performance on the index test predicts better performance on the UFOV
test. Then, we transformed all coefficients to Fisher’s Z coefficients. To estimate the
true correlations between the UFOV subtests and all domains and their variabilities,
we performed a multivariate mixed effects analysis using the restricted maximumlikelihood estimation method. We included two random effects variables. The first
was to estimate variability caused by the inclusion of multiple participant populations
in the model (tpop2). By modeling correlations between these estimates of variability,
we controlled for dependencies that occur due to the inclusion of several coefficients
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obtained in the same population. Similarly, we included a random effects variable
of test type (ttest2). This way we take into account the fact that different index tests
can be distinct representatives of the same domain and may therefore show varying
correlations with the UFOV test. Test type and population variability were estimated
per UFOV subtest and domain combination.
We included UFOV subtest and domain as fixed effects variables, as well as their
interaction term to obtain estimates of the true correlation between each UFOV subtest
and every domain. The structure of the multivariate mixed effects model was as
follows:
Estimated correlation ~ random(UFOV-domain combination | test type) + random(UFOVdomain combination | participant population) + fixed(UFOV) + fixed(domain) + fixed(UFOV *
domain).
To investigate main and interaction effects of UFOV subtest and domain, we performed
a fixed effects model analysis where we included the effect sizes and variations that
resulted from the previous multivariate model analysis. We used Wald-type tests to
determine significance of these effects. Effects were considered significant if their
p-values did not exceed a type 1 error of 0.05 while controlling for the false discovery
rate (FDR).

Results
Data collection
The literature search resulted in 771 records of which we selected 18 peer-reviewed
articles based on our inclusion criteria (Figure 2.2). These articles contained 208
Pearson’s correlations in total. We systematically categorized the index tests into
nine different domains (Methods): attention, executive functioning, general cognition,
memory, spatial ability, vision.acuity, vision.closure, vision.contrast and vision.speed.
We could not categorize six coefficients into any of the domains of the compendium
of neuropsychological tests (Strauss et al., 2006) and we therefore excluded them.
21 coefficients were obtained with different versions of the same test in the same
population and were therefore combined into 6 composite coefficients calculated with
fixed effects model analyses. Finally, we analyzed 116 coefficients with the multivariate
mixed effects model. Of these 116 coefficients, only 17 were not significantly different
from 0 and none were significantly negative.
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Titles and abstracts
screened
(n = 319)

Full-text articles assessed
for eligibility
(n = 169)

INCLUDED

Records identified
through database
searching
(n = 771)
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CHAPTER 2

Duplicates removed
(n = 452)

Records excluded
(n = 150)
-

unrelated subject
< 15 healthy participants
different UFOV version
not experimental study
not English
not peer-reviewed

Full-text articles excluded
(n = 151)
- No coefficients of interest
- different UFOV version
- <15 healthy participants

Studies included in
meta-analysis
(n = 18)
Number of coefficients
(n = 208)

Coefficients excluded
(n = 92)
- Combined UFOV score
- Did not fit any category
- Combined to composition
correlation

Coefficients included in
meta-analysis
(n = 116)

FIGURE 2.2 | Flowchart of the selection process.

Bias and generalizability
Table 2.2 lists demographic information reported in the included articles. The number
of participants varied greatly between studies, from 19 to 2759 subjects. A few studies
reported data from the same population, for example the ACTIVE and SKILL groups, or
combined them into larger datasets, e.g., Ball et al. (2007). Participants were mainly
drivers, healthy and/or community living older adults. Most studies included relatively
old participants; only 5 out of 18 studies included participants younger than 50 years.
Although the studies vary considerably in the percentage of included males (24.3% 67.3%), overall almost half (46%) of the subjects were male. Ethnicity was reported
in 8 studies where the majority of participants in most studies were of Caucasian or
White descent (except for Gray et al., 2014; whose participants were almost half of
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non-Caucasian descent). African American was the next most common ethnicity. Only
two studies reported the inclusion of participants with other ethnicities. Twelve studies
reported information about the education their participants had received. Most reported
that subjects obtained fourth grade to a doctorate degree and a mean duration of 13
to 15 years. Eleven studies excluded visual disorders based either on self-report or on
a minimal visual acuity of 0.25 - 0.6. Three studies (Fazeli, Ross, Vance, & Ball, 2013;
Hoffman & McDowd, 2010; Hoffman, McDowd, Atchley, & Dubinsky, 2005) reported
the occurrence of various ophthalmological disorders including cataracts, glaucoma
and age-related macular degeneration (AMD). We decided to include these studies as
well, because some of the other included studies did not report examining or excluding
visual disorders at all even though the mentioned disorders are not uncommon in
older adults. Furthermore, eleven studies excluded cognitive disorders, either by selfreport or by using a minimal mini-mental state examination (MMSE) score of 23-25. In
summary, these results suggest that conclusions can mainly be generalized to healthy,
older people of Caucasian descent.
Table 2.3 shows the QUADAS assessment of bias within studies. Six studies did not
describe their inclusion criteria clearly. The time period between the UFOV task
administration and the other test was sufficiently small (i.e., less than one month)
for eleven studies. Although no studies reported a longer interval, the other studies
were not clear on this point. Only a few articles clearly reported the number of data
points missing or removed from the analyses such as outliers and withdrawals. Other
studies may not have reported any missing or deleted cases because there were none,
however, they did not mention this explicitly. All studies provided a clear description of
the neuropsychological, psychophysical or ophthalmological test that was correlated to
the UFOV or reported its official name or a citation.
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364

Edwards et al.
(2005)

Fazeli et al. (2013) 634 (SKILL)

2759 (ACTIVE)

Edwards et al.
(2006)

50

Bedard et al.
(2010)

51

2039 (UAB +
SKILL + Driving
study + ACTIVE
+ Home-Based
training +
accelerate)

Ball et al. (2007)

Dommes et al.
(2013)

828 (ACTIVE +
SKILL)

Aust & Edwards
(2016)

360

297 (Horswill et
al., 2010)

Anstey et al.
(2012)

Crisler et al.
(2013)

Number of participants (population)

Article

Older adults

community
dwelling older
adults

healthy older
adults

healthy adults

drivers

40.5%/59.5%

38.2%/61.8%

55-93 (73.19)

72.14-75.09 (?)

24.3%/75.7%

45.1%/54.9%

49.1%/50.9%

42%/58%

65-94 (73.54)

20-84 (?)

50-93 (68.7)

18-83 (?)

? (differs per
outcome)

55-95 (73.94)

community
dwelling older
adults

drivers

41.8%/58.2%

62.2%/37.8%

Male/female
ratio

62-69 (73.2)

65-69 (75.1)

Age range (mean
age)

healthy older
adults

drivers

Type of
participants

TABLE 2.2 | Demographics for each included article.

91% Caucasian

92.3% Caucasian,
4.9% African
American, 0.5%
Hispanic American, 0.2% Asian
American, 0.2%
Native American,
1.6% other

73% Caucasian,
26% African
American

?

?

?

?

8.8% African
American, 90.5%
Caucasian, 0.5%
Other

?

Ethnicity

- (but lowest score
0.36 logMAR)

6-20 years, mean:
14 years

VA ≥ 20/80,
contrast sensitivity ≥ 1.35 log10,
adequate vision

VA ≥ 20/70, no
sensory deficits

4th grade - PhD,
mean: 13.52 years

Mean: 13.84 years

binocular VA ≥
6/10, good health,
no pathological
aging

not legally blind
(according to USA
regulations)

-

?

high school or less
- some graduate
school

?

varies per study,
for 5/6 studies VA
≥ 20/80

MMSE ≥ 23, relatively
intact cognition

-

MMSE ≥ 24 and
no self-report of
dementia

MMSE sufficient (cutoff score not specified), good health, no
pathological aging

-

SMMSE ≥ 24

varies per study, for
4/6 studies MMSE
≥ 23

MMSE ≥ 25 and UFOV
scores < 500ms for at
least 1 subtest

VA ≥ 20/60

93.1% high school,
41.8% college; 6-20
years (mean: 14.1
years)
4th grade - PhD

MMSE ≥ 24

Control for cognitive
disorders

-

Control for visual
disorders

Mean: 14.35 years

Education
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155 (Hoffman et
al., 2005)

Hoffman &
McDowd (2010)

older drivers

older drivers

55.23-92.34
(71.47)

47.6%/52.4%

57.9%/42.1%

36.6%/63.4%

62-92 (75)

NA (70.8)

26.2%/73.8

43.9%/56.1%

43.9%/56.1%

67.3%/32.7%

54.8%/45.2%

63%/37%

65-94 (73.95)

63-87 (75.2)

63-87 (75.2)

25-82 (?)

24-84 (?)

18-55 (37.73)

91.1% White, 5.7%
African American,
3.2% other

?

?

71.9% White,
26.8% African
American

96% White, 4%
African American

96% White, 4%
African American

?

?

54% Caucasian

-

- (sample includes
visual disorders;
lowest score measured: 20/60)

VA ≥ 20/40; (and
drivers’ license
renewal in the
USA)

?

- (but minimal
score measured =
.69 logMAR)

- (but drivers’ license
renewal in the USA)

-

MMSE > 24

MMSE ≥ 23; and no
diagnosis dementia

-

- (sample includes
visual disorders;
lowest score measured: 20/60)

VA ≥ 20/50; no
functional impairment

self-report

self-report

no diagnosis, no
medication

self-report

self-report

no diagnosis, no
medication

?

5-25 years, mean:
15.1 years

6th grade - doctoral, mean: 13.38
years

17% high school or
general educational
development degree, 5% associate’s
degree, 43% bachelor’s degree, 25%
master’s degree,
11% PhD, JD, MD
or ED

17% high school or
general educational
development degree, 5% associate’s
degree, 43% bachelor’s degree, 25%
master’s degree,
11% PhD, JD, MD
or ED

?

?

Mean: 14.87 years

-: none; ?: unknown; VA: visual acuity; MMSE: mini-mental state examination; SMMSE: standardized mini-mental state examination.

697

Vance et al.
(2006)

community
dwelling older
adults

healthy older
adults

community
dwelling drivers

community
dwelling drivers

healthy drivers

healthy adults

healthy adults

Trick et al. (2010) 19

82

155

Hoffman et al.
(2005)

Matas et al.
(2014)

49

Henderson et al.
(2013)

690 (ACTIVE)

31

Henderson et al.
(2010)

Lunsman et al.
(2008)

52

Gray et al. (2014)
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TABLE 2.3 | Results of the QUADAS assessment.

Article

Were selection Were the
criteria clearly UFOV and
the test that
described?
is related to
it performed
in the same
month?

Were details
about missing/
removed data
or withdrawals
provided?

Were details
provided about
the test, such as
stimuli, sequence
etcetera, or was a
name or citation
provided to find
the original test?

Anstey et al.
(2012)

-

+

+

+

Aust & Edwards
(2016)

+

?

+

+

Ball et al. (2007)

+

?

-

+

Bedard et al.
(2010)

-

?

+

+

Crisler et al. (2013)

+

+

-

+

Dommes et al.
(2013)

+

+

-

+

Edwards et al.
(2006)

+

?

-

+

Edwards et al.
(2005)

-

+

-

+

Fazeli et al. (2013)

+

+

-

+

Gray et al. (2014)

+

?

-

+

Henderson et al.
(2010)

-

?

+

+

Henderson et al.
(2013)

-

?

+

+

Hoffman et al.
(2005)

-

+

+

+

Hoffman & McDowd (2010)

+

+

-

+

Lunsman et al.
(2008)

+

?

+

+

Matas et al. (2014)

+

+

-

+

Trick et al. (2010)

+

+

+

+

Vance et al. (2006)

+

+

-

+

+: yes; -: no; ?: unknown
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Meta-analysis
Multivariate mixed effects model analysis
The results of the multivariate mixed effects model analysis showed significantly
positive correlations between UFOV1 and every domain for which correlations have
been reported (Figure 2.3 and Table 2.4). For some domains, i.e., attention, executive
functioning and memory, this was not surprising since only significantly positive
correlations have been reported in the literature. For the other domains, the literature
has been less consistent as we found at least one non-significant correlation reported
per domain. In fact, half of the correlations with index tests in the vision.contrast or
vision.acuity domain were not significantly different from 0. However, the results of
our meta-analysis indicate that significantly positive correlations between UFOV1
and these domains do exist. Moreover, the results of the meta-analysis suggest that
most non-significant correlations reported in the literature are explained by the large
within-study variances. The only exception is the correlation between the road sign
test and UFOV1 reported by Ball et al. (2007), which was not significantly different
from 0, despite its narrow confidence interval.
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Author(s) and Year
Attention

Test

n

r [ci]

82
155

DriverScan
DriverScan

0.53 [ 0.35 , 0.67 ]
0.19 [ 0.03 , 0.34 ]
0.36 [ 0.22 , 0.49 ]

Matas et al. (2014)
82
Ball et al. (2007)
302
Ball et al. (2007)
535
Estimated correlation of Executive functioning

Maze
Stroop task
TMT−B

0.41 [ 0.21 , 0.58 ]
0.18 [ 0.07 , 0.29 ]
0.26 [ 0.18 , 0.34 ]
0.32 [ 0.23 , 0.40 ]

Matas et al. (2014)
Hoffman et al. (2005)
Estimated correlation of Attention

Executive functioning

General Cognition

Trick et al. (2010)
19
Matas et al. (2014)
82
Edwards et al. (2006)
2759
Estimated correlation of General Cognition

Memory

Ball et al. (2007)
Ball et al. (2007)
Estimated correlation of Memory

MMSE
MMSE
MMSE

227
312

Rey−O IM
BVR

−0.01 [ −0.46 , 0.45 ]
0.38 [ 0.18 , 0.55 ]
0.18 [ 0.15 , 0.22 ]
0.24 [ 0.17 , 0.31 ]
0.22 [ 0.09 , 0.34 ]
0.25 [ 0.14 , 0.35 ]
0.23 [ 0.15 , 0.32 ]

Spatial ability
Vision.Acuity

19
82
155
2759

ETDRS
Freiburg
Snellen Chart
ETDRS

0.18 [ −0.30 , 0.59 ]
0.47 [ 0.28 , 0.62 ]
0.07 [ −0.09 , 0.23 ]
0.19 [ 0.15 , 0.22 ]
0.26 [ 0.17 , 0.35 ]

Trick et al. (2010)
19
Henderson et al. (2010)
31
Henderson et al. (2013)
49
Matas et al. (2014)
82
Ball et al. (2007)
516
Hoffman et al. (2005)
155
Estimated correlation of Vision.Contrast

Pelli−Robson
PMCT
PMCT
Pelli−Robson
Pelli−Robson
CS composite

0.39 [ −0.08 , 0.72 ]
0.14 [ −0.23 , 0.47 ]
0.09 [ −0.20 , 0.36 ]
0.47 [ 0.28 , 0.62 ]
0.11 [ 0.03 , 0.20 ]
0.13 [ 0.06 , 0.20 ]
0.22 [ 0.15 , 0.29 ]

Trick et al. (2010)
Matas et al. (2014)
Hoffman et al. (2005)
Edwards et al. (2006)
Estimated correlation of Vision.Acuity

Vision.Closure
Vision.Contrast

Vision.Speed

Bedard et al. (2010)
Matas et al. (2014)
Ball et al. (2007)
Ball et al. (2007)
Ball et al. (2007)
Ball et al. (2007)
Ball et al. (2007)
Edwards et al. (2006)
Edwards et al. (2006)
Estimated correlation of Vision.Speed

50
82
323
324
324
1715
2014
2759
2759

TMT−A
Inspection Time
Letter Comparison
Pattern comparison
Digit Symbol Copy
DSS
Road Sign Test
DSS
Road Sign Test c

−0.50

0.00

Pearson's r

0.50

0.51 [ 0.27 , 0.69 ]
0.23 [ 0.01 , 0.43 ]
0.29 [ 0.18 , 0.38 ]
0.28 [ 0.18 , 0.38 ]
0.32 [ 0.22 , 0.42 ]
0.25 [ 0.21 , 0.30 ]
−0.01 [ −0.05 , 0.03 ]
0.27 [ 0.23 , 0.30 ]
0.30 [ 0.28 , 0.33 ]
0.28 [ 0.19 , 0.37 ]

1.00

FIGURE 2.3 | Forest plot of Pearson’s correlations between all tested domains and UFOV1 –
processing speed. Every coefficient is shown as a point with its 95% confidence interval. Their
values are listed in the right-hand column (r [CI]). Diamonds represent the mean and confidence
interval o .e., the 95% interval in which the true effect size of a future study will lie Borenstein,
Hedges, Higgins, & Rothstein, 2009). Statistically significant effects (pFDR < 0.05) are indicated
with an asterisk. The results of spatial ability and vision.closure are missing, because there
were no correlations reported in the literature that belong to these domains. BVR: Benton Visual
Retention; c: composite; CS: Contrast Sensitivity; DSS: Digit Symbol Substitution; ETDRS: Early
Treatment Diabetic Retinopathy Study; MMSE: Mini-Mental State Examination; PMCT: peripheral
motion contrast threshold; Rey-O IM: Rey-Osterrieth Immediate Memory; TMT: Trail-Making-Test.

34

*

*

*

*

*

*

*

A Meta-analysis of perceptual and cognitive functions involved in Useful Field of View test performance

TABLE 2.4 | Results of the multivariate mixed effects model analysis of correlations between
UFOV1 - Processing speed - and other tests divided into nine perceptual and cognitive domains.
The results of spatial ability and vision.closure are missing, because there were no correlations
reported in the literature that belong to these domains. ttest2 and tpop2 were not estimated for
domains where all reported correlations are based on the same test type or subject population
respectively.

Modality

z

ttest2*10-3

tpop2*10-3

Attention

4.73*

-

7.54

Executive Functioning

6.85*

0.98

3.00

General Cognition

6.31*

-

3.42

Memory

5.23*

0.42

-

Spatial ability

-

-

-

Vision.Acuity

5.41*

0.98

7.00

Vision.Closure

-

-

-

Vision.Contrast

5.67*

0.33

4.41

Vision.Speed

5.84*

15.89

0.34

* = pFDR < .05, z = test statistic of the estimated correlation coefficient, ttest2 = estimated amount
of heterogeneity due to test, tpop2 = estimated amount of heterogeneity due to population.

Estimated correlations between UFOV2 and all nine domains were also significantly
larger than 0 (Figure 2.4 and Table 2.5). For a number of domains, i.e., attention,
executive functioning, spatial ability, vision.closure and vision speed we found good
agreement between studies as they all reported significantly positive correlation
coefficients. For the other domains, we again found that at least one of the studies
reported nonsignificant correlations with UFOV2. Our meta-analysis suggests, however,
that these apparent discrepancies in the literature may be explained by the larger
variances that were reported for those studies. Interestingly, although all reported
correlations in the vision.speed domain are relatively similar, Bedard et al. (2010) a
much higher correlation between TMT-A and UFOV2 than the others.
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Author(s) and Year n

Test

Attention

82
Matas et al. (2014)
155
Hoffman et al. (2005)
Estimated correlation of Attention

Executive functioning

82
Matas et al. (2014)
89
Ball et al. (2007)
297
Anstey et al. (2012)
360
Crisler et al. (2013)
535
Ball et al. (2007)
697
Vance et al. (2006)
Estimated correlation of Executive functioning

General Cognition

19
Trick et al. (2010)
52
Gray et al. (2014)
52
Gray et al. (2014)
82
Matas et al. (2014)
2759
Edwards et al. (2006)
Estimated correlation of General Cognition

DriverScan
DriverScan

0.57 [ 0.40 , 0.70 ]
0.50 [ 0.37 , 0.61 ]
0.54 [ 0.43 , 0.62 ]

Maze
Stroop task
TMT−B
TMT−B
TMT−B
TMT−B

0.39 [ 0.19 , 0.56 ]
0.36 [ 0.17 , 0.53 ]
0.51 [ 0.42 , 0.59 ]
0.42 [ 0.33 , 0.50 ]
0.37 [ 0.30 , 0.44 ]
0.46 [ 0.40 , 0.52 ]
0.42 [ 0.36 , 0.48 ]

MMSE
WASI
MCCB
MMSE
MMSE

Memory

52
Gray et al. (2014)
227
Ball et al. (2007)
297
Anstey et al. (2012)
297
Anstey et al. (2012)
297
Anstey et al. (2012)
312
Ball et al. (2007)
360
Crisler et al. (2013)
Estimated correlation of Memory

Change localization
Rey−O IM
Digit span backwards
Spatial Memory
Letter Sets
BVR
Recall

Spatial ability

297
Anstey et al. (2012)
297
Anstey et al. (2012)
360
Crisler et al. (2013)
Estimated correlation of Spatial ability

Paper folding
Card rotation
VMI

Vision.Acuity

19
Trick et al. (2010)
82
Matas et al. (2014)
155
Hoffman et al. (2005)
297
Anstey et al. (2012)
2759
Edwards et al. (2006)
Estimated correlation of Vision.Acuity

ETDRS
Freiburg
Static Distance Acuity
Baily−Lovie (HC)
ETDRS

Vision.Closure

297
Anstey et al. (2012)
297
Anstey et al. (2012)
297
Anstey et al. (2012)
697
Vance et al. (2006)
Estimated correlation of Vision.Closure

Gestald completion
Snowy Pictures
Concealed words
MFVP

Vision.Contrast

19
Trick et al. (2010)
31
Henderson et al. (2010)
49
Henderson et al. (2013)
82
Matas et al. (2014)
297
Anstey et al. (2012)
446
Ball et al. (2007)
155
Hoffman et al. (2005)
Estimated correlation of Vision.Contrast

Pelli−Robson
PMCT
PMCT
Pelli−Robson
Pelli−Robson
Pelli−Robson
CS composite

Vision.Speed

50
Bedard et al. (2010)
82
Matas et al. (2014)
297
Anstey et al. (2012)
297
Anstey et al. (2012)
297
Anstey et al. (2012)
297
Anstey et al. (2012)
297
Anstey et al. (2012)
297
Anstey et al. (2012)
323
Ball et al. (2007)
324
Ball et al. (2007)
324
Ball et al. (2007)
697
Vance et al. (2006)
1708
Ball et al. (2007)
1913
Ball et al. (2007)
2759
Edwards et al. (2006)
2759
Edwards et al. (2006)
Estimated correlation of Vision.Speed

−1.00

TMT−A
Inspection Time
Number comparison
Letter Cancellation
CCRT accuracy
TMT−A
CCRT reaction time
Digit symbol matching
Letter Comparison
Pattern comparison
Digit Symbol Copy
TMT−A
DSS
Road Sign Test
DSS
Road Sign Test c

−0.50

0.00

0.50

r [ci]

0.18 [ −0.30 , 0.59 ]
0.06 [ −0.22 , 0.33 ]
0.33 [ 0.06 , 0.55 ]
0.45 [ 0.26 , 0.61 ]
0.29 [ 0.26 , 0.33 ]
0.31 [ 0.23 , 0.39 ]
−0.05 [ −0.32 , 0.23 ]
0.26 [ 0.14 , 0.38 ]
0.29 [ 0.18 , 0.39 ]
0.33 [ 0.22 , 0.43 ]
0.47 [ 0.38 , 0.55 ]
0.43 [ 0.33 , 0.51 ]
0.18 [ 0.08 , 0.28 ]
0.28 [ 0.18 , 0.37 ]
0.23 [ 0.12 , 0.34 ]
0.38 [ 0.28 , 0.47 ]
0.21 [ 0.11 , 0.31 ]
0.26 [ 0.17 , 0.34 ]
0.28 [ −0.20 , 0.65 ]
0.37 [ 0.17 , 0.54 ]
0.19 [ 0.03 , 0.34 ]
0.36 [ 0.26 , 0.46 ]
0.24 [ 0.20 , 0.27 ]
0.29 [ 0.23 , 0.34 ]
0.18 [ 0.07 , 0.29 ]
0.21 [ 0.10 , 0.32 ]
0.25 [ 0.14 , 0.35 ]
0.33 [ 0.26 , 0.39 ]
0.25 [ 0.16 , 0.33 ]
−0.10 [ −0.53 , 0.37 ]
0.56 [ 0.26 , 0.76 ]
0.74 [ 0.58 , 0.85 ]
0.36 [ 0.16 , 0.54 ]
0.39 [ 0.29 , 0.48 ]
0.20 [ 0.11 , 0.28 ]
0.08 [ 0.01 , 0.15 ]
0.35 [ 0.20 , 0.48 ]
0.80 [ 0.67 , 0.88 ]
0.40 [ 0.20 , 0.57 ]
0.28 [ 0.17 , 0.38 ]
0.35 [ 0.25 , 0.45 ]
0.36 [ 0.26 , 0.46 ]
0.43 [ 0.33 , 0.52 ]
0.46 [ 0.37 , 0.55 ]
0.51 [ 0.42 , 0.59 ]
0.38 [ 0.29 , 0.47 ]
0.41 [ 0.32 , 0.50 ]
0.39 [ 0.29 , 0.48 ]
0.31 [ 0.24 , 0.38 ]
0.45 [ 0.42 , 0.49 ]
0.39 [ 0.35 , 0.43 ]
0.45 [ 0.42 , 0.48 ]
0.41 [ 0.39 , 0.44 ]
0.43 [ 0.34 , 0.50 ]

*

*

*

*

*

*

*

*

*

1.00

Pearson's r
FIGURE 2.4 | Forest plot of Pearson’s correlations between all tested domains and UFOV2 –
divided attention. Same format as Figure 2.3. BVR: Benton Visual Retention; c: composite; CCRT:
Color Choice Reaction Time; CS: Contrast Sensitivity; DSS: Digit Symbol Substitution; ETDRS:
Early Treatment Diabetic Retinopathy Study; HC: High Contrast; MCCB: MATRICS Consensus
Cognitive Battery; MFVP: Motor Free Visual Perception; MMSE: Mini-Mental State Examination;
PMCT: peripheral motion contrast threshold; Rey-O IM: Rey-Osterrieth Immediate Memory; TMT:
Trail-Making-Test; VMI: Visualizing Missing Information; WASI: Wechsler Abbreviated Scale of
Intelligence.
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TABLE 2.5 | Results of the multivariate mixed effects model analysis of correlations between
UFOV2 - Divided attention - and other tests divided into nine perceptual and cognitive domains.
ttest2 is not estimated for domains where all reported correlations are based on the same test
type.

Modality

ttest2*10-3

z

tpop2*10-3

Attention

8.79*

-

1.02

Executive Functioning

12.63*

0.59

2.74

General Cognition

7.27*

1.28

1.80

Memory

5.63*

6.94

5.82

Spatial ability

5.50*

2.29

1.72

Vision.Acuity

9.47*

0.29

2.64

Vision.Closure

5.47*

0.88

2.77

Vision.Contrast

4.34*

12.00

11.94

Vision.Speed

9.14*

1.55

10.62

* = pFDR < .05, z = test statistic of the estimated correlation coefficient, ttest2 = estimated amount
of heterogeneity due to test, tpop2 = estimated amount of heterogeneity due to population.

Similar to UFOV1, we did not find any studies reporting on the correlations between
UFOV3 and spatial ability or vision.closure. For all other domains, our meta-analysis
shows significantly positive correlations between all domains and UFOV3, even
though five of those domains included studies reporting non-significant correlation
coefficients, i.e., executive functioning, general cognition, memory, vision.acuity and
vision.contrast (Figure 2.5 and Table 2.6). Interestingly, memory was the only domain
for which the prediction interval included 0, indicating that for this domain and subtest
combination true effect sizes found in future studies could be zero or even negative.
Figure 2.6 shows all estimated effect sizes together. As for UFOV2, Bedard et al. (2010)
reported a comparatively high correlation between TMT-A and UFOV3.
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Author(s) and Year n

Test

Attention

Matas et al. (2014)
82
Hoffman et al. (2005)
155
Estimated correlation of Attention

Executive functioning

Dommes et al. (2013)
51
Dommes et al. (2013)
51
Matas et al. (2014)
82
Ball et al. (2007)
302
Ball et al. (2007)
535
Estimated correlation of Executive functioning

General Cognition

Trick et al. (2010)
19
Matas et al. (2014)
82
Edwards et al. (2006)
2759
Estimated correlation of General Cognition

Memory

Dommes et al. (2013)
51
Ball et al. (2007)
227
Ball et al. (2007)
312
Estimated correlation of Memory

r [ci]

DriverScan
DriverScan

0.55 [ 0.38 , 0.69 ]
0.57 [ 0.45 , 0.67 ]
0.56 [ 0.47 , 0.65 ]

Shifting Test
go/no go
Maze
Stroop task
TMT−B

0.19 [ −0.09 , 0.44 ]
0.53 [ 0.30 , 0.70 ]
0.40 [ 0.20 , 0.57 ]
0.31 [ 0.21 , 0.41 ]
0.30 [ 0.22 , 0.38 ]
0.36 [ 0.30 , 0.42 ]

MMSE
MMSE
MMSE

−0.08 [ −0.52 , 0.39 ]
0.57 [ 0.40 , 0.70 ]
0.28 [ 0.25 , 0.32 ]
0.37 [ 0.28 , 0.46 ]

Updating
Rey−O IM
BVR

0.52 [ 0.29 , 0.70 ]
−0.05 [ −0.18 , 0.08 ]
0.26 [ 0.16 , 0.36 ]
0.19 [ 0.02 , 0.34 ]

Spatial ability
Vision.Acuity

Trick et al. (2010)
19
Matas et al. (2014)
82
Hoffman et al. (2005)
155
Edwards et al. (2006)
2759
Estimated correlation of Vision.Acuity

ETDRS
Freiburg
Static Distance Acuity
ETDRS

0.10 [ −0.37 , 0.53 ]
0.49 [ 0.31 , 0.64 ]
0.23 [ 0.08 , 0.37 ]
0.27 [ 0.23 , 0.30 ]
0.33 [ 0.26 , 0.40 ]

Vision.Closure
Vision.Contrast

Trick et al. (2010)
19
Henderson et al. (2010)
31
Henderson et al. (2013)
49
Matas et al. (2014)
82
Ball et al. (2007)
446
Hoffman et al. (2005)
155
Estimated correlation of Vision.Contrast

Pelli−Robson
PMCT
PMCT
Pelli−Robson
Pelli−Robson
CS composite

Vision.Speed

Bedard et al. (2010)
50
Matas et al. (2014)
82
Ball et al. (2007)
323
Ball et al. (2007)
324
Ball et al. (2007)
324
Ball et al. (2007)
1701
Ball et al. (2007)
1907
Edwards et al. (2006)
2759
Edwards et al. (2006)
2759
Estimated correlation of Vision.Speed

−1.00

TMT−A
Inspection Time
Letter Comparison
Pattern comparison
Digit Symbol Copy
DSS
Road Sign Test
DSS
Road Sign Test c

−0.50

0.00

Pearson's r

0.50

−0.03 [ −0.48 , 0.43 ]
0.58 [ 0.28 , 0.77 ]
0.50 [ 0.25 , 0.68 ]
0.59 [ 0.43 , 0.72 ]
0.15 [ 0.05 , 0.24 ]
0.17 [ 0.10 , 0.24 ]
0.38 [ 0.27 , 0.47 ]
0.81 [ 0.69 , 0.89 ]
0.49 [ 0.31 , 0.64 ]
0.36 [ 0.26 , 0.45 ]
0.45 [ 0.36 , 0.54 ]
0.37 [ 0.28 , 0.46 ]
0.45 [ 0.41 , 0.49 ]
0.29 [ 0.25 , 0.33 ]
0.45 [ 0.42 , 0.48 ]
0.34 [ 0.31 , 0.36 ]
0.47 [ 0.39 , 0.55 ]

1.00

FIGURE 2.5 | Forest plot of Pearson’s correlations between all tested domains and UFOV3 –
selective attention. Same format as Figure 2.3. The results of spatial ability and vision.closure
are missing, because there were no correlations reported in the literature that belong to these
domains. BVR: Benton Visual Retention; c: composite; CS: Contrast Sensitivity; DSS: Digit Symbol
Substitution; ETDRS: Early Treatment Diabetic Retinopathy Study; MMSE: Mini-Mental State
Examination; PMCT: peripheral motion contrast threshold; Rey-O IM: Rey-Osterrieth Immediate
Memory; TMT: Trail-Making-Test.
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TABLE 2.6 | Results of the multivariate mixed effects model analysis of correlations between
UFOV3 - Selective attention - and other tests divided into nine perceptual and cognitive domains
The results of spatial ability and vision.closure are missing, because there were no correlations
reported in the literature that belong to these domains. ttest2 is not estimated for domains where
all reported correlations are based on the same test type.

Modality

z

ttest2*10-3

tpop2*10-3

Attention

9.47*

-

0.39

Executive Functioning

10.33*

0.32

1.14

General Cognition

7.37*

-

8.54

Memory

2.20*

12.91

3.05

Spatial ability

-

-

-

Vision.Acuity

8.47*

0.69

3.99

Vision.Closure

-

-

-

Vision.Contrast

6.70*

2.46

14.19

Vision.Speed

9.77*

9.08

7.07

0.8

* = pFDR < .05, z = test statistic of the estimated correlation coefficient, ttest2 = estimated amount
of heterogeneity due to test, tpop2 = estimated amount of heterogeneity due to population.

0.4
0.0

0.2

Pearson's r

0.6

Attention
Executive functioning
General Cognition
Memory
Spatial ability
Vision.Acuity
Vision.Closure
Vision.Contrast
Vision.Speed

UFOV1

UFOV2

UFOV3

FIGURE 2.6 | Bar graph of the Pearson’s correlation coefficients as estimated with the multivariate
mixed effects model. Every group of bars represents the estimated correlations between one
UFOV subtest and the domains, which are indicated by the different colors. Error bars represent
95% confidence intervals.
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The UFOV subtests were initially suggested to measure central vision and processing
speed, divided attention and selective attention. Although no reports of correlations
between the specific subdomains of divided and selective attention are currently
available in the literature, the reported correlations of the attention domain are in
good agreement. That is, they are all significantly positive and for UFOV2 and UFOV3
reasonably similar to each other. The same is true for vision.speed, although as
previously mentioned, one non-significant correlation was reported with UFOV1.
For Vision.acuity, a central vision test, reported correlations are variable with some
apparent discrepancies between studies. This is also true for reported correlations
between vision.contrast and UFOV subtests. Our meta-analysis shows, however,
that between studies there is sufficient evidence to conclude that both domains are
significantly correlated to each of the three UFOV subtests. This is interesting, because
the stimuli used in the UFOV test are quite large and of high contrast thereby well
above the threshold of healthy subjects. The general cognition and memory domains
also showed some variability and for both domains several non-significant correlations
have been reported across UFOV subtests. Again, our meta-analysis shows that despite
the heterogeneity between studies, there is sufficient evidence to conclude that both
domains are significantly correlated to the UFOV subtests.
To explain the heterogeneity in correlations reported in the literature, we investigated
how much variance was due to test type and how much was due to subject population.
In general, estimated variances due to test type were lower than those due to
population (Tables 2.4-2.6). For some UFOV subtest and domain combinations, the
reported correlations were based on the same index test. For example, correlations
in the attention domain were all based on the DriverScan test. It was therefore not
possible or necessary to model the variance due to test type for these combinations.
The same is true for the variance due to population in the correlations between
memory tests and UFOV1, because they were based on the same subject population.
Both variance due to test type and variance due to population influence the prediction
intervals, i.e., the 95% interval in which the true effect size of a future study will lie
(Borenstein, Hedges, Higgins, & Rothstein, 2009). However, the estimated correlations
resulting from the meta-analysis and their confidence intervals represent the true
underlying effect unaffected by test type or population.
Exploratory analyses
We used a fixed effects model to investigate main and interaction effects of UFOV
subtest and domain on the estimated coefficients that were available for all subtests,
i.e. all except spatial ability and vision.closure, resulting from the mixed effects model
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analysis. We found significant differences between UFOV subtests (QM (df = 2) = 23.07,
p < .0001) and between domains (QM (df = 6) = 47.23, p < .0001) but no interaction
effects between the two variables (QM (df = 12) = 12.93, p = 0.37). This means that
the effects of UFOV subtest on the correlation strengths are similar across domains.
Likewise, differences in correlations between domains are comparable across UFOV
subtests. To visualize these results, Figure 2.7 shows the estimated correlations
between the domains and subtests in a fixed effects model where only main effects
are estimated but no interaction effects, as opposed to Figure 2.6. It also displays the

0.4

Pearson's r

0.5

0.6

results of the post-hoc comparisons.

0.3

UFOV3
UFOV2

0.2

*

0.1

UFOV1

*

0.0

*

Memory

Vision.Acuity

General Cognition

Vision.Contrast

Executive functioning

Vision.Speed

Attention

*

FIGURE 2.7 | Estimated correlations between UFOV subtests and domains in a fixed effects model
that only includes main effects and no interaction effects. The interaction effects were dropped
here since they were not statistically significant. Domains are ordered according to the strengths
of their estimated correlations and are represented by different colors. Thinner lines represent
the results of post-hoc comparisons. Asterisks indicate significant differences.

Post-hoc tests of the main effect of UFOV subtest showed significantly higher estimated
correlations for the second and third UFOV subtest than for the first subtest (Table
2.7A). Estimated correlations between domains and the second and third UFOV subtests
were not significantly different from each other.
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Post-hoc tests of the main effects of domain showed that estimated correlations
between the UFOV subtests and attention were significantly stronger than between
UFOV subtests and all other domains (Table 2.7B), i.e. vision.speed, executive
functioning, vision.contrast, general cognition, vision.acuity and memory. Furthermore,
vision.speed was more strongly correlated to the UFOV subtests than general cognition,
memory, vision.acuity and vision.contrast. Finally, executive functioning showed
significantly stronger correlations with the UFOV subtests than memory and vision.
acuity.

TABLE 2.7 | Results of post-hoc analysis of the main effects of UFOV and domain.

(A)

(B)

Contrast

estimate (SE)

z

UFOV1 - UFOV2

-0.102 (0.026)

-4.00*

UFOV1 - UFOV3

-0.117 (0.027)

-4.34*

UFOV2 - UFOV3

-0.015 (0.026)

-0.56

Attention – vision.speed

0.131 (0.050)

2.58*

Attention – executive functioning

0.162 (0.047)

3.44*

Attention – vision.contrast

0.230 (0.052)

4.44*

Attention – general cognition

0.232 (0.048)

4.77*

Attention – vision.acuity

0.257 (0.047)

5.49*

Attention – memory

0.281 (0.052)

5.39*

Vision.speed – executive functioning

0.031 (0.037)

0.84

Vision.speed – vision.contrast

0.100 (0.043)

2.33*

Vision.speed – general cognition

0.101 (0.039)

2.61*

Vision.speed – vision.acuity

0.126 (0.037)

3.43*

Vision.speed – memory

0.150 (0.043)

3.49*

Executive functioning – vision.contrast

0.069 (0.039)

1.75

Executive functioning – general cognition

0.070 (0.035)

2.03†

Executive functioning – vision.acuity

0.095 (0.032)

2.99*

Executive functioning – memory

0.119 (0.039)

3.02*

Vision.contrast – general cognition

0.002 (0.040)

0.04

Vision.contrast – vision.acuity

0.026 (0.039)

0.67

Vision.contrast – memory

0.051 (0.044)

1.14

General cognition – vision.acuity

0.025 (0.034)

0.72

General cognition – memory

0.049 (0.041)

1.21

Vision.acuity - memory

0.024 (0.039)

0.62

* = pFDR < 0.05, † = punadj < 0.05 & pFDR > 0.05, SE = standard error, z = test statistic of comparison.
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Discussion
In this review we systematically grouped and analyzed 116 Pearson’s correlation
coefficients collected from 18 peer-reviewed articles to estimate the relationships
between several domains of visual function and cognition and the first three subtests
of the UFOV test. Then, we compared the estimated correlations to investigate whether
UFOV subtests differ in their sensitivities to any of the domains we tested. We were
particularly interested in functions the UFOV subtests were initially suggested to
measure, i.e. central vision and processing speed, divided attention and selective
attention (Edwards, Vance, et al., 2005; Visual Awareness Research Group, 2009).
Our meta-analysis shows that attention, executive functioning, general cognition,
memory, vision.acuity, vision.contrast and vision.speed, are domains that are all
significantly and positively correlated to each of the three UFOV subtests. For UFOV2,
we also found significant positive correlations with spatial ability and vision.closure.
Thus, better UFOV performance seems to be associated with better performance on
any other task that represents one of these domains. For some domains these results
may not be surprising as we only found reports of significantly positive correlations,
for example those between vision.speed and UFOV3 and attention and UFOV3. Other
domains however have shown less consistency. For example half of the correlations
between UFOV1 and vision.contrast and vision.acuity were not significantly different
from 0. Our results show that these domains are significantly and positively correlated
to the UFOV subtests as well.
When comparing the effect sizes, we found that correlations between UFOV1 and the
domains were significantly smaller than those between the UFOV2 and UFOV3 and the
domains. In addition, some domains showed larger correlations than others. However,
we found no interaction effects, indicating that differences between the UFOV subtests
are the same for all domains and differences between domains are similar across UFOV
subtests. In other words, none of the UFOV subtests is selectively more sensitive to a
particular domain than the others.
UFOV1 is said to measure central vision and processing speed. Indeed, we found
significantly positive correlations between UFOV1 and visual processing speed and
visual acuity, a central vision test. However, this is also true for the other two UFOV
subtests, which show even stronger correlations. Although visual speed of processing
is indeed more strongly correlated to UFOV1 than some other domains, including visual
acuity, the difference is not specific to this subtest. Furthermore, attention, which
is purportedly measured by UFOV2 and UFOV3, is more strongly correlated with all
subtests, including UFOV1, than visual processing speed and visual acuity. It is important
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to note, however, that the domain ‘attention’ was represented by one task only, namely
DriverScan, which is a measure of change detection. One should therefore be careful
with generalizing the results for this test to attention as a general cognitive domain.
Although we were particularly interested in the correlations between divided attention
and UFOV2 and between selective attention and UFOV3, in our extensive literature
search we found no studies that have examined relations between UFOV subtests and
these functions with independent tests. We can therefore not confirm nor deny their
involvement in UFOV2 and UFOV3. Our results do show, however, that both subtests
are significantly correlated to a series of other lower- and higher-level functions. This
is an important finding, because several studies have taken UFOV2 and UFOV3 as a
measure of divided and selective attention (for example, Belchior et al., 2013; Gray,
Hahn, Robinson, Harvey, Leonard, Luck, Gold, et al., 2014). Although attention shows
stronger correlations with UFOV2 and UFOV3 than UFOV1, as mentioned before, this
is a general effect of UFOV on all domains. This difference in correlation strengths
could be due to the floor effect that is often observed in UFOV1 (Aust & Edwards, 2016;
Edwards et al., 2006). Because healthy people can easily achieve the best (i.e., lowest)
score in UFOV1, there is little variation in the test results and strong correlations
between UFOV1 and other test scores are therefore less likely to be found.
In our meta-analysis, we combined multiple tasks and results from several populations
into one analysis. This may account for a considerable amount of heterogeneity
of the included correlation coefficients. Therefore, we included these two factors,
i.e., test type and population, into our model to estimate the amount of variance
that can be attributed to each, thereby obtaining more precise estimates of the true
correlations and their confidence intervals. In general, estimates of variance due to
population were higher than estimates of variance due to test type. This suggests that
correlations between UFOV subtests and domains are more sensitive to the group
from which researchers collect data than to the specific tasks they use to represent
these domains. One reason for higher estimates of variance due to population may
be the substantial differences of in- and exclusion criteria that researchers have used.
Some studies screened for cognitive and/or visual disorders with specific measures,
some relied on self-report and others did not control for any disorder but merely
reported its prevalence in the sample. Although we can therefore not be sure that
all populations represent only healthy participants, this does make our results more
generalizable to typically ageing people. Furthermore, our results show that regardless
of the population, all tested domains are likely to be positively correlated to the
UFOV subtests. In fact, the majority of the individual correlations we found during
our extensive literature search were significantly positive, i.e., better performance
on another task predicts better performance on the UFOV task. The remainder of
the correlations were not significantly different from 0. We found no reports of

44

A Meta-analysis of perceptual and cognitive functions involved in Useful Field of View test performance

significantly negative correlations. Our results may therefore suffer from a publication
bias. Non-significant results are less likely to be published, especially when they are
not part of the main analysis. Negative correlations would be difficult to explain, i.e.,
better performance on the UFOV task predicts worse performance on another visual
or cognitive task and may therefore also be harder to publish. It is possible, therefore,
that the estimated correlations that we obtained with our multivariate mixed model
analysis may overestimate the true effect sizes.
We have limited our study to coefficients reported for healthy adults older than 18
years. However, when investigating the demographical data reported in the selected
articles, we found that most studies only included individuals older than 50 years.
Although it would be interesting to know whether the same conclusions can be drawn
for younger people, the aforementioned floor effect is especially evident in these
subjects. It arises from the limited refresh rate of computer screens, usually 60 Hz,
which limits the shortest presentation duration to 16.6 ms. Several authors have tried
to work around this problem by designing their own version of the UFOV test (Burge et
al., 2013; Rutherford et al., 2007). We did not include those studies because they used
very different stimuli or had another outcome measure. Their results can therefore not
be readily compared or included in the same meta-analysis. For the same reason, we did
not include spearman’s rho or regression coefficients either. However, we did examine
these results qualitatively and found a similar pattern. That is, coefficients were either
positive or not significant (Agathos et al., 2015; Bowers et al., 2013). In addition, we also
only found positive, both significant and non-significant, correlations and regression
coefficients between combined UFOV scores and perceptual and cognitive index tests
(Edwards, Wadley, et al., 2005; Fazeli et al., 2013; Lunsman et al., 2008).
Because we only analyzed correlation coefficients, we cannot draw any causational
conclusions based on our results. To further investigate which functions are required
for UFOV performance in healthy humans, it is necessary to manipulate these functions.
Visual acuity could for example be easily reduced with blurred glasses. It would
however be hard to manipulate some functions, such as processing speed or attention.
Neurobiological approaches such as fMRI and EEG might be useful in this regard.
Some researchers have already used this approach to study the neural mechanisms
underlying UFOV performance. For example, O’Brien and collegues (2015) showed
that UFOV performance was related to two event-related potentials (ERPs) associated
with early perceptual stimulus selection, top-down attentional control and cognitive
processing speed. Furthermore, Scalf et al. (2007) reported training related increases
of brain activity in regions related to shifting and reorienting visual attention in a task
similar to the UFOV test. They suggested, therefore, that training increases the ability
to direct attention, which is very important in daily life.
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Conclusions
We found that a broad range of perceptual and cognitive functions are related to UFOV
performance. These include not only visual functions, but also other cognitive functions
such as executive functioning and memory. Interpreting results of individual UFOV
subtests should therefore be done carefully. However, this may also be the reason for
the UFOV’s high ecological validity as it requires many functions to work properly at
the same time, similar to daily life activities, making it harder to compensate if any one
of them fails.
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Introduction
Many older adults experience difficulties in their daily life activities that depend
on visual functioning, such as driving, visual search and mobility. Traditional
ophthalmological measures, such as visual acuity and visual field are sometimes
incapable to capture these difficulties (Ball et al., 1990). Effective use of visual
information in daily life however, does not only require good quality under optimal
conditions, as is the case for these measures. It also requires fast selection of relevant
information from the visual field. The useful field of view (UFOV) is the area from
which information can be extracted with one glance, without head or eye movements
(Ball et al., 1988). The UFOV can be quantified in several ways. For example, some tests
measure the spatial extent under various circumstances, some use a fixed eccentricity
and measure the amount of time necessary to perform the task and others measure
the correct response rate while using fixed eccentricity and presentation time. In this
report we focus on the current version of the commercially available UFOV test, which
measures minimal presentation duration required for various tasks. This computerized
test currently consists of three subtests. In the first subtest, only one high contrast
central stimulus is shown which should be identified. In the second subtest, the
subject should again identify the centrally presented stimulus, but should also locate
a peripherally presented stimulus. The third subtest is essentially the same, but here
the stimuli are surrounded by distractors. Every subtest measures the presentation
duration of the stimuli that the subject needs to respond correctly on 75% of the trials.
Note that higher scores therefore mean lower performance (Visual Awareness Research
Group, 2009). Many daily life activities, especially driving ability, have been associated
with UFOV performance (Ball et al., 2007; Broman et al., 2004; Mathias & Lucas, 2009).
Edwards et al. provided normative UFOV values for subjects over 65 years and reported
that performance declines with age in this group (Edwards et al., 2006). Using a slightly
different task, Sekuler, Bennett and Mamelak found that performance on a peripheral
localization task steadily declines from the age of 20 years onwards while performance
on a central identification task remains stable until the age of 40 years after which it
rapidly deteriorates (Sekuler et al., 2000). In addition, the ability to perform the two
tasks simultaneously gradually becomes less after 20 years of age. Declining UFOV
performance may occur for various reasons. Sekuler, Bennett and Mamelak noted
that the drop in performance on their central identification task corresponds to the
typical onset age of presbyopia (Sekuler et al., 2000). Other non-pathological changes
of the eye that occur over time also reduce visual functioning and may influence UFOV
performance as well. For example, increased optical density of the lens and reduced
pupil size decrease contrast sensitivity (Owsley, 2016), which in turn has been related
to UFOV performance (e.g., Matas et al., 2014, for a summary see Woutersen et al.,
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2017). In addition, several ocular diseases may occur with increasing frequency in older
adults, such as glaucoma, age-related macular degeneration and cataract. Indeed, lower
UFOV performance has been observed in patients with glaucoma and central visual
field loss mostly due to age-related macular degeneration (Alberti et al., 2014; Bentley,
Leblanc, Nicolela, & Chauhan, 2012). In addition, patients obtained significantly better
UFOV scores after cataract surgery than before (Fraser, Meuleners, Lee, Ng, & Morlet,
2013). Thus, although stimuli used in the UFOV task are large and of high contrast,
performance does depend on accurate vision to some extent.
Nonetheless, most studies investigating UFOV performance have relied on a selfreported absence of visual deficits or a low cut-off visual acuity score but did not
thoroughly examine their subjects’ eyes (e.g., Ball et al., 2007; Edwards et al., 2006;
Henderson et al., 2010; Lunsman et al., 2008; Negishi, Masui, Mimura, Fujita, &
Tsubota, 2016; Vance et al., 2006). Some performed an ophthalmological examination,
but included patients with ocular disorders regardless (Hoffman & McDowd, 2010;
Hoffman et al., 2005). In addition, participants’ refraction errors were not always
corrected properly with regard to testing distance. For example, Sekuler, Bennett and
Mamelak noted that presbyopia may account for the age-related decline in the central
task, implying they did not use age-appropriate lenses that would have resolved this
condition (Sekuler et al., 2000). Furthermore, in a population study of two thousand
older licensed drivers, Owsley et al. showed age-related declines of UFOV scores
while using habitual correction appropriate for testing distance (Owsley, McGwin, &
Searcey, 2013). However, their sample included subjects who suffered from various
ocular disorders, including glaucoma and age-related macular degeneration. Reduced
UFOV performance due to ophthalmological disorders can therefore not be ruled out
in previous research. Here, we examined how UFOV performance changes in healthy
subjects throughout adulthood. All subjects underwent a thorough ophthalmological
screening to exclude ocular pathology.
In addition, we investigate elementary visual functions previously related with
UFOV performance, i.e., near and far visual acuity, contrast sensitivity and crowding,
in the same group of healthy adults without ocular pathology. These elementary
visual functions have also been reported to decline with age (D. B. Elliott, Whitaker, &
MacVeigh, 1990; D. B. Elliott, Yang, & Whitaker, 1995; Frisén & Frisén, 1981; Gittings &
Fozard, 1986; Greene & Madden, 1987; Owsley, Sekuler, & Siemsen, 1983). As for UFOV
performance, not all studies on these measures extensively screened their subjects,
provided proper refractive correction adapted to test distance, or used non-truncated
charts to measure visual acuity. Elliott, Yang and Whitaker showed that a carefully
screened sample of subjects with optimal refractive correction could reach far better
visual acuity scores when using non-truncated charts (i.e., charts that could measure
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visual acuities up to -0.2 logMAR) than samples that were not screened, received
habitual refractive correction and/or were tested with a truncated chart (D. B. Elliott et
al., 1995). Thus, our second aim was to investigate these elementary visual functions
and whether they can explain a possible age-related decline in UFOV performance.

Methods
Subjects
We recruited 46 healthy subjects (24 males, 22 females) of 18 years and older with
public advertising between June 2015 and May 2017. We screened candidates with a
structured telephone interview and excluded anyone who reported a visual (5 subjects)
or neurological (9 subjects) disorder, low birthweight (less than 2500g) or premature
birth (pregnancy duration < 37 weeks) to rule out effects due to an underdeveloped
visual system, current pregnancy or breast feeding (1 subject), contraindications for
both tropicamide and phenylephrine, or for oxybuprocain. The data collection of three
subjects was terminated, as previously unknown or unreported ophthalmological and
neurological disorders became apparent (see Results). The study was approved by the
medical ethical committee Arnhem-Nijmegen and was conducted in accordance with
the declaration of Helsinki. All subjects provided written informed consent before data
collection.

Procedure
After the intake interview, participants received an extensive ophthalmological
examination to investigate the presence of any visual disorder. Subjects who showed
anatomical anomalies and reduced performance on a functional measurement
corresponding with the anomaly, which would influence our measurements of
interest, were excluded. Measures included frequency doubling technique to assess
the visual field, stereopsis, funduscopy, fundus photography (Topcon TRC-50IX;
Topcon Corporation, Tokyo, Japan) and optical coherence tomography imaging
(Spectralis, Heidelberg Engineering, Heidelberg, Germany). In addition, we measured
participants’ elementary visual functions, specifically near and far visual acuity,
contrast sensitivity and crowding intensity (for details see below), to investigate
age-related changes in these measures and their relations with UFOV performance.
Crowding refers to a reduced performance on a visual task when other contours
are in close proximity to the target stimuli (Scialfa, Cordazzo, Bubric, & Lyon, 2013).
Matas et al. found a relationship between UFOV3 and crowding (Matas et al., 2014),
possibly due to the additional distractors surrounding the targets in this subtest. All
measures were done with the participants’ current refractive correction, unless this
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did not correspond to an autorefractor measurement or if it was assessed more than
a year before data collection. In these cases, we used the best refractive correction
determined with subjective refraction just before data collection. In addition, we used
age-appropriate correction for near vision tests to exclude effects of presbyopia. We
measured the subjects’ performance on several visual computer tasks, including the
UFOV task and a contrast sensitivity task as described below as well as a visual motion
task, an auditory processing speed task and a visual speed-acuity task which will not
be discussed here. To obtain objective measures of visual functioning, we measured
electrophysiological responses, including pattern visually evoked potentials (pVEP)
and multifocal electroretinograms (mERG) according to guidelines established by the
International Society for Clinical Electrophysiology of Vision (ISCEV) (Hood et al., 2012;
Odom et al., 2010). We used the RETI-port system (Roland Consults, Stasche & Finger
GmbH, Brandenburg an der Havel, Germany) together with gold electrodes with 1.5
mm DIN sockets for pVEP measurements. We averaged responses to stimuli in each of
the two eyes to increase the signal-to-noise ratio. We determined latencies for the N75,
P100 and N135 components with automatic peak detection software, after which we
visually inspected the peaks and corrected them if necessary. In addition, we calculated
the difference in amplitude between the N75 and P100 responses and between N135
and P100 components. MERG measurements were performed with Dawson-TrickLitzkow (DTL) electrodes also with the RETI-port system. We averaged signals from all
stimulated fields and both eyes to obtain one response curve per subject to increase
signal-to-noise ratio. We determined latencies for the first positive and first negative
peak in the signal and calculated their difference in amplitude.

Equipment
For the computerized psychophysical tests, we used a Dell® Precision T1700 PC running
Windows® 7 Professional with an Intel® Xeon® E3-1220 v3 processor (3.10 GHz), 8 GB of
RAM and an AMD FirePro™ W2100 (FireGL V) graphics adapter. We used two different
monitors for the tasks. The UFOV task was done at 50 cm distance with a 19” Philips
190B LCD monitor, using a resolution of 1280 x 1024 pixels and a refresh rate of 60 Hz.
The contrast task was done at 132 cm, using a 22” COMPAQ P1220 CRT monitor running
at a refresh rate of 120 Hz with its resolution set to 1024 x 768 pixels. During both
tasks, the subjects’ head was stabilized using a chin and forehead rest.

Useful Field of View task (UFOV)
We used the commercially available UFOV task® version 7.0.2 (Visual Awareness
Research Group, Inc., Punta Gorda, FL, USA) to assess subjects’ performance on its three
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subtasks (Edwards, Vance, et al., 2005; Visual Awareness Research Group, 2009). All
subtasks apply a staircase procedure to measure the threshold of stimulus presentation
duration at which the subject is able to perform 75% correct. During the first subtask,
a full contrast stimulus (23 cd/m2 against a 0.13 cd/m2 background), either a car or a
truck of 1.7 x 1.1 degrees, is presented within a white fixation box of 2.9 x 2.9 degrees
in the center of the screen and the subject has to identify it. In the second subtask, the
same central stimulus is shown together with a peripheral stimulus which is always
a car of equal size and contrast as the central stimulus. It can occur at one of eight
equally spaced locations at an eccentricity of 13.7 degrees. The subject again has to
identify the central stimulus (car or truck) and also localize the peripheral one. The third
subtask is essentially the same as the second one, but now the stimuli are surrounded
by distractors that the subject should ignore. Distractors were presented in 3 rings at
eccentricities of 4.6, 9.1 and 13.7 degrees. Subjects were encouraged to respond as
accurately as they could and to guess if they did not know the answer(s). The three
subtasks were always done in the order described above. Before each subtask started,
participants practiced at least four trials.

Visual acuity
Near and far visual acuity were measured monocularly with early treatment diabetic
retinopathy study (ETDRS) charts (Precision Vision, Woodstock, IL, USA) (Told, Baratsits,
Garhöfer, & Schmetterer, 2013). Far visual acuity was measured at 4 m distance in
a dark room with a light box. Subjects were allowed to continue to the next line if
they had read at least three out of five letters correctly. Visual acuity (in logMAR)
was considered to be the last line where subjects read at least three letters correctly.
We measured near visual acuity at 40 cm distance with ETDRS 2000 series charts
(Precision Vision, Woodstock, IL, USA) lighted by a MAULatlantic desk lamp (Maul, Bad
König, Germany) in an otherwise dark room to create similar lightening conditions
for all measures. Again, if subjects read at least three letters on a line correctly, they
proceeded to the next line. Visual acuity (in logMAR) was determined as the last line
where subjects could read at least 3 letters correctly.

Crowding Intensity
We measured binocular near visual acuity at 40 cm using crowded and uncrowded LEA
charts (Good-Lite Co., Elgin, IL, USA; LH version C-test ratio in (Huurneman, Boonstra,
Cillessen, van Rens, & Cox, 2012). Subjects had to read the first five symbols on both
charts. Visual acuity was defined by the last line where subjects read at least 3 letters
correctly. The difference between the visual acuity in logMAR on both charts, i.e.
VAcrowded – VAuncrowded, determined the crowding intensity score.
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Contrast sensitivity
To increase comparability of UFOV and contrast sensitivity performance, we measured
the latter with a custom-made computer task using Matlab R2013a (MathWorks®, Inc.,
Natick, MA, USA) and psychtoolbox-3 (Brainard, 1997; Kleiner, Brainard, & Pelli, 2007;
Pelli, 1997) with stimuli similar to those in the UFOV task. A small fixation circle (0.1
degrees) was shown in the center of the screen. Behind the circle, a stimulus appeared
which could be either a car or a truck, as in the UFOV task, but smaller (1.0 x 0.7
degrees). The stimuli consisted of a mixture of spatial frequencies, mostly below 1.0
cycles/degree (see Figure S3.1 for the spectrum), and remained visible until the subject
responded. The contrast of the stimuli adapted according to the subjects’ performance
using the QUEST procedure (Watson & Pelli, 1983). This procedure uses prior
knowledge on the psychometric function and performance on previous trials during
the experiment to determine the most probable Bayesian estimate of the threshold.
We determined the Weber contrast threshold by calculating the mode of the posterior
probability density function after 100 trials.

Data Analysis
We analyzed the data with R version 3.1.2 (R Core Team, 2014). Before performing any
analyses, we centered age on the mean of the sample (47.0 years). Then, we performed
univariate linear regression analyses for each elementary visual function variable, i.e.
far and near visual acuity, crowding intensity and contrast sensitivity. To investigate
the relationship between age and UFOV performance, we performed similar univariate
linear regression analyses for all UFOV subtests scores, thus the regression formula
was as follows: UFOV ~ b0 + b1 * agec. Next, we added an agec2 predictor term to the
regression models to investigate a possible non-linear, quadratic relationship between
age and UFOV scores. The regression formula became: UFOV ~ b0 + b1 * agec + b2a * agec2.
The reason for adding this term is that UFOV performance is known to first increase
during childhood (Bennett, Gordon, & Dutton, 2009) and then decrease again at older
ages (Edwards et al., 2006). In addition, Weaver, Bédard, McAuliffe and Parkkari
showed that age2 significantly better predicted UFOV scores than age (Weaver, Bédard,
McAuliffe, & Parkkari, 2009). Last, to examine whether elementary visual functions
could explain age-effects on UFOV performance, we added these variables, i.e., near
acuity and far acuity of the best eye, contrast sensitivity and crowding intensity one
by one as additional predictors. That is, these regression analyses contained two
predictors: agec and one of the elementary visual function variables, the regression
formulas were: UFOV ~ b0 + b1 * agec + b2b * varelementary-visual-function. Because the residuals
were not normally distributed, we bootstrapped some of the regression analyses
10,000 times to obtain more reliable standardized βs using the R boot package version
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1.3-18 (Canty & Ripley, 2016; Davison & Hinkley, 1997). We also analyzed the total (i.e.
summed) UFOV scores, but those results are reported in the supplemental materials.
Due to unavailability of the contrast task and near visual acuity ETDRS charts at the
initial stage of data collection, this data is missing for 9 and 5 subjects, respectively.
Therefore, we imputed those values for the regression analyses to enable valid
comparisons between them (multiple imputation method with the HMisc package
version 3.17-4 in R; Harrell, 2016). We created five datasets, each with different
imputed values., but we only report results of the regression analyses for the dataset of
which the correlations are closest to those based on the dataset without any imputed
values (results were similar for all datasets).

Results
Screening
All participants underwent a thorough ophthalmic screening including slit lamp
examination, funduscopy and OCT imaging (Figure 3.1). In twenty participants’ eyes,
no abnormalities were found (Table 3.1). The remaining 26 participants showed a
variety of anomalies. These were mainly benign findings that show variability in
anatomical characteristics in healthy eyes and are not pathological, for example tilted
optic disc or non-sight threatening mild to moderate cataracts appropriate to subjects’
ages. However, in two participants we found severe optic atrophy with corresponding
visual field defects and one participant appeared to have Lyme disease. An additional
participant was unable to maintain stable fixation and one participant may not have
received the right refractive correction due to a lack of cooperation during subjective
refraction. Consequently, we excluded those five participants from the study.
The remaining group of 41 participants had a mean age of 47.0 ± 16.0 years (range
19.5-70.3). Importantly, this group only included participants who showed subclinical
findings or none at all. Their optic disc sizes were on average 1.8 ± 0.4 mm2 (range
0.8 to 3). MERG and pVEP curves were visually inspected and considered normal for
these participants (Table 3.2). Near visual acuity of the best eye ranged from -0.3 to
0.1 logMAR (mean = -0.1, SD = 0.1) and far visual acuity of the best eye from -0.3 to 0.0
logMAR (mean = -0.1, SD = 0.1; Table 3.3). Crowding intensity varied around 0 (mean =
-0.02, SD = 0.1) and Weber contrast thresholds ranged from 2 to 12 (mean = 5, SD = 2).
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FIGURE 3.1 | Example fundus photos and OCT scans of the left eye of a typical participant. Images
were made of the posterior pole and optic disc and nerve for each eye.
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TABLE 3.1 | Ophthalmic screening: anatomical findings of the study participants.

Anatomical
structure

Ophthalmic finding

Number of participants included in analysis (n = 41)

Number of excluded
participants (n= 5)

All

No abnormalities

19

1 (excluded because of
instable fixation)

Disc

Enlarged excavation
optic disc

4 (both eyes)

0

Tilted optic disc (physiological variant)

3 (1 both eyes, 2 one eye)

0

Optic atrophy

0

2 (excluded because of
optic atrophy + visual
field defect, both eyes)

Minimal persistent
arteria hyaloidea

1 (one eye)

0

Peripapillary atrophy

2 (1 both eyes, 1 one eye)

0

Lens

Mild cataract

11 (both eyes)

1 (both eyes, excluded because of Lyme
disease)

Periphery

Pigment shift

1 (both eyes)

0

Drusen (single, small
and hard without
evidence of macular
degeneration)

2 (1 both eyes, 1 one eye)

0

Peripheral retinal scar
(no absolute visual
field defect)

2 (one eye)

0

Adnexe

Mild Ptosis (optic axis
free)

0

1 (excluded because of
incorrect refraction at
the start of measurements)

Dermatologic anomaly

1

0

Cornea

Age appropriate
guttata

1 (both eyes)

0
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TABLE 3.2 | Ophthalmic screening: electrophysiology of subjects included in the analyses.

Response

min

max

mean

SD

n

pVEP 15’ P100latency (ms)

106

151

123

10

41

pVEP 15’ P100-N75amplitude (µV)

2.5

28

10

5.9

41

pVEP 15’ P100-N135amplitude (µV)

1.6

25

11

6.1

41

pVEP 60’ P100latency (ms)

99

134

112

7.3

41

pVEP 60’ P100-N75amplitude (µV)

1.2

24

7.8

4.2

41

pVEP 60’ P100-N135amplitude (µV)

3.7

32

12

5.7

41

mERGavg N1latency (ms)

14

19

16

1.2

41

mERGavg P1latency (ms)

32

53

37

2.9

41

mERGavg N1 – P1amplitude (µV)

0.3

1.3

0.7

0.2

41

mERGavg = averaged multifocal electroretinogram, n = number of participants, N1 = first trough,
N75 = trough at 75 ms, N135 = trough at 135 ms, pVEP = pattern visual evoked potential, P1 =
first peak, P100 = peak at 100 ms, SD = standard deviation.

TABLE 3.3 | Psychophysical scores on elementary visual function tests and UFOV test of subjects included in the analyses.

Response

min

max

mean

SD

n

VAfar best eye (logMAR)

-0.3

0.0

-0.1

0.1

41

VAfar worst eye (logMAR)

-0.3

0.2

0.0

0.1

41

VAnear best eye (logMAR)

-0.3

0.1

-0.1

0.1

36

VAnear worst eye (logMAR)

-0.2

0.2

0.0

0.1

36

Crowding intensity (logMAR)

-0.2

0.3

-0.02

0.1

41

2

12

5

2

32

UFOV1 score (ms)

13

17

14

0.6

41

UFOV2 score (ms)

13

237

30

43

41

UFOV3 score (ms)

14

263

88

56

41

Contrast sensitivity (Weber contrast)

n = number of participants, SD = standard deviation, UFOV = useful field of view test, VA =
visual acuity.

Relation between elementary visual functions and age
Figure 3.2 shows the scatterplots of elementary visual function test scores as a
function of age. The different symbols reflect non-pathological anomalies found in
each participant’s eyes, classified according to anatomical structures. As Figure 3.2
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shows, subclinical anomalies were more frequently detected in older participants.
Nonetheless, we only found small, non-significant correlations between age and the
elementary visual function test scores (p-values uncorrected for multiple testing were
all larger than 0.19). Thus, despite the non-pathological ophthalmic anomalies in our
sample even amongst the older participants, visual acuity, contrast sensitivity and
crowding intensity are not significantly related to age.
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FIGURE 3.2 | Scatterplots of elementary visual function test scores as a function of age. (A)
Far and (B) near visual acuity measured with ETDRS charts at 4 m and 40 cm respectively. (C)
Crowding intensity measured with LEA charts at 40 cm. (D) Weber contrast threshold measured
with a custom psychophysical task where subjects indicate which of two Figures (car or truck
similar to UFOV stimuli) is currently presented. Black dots represent participants without any
ophthalmic anomalies. Participants with subclinical ophthalmic findings are represented by
colored symbols classified by the anatomical structures that were mildly affected. The lines
represent the correlation between age and each tested function, none of them were statistically
significant.

Relation between UFOV scores and age
UFOV1 and UFOV2 scores were in general very low, i.e., performance was good, and
showed very little variability (Figure 3.3). 100% of UFOV1 scores and 85% of UFOV2
scores were lower than 32 ms. UFOV3 scores did not show such a floor effect. We
investigated whether UFOV subtest scores were linearly (UFOV ~
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quadratically (UFOV ~ b0 + b1 * agec + b2a * agec2) related to age centered on the mean
(agec) with a series of regression analyses (Figure 3.3 and Table 3.4). We did not find a
significant effect of agec or agec2 on UFOV1 or UFOV2 scores. We did find a significant
effect of agec on UFOV3 scores; F(1, 39) = 21.91, pFDR < 0.01, R2 = 0.36. The bootstrapped
regression analysis showed a 95% confidence interval of 0.41-0.74 for standardized
βage. Adding agec2 to the model did not improve the fit significantly (Fchange (1,38) = 1.17,
pFDR = 0.60, ΔR2 = 0.02). Results of the regression analyses of the total (i.e., summed)
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UFOV scores are reported in the supplemental material (Figure S3.2 & Table S3.1).
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FIGURE 3.3 | Scatterplots of UFOV scores as a function of age. Presentation time required to
respond 75% correct on the (A) first subtest, where subjects indicate which of two Figures was
presented, (B) second subtest, where subjects indicate which of two Figures was presented
in the center and where another stimulus was shown in the periphery and (C) third subtest,
where the task is similar as for subtest two, but the stimuli are surrounded by distractors, of the
commercially available UFOV test. Lines represent the linear predictive effect of age on UFOV
subtest scores (UFOV ~ b0 + b1 * agec). UFOV = Useful Field of View.
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TABLE 3.4 | Results of regression analyses and comparisons of the univariate regression analyses
with the multiple regression analyses for each UFOV subtest. The model column indicates which
model’s results are described. For the linear model, which only contains agec as a predictor,
the results of the model fit itself are given whereas for every other model, the results of the
comparison are reported together with the standardized effect sizes for both agec and the
additional quadratic or elementary visual function variable. P-values are not corrected for
multiple comparisons.

UFOV1

UFOV2

UFOV3

Model

Fit statistics

p-value

R2 or ΔR2

b’age

Linear

F(1, 39) = 1.34

0.25

0.03

0.18

Quadratic

Fchange (1,38) < 0.001

0.98

ΔR2 < 0.001

0.18

-0.005

VAfar best eye

Fchange (1,38) = 0.08

0.77

ΔR = 0.002

0.18

0.05

VAnear best eye

Fchange (1,38) = 0.88

0.36

ΔR2 = 0.02

0.17

0.15

Crowding
intensity

Fchange (1,38) = 0.08

0.77

ΔR = 0.002

0.19

-0.05

Contrast
sensitivity

Fchange (1,38) = 0.20

0.66

ΔR2 = 0.005

0.20

-0.07

Linear

F(1, 39) = 2.77

0.10

0.07

0.26

Quadratic

Fchange (1,38) = 2.45

0.13

ΔR = 0.06

0.32

0.25

VAfar best eye

Fchange (1,38) = 0.38

0.54

ΔR = 0.009

0.24

0.1

VAnear best eye

Fchange (1,38) <0.001

0.98

ΔR2 < 0.001

0.26

-0.003

Crowding
intensity

Fchange (1,38) = 0.72

0.40

ΔR = 0.02

0.23

0.13

Contrast
sensitivity

Fchange (1,38) = 0.28

0.60

ΔR2 = 0.007

0.24

0.08

Linear

F(1, 39) = 21.91

< 0.001

0.36

0.60

Quadratic

Fchange (1,38) = 1.17

0.29

ΔR = 0.019

0.64

0.14

VAfar best eye

Fchange (1,38) = 0.01

0.92

ΔR < 0.001

0.60

0.01

VAnear best eye

Fchange (1,38) = 0.06

0.80

ΔR2 = 0.001

0.60

-0.03

Crowding
intensity

Fchange (1,38) = 0.09

0.74

ΔR = 0.002

0.61

-0.04

Contrast
sensitivity

Fchange (1,38) = 0.082

0.78

ΔR2 = 0.001

0.59

0.04

2

2

2
2

2

2
2

2

b’pred

b’age = standardized effect size of agec, b’pred = standardized effect sizes of the additional predictor, i.e. agec2 or an elementary visual function variable, R2 = explained variance, ΔR2 = difference
explained variance between model with and without additional quadratic or elementary visual
function variable, VAfar = far visual acuity, VAnear = near visual acuity.

Relation between UFOV scores and elementary visual functions
To investigate whether the elementary visual functions, i.e., near and far visual acuity,
crowding intensity and contrast sensitivity, would explain the same variance in UFOV
scores as age, we repeated the regression analyses of UFOV scores as a linear function
of age and added the elementary visual function variables as individual covariates
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(UFOV ~ b0 + b1 * agec + b2b * varelementary-visual-function). None of the elementary visual function
variables improved the regression model significantly (Table 3.4). In addition, the
effects of age remained almost the same (Figure 3.4).

0.2

0.4

0.6

β’age in model with additional predictor
β’age2 in quadratic model

-0.2

0.0

Standardized effect size (β ')

0.8

β’age in linear model

UFOV1

UFOV2

UFOV3

UFOV subtest
FIGURE 3.4 | Estimated standardized effect sizes (b’) of agec and agec2. The black and grey
filled circles and their 95% confidence intervals represent the standardized estimates of the
effects of agec and agec2 in the linear and quadratic regression models, respectively. The open
circles represent the standardized estimates of agec in the quadratic model and in models with
additional elementary visual function predictors, i.e., near and far visual acuity measured with
ETDRS charts measured at 4 m and 40 cm respectively, crowding intensity measured with LEA
charts at 40 cm and contrast sensitivity represented by the Weber contrast threshold measured
with a custom psychophysical task where subjects indicate which of the two Figures (car or
truck similar to UFOV stimuli) is currently presented. b’ = estimated standardized effect size,
UFOV = Useful Field of View.

Discussion
We investigated age-effects on UFOV performance throughout adulthood in a group
of healthy, normally sighted subjects aged 19.5 to 70.3 years. All subjects underwent
thorough ophthalmological screening to exclude any previously unknown visual
disorders. We also examined non-pathological changes in elementary visual functions,
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i.e., near and far visual acuity, contrast sensitivity and crowding intensity, and whether
these could explain age-related changes in UFOV performance.
UFOV1 and UFOV2 performance did not change throughout the adult population. This
is possibly due to the floor effect we observed in the scores. That is, most participants
reached the best possible score on these two tasks which caused the variation to be
very small. UFOV3 performance declined linearly throughout adulthood. The same
was true for the sum of UFOV scores (see Figure S3.2 and Table S3.1), but due to the
good UFOV1 and UFOV2 performance independent of the subjects’ ages, this result
was mainly driven by the UFOV3 results. Although we identified some mild, nonpathological anomalies in our subjects’ eyes, we found no relationship between age
and elementary visual functions or between elementary visual functions and UFOV
performance. In addition, they did not explain the age-related decline we found in
UFOV3 performance.
It is somewhat surprising that we did not find many of the previously demonstrated
associations. We only found linear relationships between age and UFOV3 scores, but
not between age and elementary visual functions, between age and UFOV2 or UFOV1,
or between elementary visual functions and UFOV scores. Due to the limited sample
size, our power may have been too low to detect such relationships. Power analyses
show that the power to detect correlations between age and UFOV subtests was 0.22,
0.81 and 0.89 for UFOV1, UFOV2 and UFOV3, respectively (Table S3.2). This suggests
that for UFOV1 we may indeed have lacked power to detect a correlation. Previously
reported correlations between UFOV2 and age, however, should have been large
enough to detect in this study.
The fact that we did not find some of the previously reported correlations could also
be related to the high performance our subjects showed on most tasks. For example,
UFOV scores are about 2-4 times lower than the normative values of subjects aged
65 years and older provided by Edwards et al. (2006). In addition, visual acuity of
our subjects, including those older than 65 years, was at most 0.0 and 0.1 logMAR
for far and near vision, respectively, which is better than many other studies that
investigated UFOV performance. The high visual acuities can possibly be attributed
to the strict inclusion criteria and thorough ophthalmic screening that we applied.
Previous studies have relied on self-report or a lower cut-off visual acuity score or did
screen their participants but included patients nonetheless. Other studies that applied
stricter exclusion criteria and performed a thorough ophthalmic screening similar to
ours, showed that the visual acuity of subjects without visual pathology is indeed
usually better than 0.0 logMAR even in older subjects up to 75 years (D. B. Elliott et al.,
1995; Frisén & Frisén, 1981). In fact, the size of 0.0 logMAR or 1 arcminute as a norm
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was once chosen based on its physical size, to be replicated across clinics and research
labs (Donders, 1864; Snellen, 1873). Snellen explicitly stated that this norm does not
represent the mean or maximal visual acuity (Snellen, 1873; p. 6) of a population and
that letters of this size are “clearly distinguished by a normal eye” (Snellen, 1868; p.
2). Thus, we do believe our sample is a good representation of healthy aging adults
albeit somewhat younger than other studies on UFOV performance. Importantly, this
suggests that the current normative UFOV values may be too high to be sensitive to
small deviations as a result of higher-order visual or cognitive functioning in adults up
to 70 years with normal elementary visual functions. However, this should be verified
in a larger sample.

Decline UFOV3 performance
As opposed to UFOV1 and UFOV2, we did find an age-related decline in UFOV3
performance which was of similar magnitude to that found in other studies (Dommes et
al., 2013; Edwards et al., 2006; Henderson et al., 2010, 2013; Matas et al., 2014; Trick
et al., 2010). Although the task instructions for UFOV2 and UFOV3 are essentially the
same, the presence of distractors changes the nature of the task considerably. Although
both tasks require the subject to indicate the location of the peripheral stimulus, due
to its high contrast and isolated presentation in UFOV2, the stimulus clearly pops out.
In UFOV3 on the other hand, the presence of distractors that are approximately the
same size and contrast, prevents a pop-out effect and requires the target stimulus to be
recognized. It may therefore be influenced by both peripheral acuity and crowding. The
fact that none of our elementary visual functions, including visual acuity and crowding
intensity could statistically explain the age-related decline in UFOV3 performance may
be because we measured them centrally. Both visual acuity and crowding are worse
when stimuli are presented peripherally instead of centrally (Coates, Chin, & Chung,
2013). Whether or not these effects increase with age is unclear since contradicting
results have been reported (Astle, Blighe, Webb, & McGraw, 2014; Scialfa et al., 2013).
In addition to visual functions, the age-related decline of UFOV3 performance could
also be related to higher cognitive processes. Previous research has shown many
correlations between UFOV3 performance and other cognitive tasks including general
cognition, executive functioning and change detection (e.g., Matas et al., 2014; for a
summary see Woutersen et al., 2017). Although we excluded participants who reported
the presence of a neurological disorder, we did not screen the general cognitive abilities
of the subjects explicitly. Since cognitive decline commonly occurs with aging, our
sample may have included subjects who were unaware of the presence of a cognitive
disorder with a gradual onset. However, none of the included subjects showed obvious
signs of cognitive decline during their visit, or reported them during an interview that
covered medical history, participation in society, and family history.
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Elementary visual functions
We measured elementary visual functions that were previously related to UFOV
performance, i.e., near and far visual acuity, crowding intensity and contrast sensitivity.
We found that these functions remain quite good at older ages if visual pathologies are
absent. As mentioned above, we found maximal visual acuities of 0.0 and 0.1 logMAR
for far and near distances respectively. Unlike previous studies, we found no relation
between visual acuity and age (D. B. Elliott et al., 1995; Frisén & Frisén, 1981; Gittings
& Fozard, 1986; Oshika, Okamoto, Samejima, Tokunaga, & Miyata, 2006). Although
acuities were high on both tests, variances do not seem to be restricted, as opposed
to the UFOV1 and UFOV2 scores. Our sample size may have been too small to detect
a correlation due to a lack of power. However, Elliott et al. reported a relationship
between far visual acuity and age with an r2 of 0.34 (D. B. Elliott et al., 1995). Such
an effect size should be large enough to detect in our sample, as our power was
0.99 (Table S3.2). Gittings and Fozard (1986) reported declines in near visual acuity.
Although their participants also underwent a physical exam, the authors noted that a
focused ophthalmological examination might have revealed more visual pathologies.
Thus, perhaps a correlation between age and visual acuity exists also in the absence
of pathologies, but its effect size may be significantly smaller than those reported in
the past. In addition, we found that most participants have a Weber contrast threshold
lower than 8.5. Again, we found no age-related effect on contrast sensitivity. Although
age-related declines in contrast sensitivity have been reported in the past, this
is mainly the case for spatial frequencies of at least 2 cycles/degree (Owsley et al.,
1983). In our custom-made contrast task, we used the same stimuli as the UFOV task to
make the two more comparable. These stimuli consisted mainly of spatial frequencies
below 1.0 cycles/degree. The effect of age may therefore have been reduced. Last, we
measured crowding intensity, i.e., the difference in near binocular vision measured
with a crowded chart and an uncrowded chart. We found that this measure varied
around zero with one or two lines difference in a visually healthy sample. We found
no significant relationship with age. Although previous studies have also included
subjects of various ages, they were interested in the detrimental effect of presbyopia
and did not correct for this condition (Yehezkel, Sterkin, Lev, & Polat, 2015). Thus, to
our knowledge, we are the first to investigate foveal crowding throughout adulthood in
a group without visual pathology and optimally corrected for test distance.

Conclusion
Our results show that visual functioning remains high as long as there is no obvious
ocular pathology. This suggests that underperformance on the UFOV tests might be
an early warning sign for the presence of ocular pathology. Subjects may be unaware
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of their pathologies and self-report is therefore insufficient. Instead, subjects should
receive a thorough ophthalmological examination to confirm the absence of ocular
pathologies. If ocular diseases are indeed absent, visual functioning may stay relatively
stable with age or the decline may be smaller than reported in the past. Performance
on the third UFOV subtest does decrease with age, even in the absence of obvious
pathology. This decrease is unrelated to near or far visual acuity, foveal crowding or
contrast sensitivity.
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Supporting information
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FIGURE S3.1 | Frequency power spectra of stimuli used in the contrast task and a Landolt C
optotype. Top row shows the stimuli used in the contrast sensitivity task and a Landolt C with an
opening size equal to the midline of the car window for comparison. The bottom row shows the
power in the stimuli and optotype for spatial frequencies between 0 and 30 cycles per degree.
Most power for the car and truck lies in frequencies below 1.0 cycles/degree.
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FIGURE S3.2 | Relationship between total (summed) UFOV scores and age. (A) Scatterplot of total
UFOV scores as a function of age. The total UFOV score constitutes the sum of the presentation
times required to respond 75% correct on the three UFOV subtests. Total UFOV scores were
41-513 ms, with a mean of 131 ± 89 ms. The line represents the linear predictive effect of
age on UFOV subtest scores (UFOV ~ b0 + b1 * agec). We found a significant effect of agec on
total UFOV scores (F (1,39) = 12.93, pFDR < 0.01, R2 = 0.23). (B) Estimated standardized effect
size (b’) of agec and agec2. The black and grey filled circles and their 95% confidence intervals
represent the standardized estimates of the effects of agec and agec2 in the linear and quadratic
regression models, respectively. The open circles represent the standardized estimates of agec
in the quadratic model and in models with additional elementary visual function predictors, i.e.,
near and far visual acuity measured with ETDRS charts measured at 4 m and 40 cm respectively,
crowding intensity measured with LEA charts at 40 cm and contrast sensitivity represented
by the Weber contrast threshold measured with a custom psychophysical task where subjects
indicate which of two Figures (car or truck similar to UFOV stimuli) is currently presented. b’ =
estimated standardized effect size, UFOV = Useful Field of View.
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Author(s) and Year
UFOV1

Edwards et al (2006)
Henderson et al (2010)
Henderson et al (2013)
Hoffman et al (2005)
Matas et al (2014)
Trick et al (2010)
Estimated correlation of UFOV1

UFOV2

Anstey et al (2012)
Crisler et al (2013)
Edwards et al (2006)
Henderson et al (2010)
Henderson et al (2013)
Hoffman et al (2005)
Matas et al (2014)
Trick et al (2010)
Vance et al (2006)
Estimated correlation of UFOV2

UFOV3

Dommes et al (2013)
Edwards et al (2006)
Henderson et al (2010)
Henderson et al (2013)
Hoffman et al (2005)
Matas et al (2014)
Trick et al (2010)
Estimated correlation of UFOV3

total UFOV

Edwards et al (2006)
Edwards et al (2005)
Matas et al (2014)
Estimated correlation of total UFOV

n

r [ci]

2759
31
49
155
82
19

0.21 [ 0.17 , 0.24 ]
0.30 [ -0.06 , 0.59 ]
-0.10 [ -0.37 , 0.19 ]
0.11 [ -0.05 , 0.26 ]
0.26 [ 0.05 , 0.45 ]
0.37 [ -0.10 , 0.71 ]
0.19 [ 0.13 , 0.25 ]

297
360
2759
31
49
155
82
19
697

0.50 [ 0.41 , 0.58 ]
0.51 [ 0.43 , 0.58 ]
0.35 [ 0.32 , 0.39 ]
0.67 [ 0.42 , 0.83 ]
0.48 [ 0.23 , 0.67 ]
0.28 [ 0.13 , 0.42 ]
0.48 [ 0.29 , 0.63 ]
-0.11 [ -0.54 , 0.36 ]
0.41 [ 0.35 , 0.47 ]
0.43 [ 0.35 , 0.49 ]

51
2759
31
49
155
82
19

0.70 [ 0.53 , 0.82 ]
0.40 [ 0.37 , 0.43 ]
0.80 [ 0.62 , 0.90 ]
0.44 [ 0.18 , 0.64 ]
0.31 [ 0.16 , 0.45 ]
0.50 [ 0.32 , 0.65 ]
-0.21 [ -0.61 , 0.27 ]
0.47 [ 0.25 , 0.65 ]

2759
364
82

0.43 [ 0.39 , 0.46 ]
0.47 [ 0.39 , 0.55 ]
0.53 [ 0.35 , 0.67 ]
0.44 [ 0.40 , 0.49 ]

-1.00

-0.50

Pearson's r

0.00

0.50

1.00

FIGURE S3.3 | Forest plots of Pearsons’ correlation coefficients between UFOV (summed) scores
and age. Correlations are shown as points with their 95% confidence intervals and categorized
to UFOV subtests. Values are listed under r[ci]. We used a random effects analysis to estimate the
true underlying effect size and its 95% confidence interval which is depicted here as the polygon
using R version 3.1.2 (R Core Team, 2014) with the ‘metafor’ package (Viechtbauer, 2010; for
more details, see Woutersen et al., 2017).
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TABLE S3.1 | Results of regression analyses of the total UFOV scores. Results of regression
analyses and comparisons of the univariate regression analyses with the multiple regression
analyses for the total, i.e., summed UFOV scores. The model column indicates which model’s
results are described. For the linear model, which only contains agec as a predictor, the results of
the model fit itself are given whereas for every other model, the results of the comparison are
reported together with the standardized effect sizes for both agec and the additional quadratic
or elementary visual function variable. P-values are not corrected for multiple comparisons.

Model

Fit statistics

p-value

R2 or ΔR2

b’age

Linear

F(1, 39) = 12.93

<0.001

0.25

0.50

b’pred

Quadratic

Fchange (1,38) = 2.16

0.15

ΔR = 0.04

0.55

0.21

VAfar best eye

Fchange (1,38) = 0.15

0.70

ΔR2 = 0.003

0.49

0.06

VAnear best eye

Fchange (1,38) = 0.02

0.88

ΔR < 0.001

0.50

-0.02

Crowding intensity

Fchange (1,38) = 0.08

0.78

ΔR2 = 0.002

0.49

0.04

Contrast sensitivity

Fchange (1,38) = 0.2

0.66

ΔR = 0.004

0.49

0.06

2

2

2

β’age = standardized effect size of agec, β’pred = standardized effect sizes of the additional predictor,
i.e. agec2 or an elementary visual function variable, R2 = explained variance, ΔR2 = difference
explained variance between model with and without additional quadratic or elementary visual
function variable, VAfar = far visual acuity, VAnear = near visual acuity.
TABLE S3.2 | Results of power analyses of previously reported relationships between UFOV
scores and age and between far visual acuity and age. We estimated correlations between the
(summed) UFOV scores and age with a random effects meta-analysis of Pearson’s correlation
coefficients reported in articles included in Woutersen et al. (2017), using the ‘metafor’ package
version 1.9-8 (Viechtbauer, 2010) in R (Figure S3.3). The results of a regression analysis of the
relationship between age and far visual acuity are reported in D. B. Elliott et al. (1995), below we
show the square root of the reported r2. We calculated the power with the ‘pwr’ package version
1.2-1 (Champely, 2017) using a sample size of 41 and significance level of 0.05 (two-tailed).

(Anstey et al., 2012)Test

Effect size (r)

Power

UFOV1

0.19

0.22

UFOV2

0.43

0.81

UFOV3

0.47

0.89

Total UFOV

0.44

0.85

VAfar

0.58

0.99

UFOV = Useful Field of View, VAfar = far visual acuity.
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Age-related electrophysiological changes
in the visual system of normally sighted
adults without ocular disorders

Under review as: Woutersen, K., van den Berg, A.V., Boonstra, F.N., Theelen, T.,
Goossens, J. Age-related electrophysiological changes in the visual system of normally
sighted adults without ocular disorders.

Age-related electrophysiological changes in the visual system of normally sighted adults without ocular disorders

Introduction
Many adults experience some form of visual decline as they grow older. Such
decline may not only be caused by progressive ocular or neural diseases, but also by
physiological ageing processes. Researchers from the fields of ophthalmology and
cognitive neuroscience have therefore been interested in aging of the visual system for
a long time. Electrophysiology is a useful tool to study the visual system, as it measures
neural activity objectively and it enables the investigation of different components
separately. For example, functioning of the optic nerve is often evaluated with visual
evoked potentials (VEPs) measured from the occipital region of the scalp (Young et
al., 2012). Delayed responses suggest demyelination or optic neuritis while reduced
amplitudes may occur with optic pathway atrophy. However, alternative explanations
should be ruled out. Delayed responses can for example also be caused by maculopathy.
An electroretinogram (ERG) can be used to assess retinal functioning. Since nonpathological ocular and neural changes also occur over time as a result of aging, agespecific norms may be required (see for example Justino, Kergoat, & Kergoat, 2001; La
Marche, Dobson, Cohn, & Dustman, 1986; Shaw & Cant, 1981; Thompson, Fritsch, Hardy,
& The POW Study Group, 2017; Tobimatsu et al., 1993; and for a review Onofrj, Thomas,
Iacono, D’Andreamatteo, & Paci, 2001). In fact, the International Society for Clinical
Electrophysiology of Vision (ISCEV) instructs each laboratory to develop their own
database and recommends the inclusion of age as a factor (Hood et al., 2012; Odom et
al., 2016). In this study, we investigate changes in electrophysiological responses that
are related to age during adulthood in the absence of pathology at three succeeding
levels of visual processing, namely at the retinal, early visual and cognitive processing
levels.
Because most neuroscientific studies intend to investigate normal aging-effects
unaffected by pathology, usually only subjects with “normal or corrected-to-normal
vision” are included in such studies. However, in the literature, there is often no
indication that the subjects were actually screened for visual disorders with an
ophthalmic exam (for example Czigler, Pató, Poszet, & Balázs, 2006; EmmersonHanover, Shearer, Creel, & Dustman, 1994; Fjell & Walhovd, 2004; Kuba et al., 2012; Pitt
& Daldry, 1988; Stige, Fjell, Smith, Lindgren, & Walhovd, 2007). Recently, researchers
have shown that decreasing visual acuity may account for, or obscure, the effects of
aging on electrophysiological responses (Daffner et al., 2013; Porto et al., 2016). Studies
that included subjects with normal vision based on self-report may therefore have been
confounded with the unknown presence of visual pathology or outdated prescriptions
of glasses and their results possibly do not represent healthy aging. The subjects
included in the present study underwent a thorough ophthalmic exam to ensure that
their vision was unaffected by ocular pathology. In addition, they received refractive
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error correction adapted to their refraction error at the moment of measurement
including age-appropriate presbyopia correction. As we have reported in a previous
paper, this group of subjects did not show any age-related decline in elementary visual
functions, including visual acuity and contrast sensitivity (Woutersen, van den Berg,
Boonstra, Theelen, & Goossens, 2018).
Results

of

previous

studies

in

which

subjects

were

screened,

suggest

that

electrophysiological responses do change in the absence of pathology. Because in most
ophthalmological studies the focus was mainly on clinical applications of their results,
they investigated the visual system up to and including the striate and extrastriate cortex.
The goal of our current study was to characterize the effects of aging in healthy subjects
on latencies and amplitudes of electrophysiological responses throughout the visual
system during adulthood. This was studied from the retina to cognitive processing of
visual stimuli. We have used mfERG to measure visual processing at the retinal level and
pattern-reversal and onset VEPs to study visual processing in the striate and extrastriate
visual cortex, where checkerboard patterns reversed contrast or alternated with a
uniform grey screen, respectively. In addition, we investigated cognitive processing of
visual stimuli using an oddball paradigm. In this paradigm, an infrequently presented
stimulus amongst the repeated presentation of another frequently presented stimulus,
elicits two additional responses (called P3a and P3b) in areas of the frontoparietal lobes,
when subjects actively attend to it compared to when they are distracted. Finally, we
investigated whether age-related changes at the cortical level extend beyond those at
the retinal level. We were especially interested in degenerative effects of age during
adulthood that are relevant for clinical practice and have therefore used stimuli and
associated parameters as specified by ISCEV where possible.

Methods
Subjects
This study was part of a larger project on visual information processing and reports
on the same subjects that were included in a previous paper (Woutersen et al., 2018).
In this study, we recruited 46 healthy subjects (24 males, 22 females) of 18 years and
older through advertising between June 2015 and May 2017 who reported no visual or
neurological conditions in a structured telephone interview. We excluded five subjects
because of optic atrophy, Lyme disease, instable fixation and inaccurate refraction
correction as a consequence of non-cooperation (for details see Woutersen et al., 2018)
to ensure a healthy sample. The remaining 41 subjects were on average 47.0 ± 16.0
years old (range 19.5 - 70.3). Although we did not examine cognitive abilities, none of
these subjects reported the presence of a neurological disorder, showed any signs of
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cognitive decline during their visit or reported them during a structured anamnesis.
The study was approved by the medical ethical committee (CMO) Arnhem-Nijmegen
and conducted in accordance with the declaration of Helsinki. All subjects provided
written informed consent before data collection.

Procedure
We first performed a structured anamnesis that covered medical history, family history
and participation in society. Then, subjects underwent a thorough ophthalmological
exam which included frequency doubling technology perimetry (Carl Zeiss Meditec,
Dublin, CA, USA) to assess the visual field, stereopsis, funduscopy, distance and near
visual acuity, contrast sensitivity and near crowding intensity. Findings are reported
in Woutersen et al. (2018). In short, we measured visual acuity for each eye separately
using ETDRS charts (Precision Vision, Woodstock, IL, USA) with a lightbox (605.4 cd/m2)
at a distance of 4 m in an otherwise dark room (0.04 lx). We defined visual acuity (in
logMAR) as the score corresponding to the last line subjects were able to read three
or more letters correctly (Told et al., 2013). Then, the participants performed several
computer tasks, namely the useful field of view, a speed-acuity, auditory processing
speed, motion perception, and a contrast sensitivity task. In this last task, we used
a QUEST procedure (Watson & Pelli, 1983) to determine the minimal Weber contrast
subjects needed in order to distinguish a cartoon of a car from that of a truck. Due to
unavailability of the contrast sensitivity task at the initial stage of data collection, this
data is missing for 9 subjects. Therefore, we imputed those values for the regression
analyses to enable valid comparisons between them (for more details see Woutersen
et al., 2018).
Next, we measured electrophysiological responses in three different paradigms, in the
following order 1) a visual oddball, 2) pattern-reversal VEP and, 3) after administering
tropicamide and oxybuprocain, an mfERG paradigm (for details see below). Although
the measurements were always done in this order for practical reasons, we describe
the results in opposite order, i.e., the order of visual processing. The pattern-reversal
VEP and mfERG were both inspected by an ophthalmologist to confirm the absence of
pathological changes. MfERG is useful for detecting central cone malfunctioning. We
used it for its sensitivity to small, local disturbances due to its high spatial resolution.
The recordings were all done in a dark room (<0.01 lx) at a viewing distance of
approximately 40 cm (range 30 – 41 cm). We measured the actual distance before
recording and scaled the stimuli accordingly to ensure the same retinal size across
participants despite small variations in distance. We used a chin and forehead rest
to stabilize the subjects’ heads. An infrared camera allowed us to visually inspect the
subjects’ fixations during recording for all except the first ten subjects.
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All measurements were done using the participants’ current refractive correction,
unless this did not correspond to our autorefractor measurement or was assessed
more than a year before data collection. In that case we determined the best refractive
correction with the autorefractor measurement and subjective refraction and provided
new glasses just before the data collection if necessary. In addition, we provided ageappropriate addition at near for measures that were done at 40 cm to correct for
presbyopia.
After the electrophysiological recordings, we performed fundus photography (Topcon
TRC-50IX; Topcon Corporation, Tokyo, Japan) and optical coherence tomography
imaging (Spectralis, Heidelberg Engineering, Heidelberg, Germany) to document
anatomical variations of the retina, optic nerve and optic disc (for more details see
Woutersen et al., 2018).

Equipment
We performed all electrophysiological measurements with the RETI-port system
(Roland Consults, Stasche & Finger GmbH, Brandenburg an der Havel, Germany)
running on a PC with windows 7 Professional with an Intel® Core™ i5-4460 processor
(3.20GHz), 2 GB of RAM and interfacing with Intel® HD graphics 4600 adapter. Sample
rate differed for each paradigm and is specified below. Pattern-reversal VEP and
mfERG stimuli were presented using the RETI-port software. Stimuli for the oddball
paradigm were presented with Matlab R2013a (MathWorks®, Inc., Natick, MA, USA) and
psychtoolbox-3 (Brainard, 1997; Kleiner et al., 2007; Pelli, 1997) using a Dell Precision
T1700 PC running Windows 7 Professional with an Intel® Xeon® E3-1220 v3 processor
(3.10 GHz), 8 GB of RAM and an AMD FirePro W2100 (FireGL V) graphics adapter. We
used a 19” AOC E960P LCD monitor with a refresh rate of 60 Hz and a pixel pitch of
3.4 pixels/mm to present the stimuli. Stimulus timing was recorded with a photodiode.
For the pattern-reversal VEP and oddball measurements, we used gold electrodes with
1.5 mm DIN sockets. mfERG measurements were done with Dawson-Trick-Litzkow
(DTL) electrodes and gold reference and ground electrodes with 1.5 mm DIN sockets.
Electrode impedances were typically maintained below 10 kΩ.

Electrophysiology
Oddball task
The visual oddball task consisted of three conditions, an unattended, attended and
infrequent-only condition. They were always performed in that order. The unattended
and attended condition differed only in the subject’s task. In the unattended condition,
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as well as the infrequent-only condition, subjects were instructed to fixate on a 30’ red
fixation circle and count their own heart beat until the end of each block to distract
them from the stimuli. In the attended condition, subjects were instructed to count the
number of infrequent stimuli, the oddballs, and to press a mouse button as quickly as
possible when they saw one.
The unattended and attended conditions consisted of four blocks of 158 trials. In
133/158 trials the frequent stimulus was shown which was a 15’ check-size high contrast
(99.8% Michelson; 0.0805 cd/m2 and 99.9 cd/m2) checkerboard pattern. In 25/158
trials the infrequent stimulus consisting of a low contrast (4.8% Michelson contrast;
47.44 cd/m2 and 52.27 cd/m2) 200’ check-size checkerboard pattern was presented.
These parameters were chosen to optimally isolate early sensory components from
the cognitive components, i.e., P3a and P3b (Giger-Mateeva, Riemslag, Reits, Schellart,
& Spekreijse, 1999). Both checkerboard patterns filled the entire screen (50.2⁰ x 41.1⁰).
Trials were pseudorandomly ordered, that is, every fourth to eighth trial the infrequent
stimulus was shown. To familiarize the participants with the frequent stimulus, each
block in the attended and unattended condition started with at least 9 frequent trials.
The “infrequent-only” condition consisted of 112 trials where only the low-contrast
200’ checkerboard was shown. Stimuli were briefly flashed for 33.3 ms (2 frames). The
inter-stimulus-interval was on average 891 ms ± 135 ms during which the screen was
grey (50.6 cd/m2). During each block, several rest periods of 5-6 seconds were included
in which the subject was allowed to blink and make eye movements, but remained
seated with his head stabilized. During the rest period, the fixation circle was yellow
to inform the subject. Participants were asked to blink as little as possible outside rest
periods to reduce blink artifacts.
Electrophysiological responses were measured with 4 electrodes placed at Fz, Cz, Pz
and Oz according to the international 10/20 system (Odom et al., 2016). We placed
the reference and ground electrode on the right and left mastoids, respectively. The
signals were bandpass filtered at 1 – 1000 Hz with analogue Bessel filters and sampled
at 1364 Hz. We also measured vertical electro-oculograms to detect and remove trials
with blinks during the signal processing stage. The main outcome measure of this
paradigm represents attention. The paradigm was not used as a screening instrument
and to restrict recording time, stimuli were presented binocularly
Pattern-reversal VEP
We recorded pattern-reversal VEPs according to guidelines established by ISCEV (Odom
et al., 2016) except for distance (~40 cm instead of 1 m) and lighting conditions (dark
instead of equal to the average stimulus luminance) to increase comparability between
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the paradigms. That is, we recorded 128 monocular responses to contrast reversing
checkerboard patterns of 15’ and 60’ checks at the measured distance to the screen
across the entire screen (50.2⁰ x 41.1⁰) with an active electrode at Oz, reference at
Fz, and the ground electrode on the left mastoid according to the international 10/20
system. The Michelson contrast was 99.5% and reversed with a frequency of 1.5 Hz.
White squares had a luminance of 82.4 cd/m2. We instructed participants to fixate on
a 5° red fixation cross in the center of the screen and inspected fixations visually. The
signals were band-pass filtered at 1-50 Hz with analogue Bessel filters and sampled at
1703 Hz.
mfERG
We recorded retinal responses to a 41° diameter stimulus pattern of 61 black (0.186
cd/m2) and white (200 cd/m2) hexagons scaled with eccentricity on a black background
(0.186 cd/m2). The hexagons turned white (99.8% Michelson contrast) according to a
pseudorandom m-sequence (Hood, Odel, Chen, & Winn, 2003). Subjects were instructed
to fixate on the 1° sparing in a red cross that spanned the entire screen (see Figure
4.1A). We placed the reference electrodes on the left and right temples and the ground
electrode on the forehead. Blinks were automatically detected and the affected trials
were repeated. The recording series were repeated 8 times and both eyes were
measured simultaneously with a sample rate of 1017 Hz. The signals were filtered
online at 10-100Hz with analogue Bessel filters.

Data Analysis
All data were analyzed in Matlab R2016aTM. We used the fieldtrip toolbox (Oostenveld,
Fries, Maris, & Schoffelen, 2011) to preprocess the oddball task data.
Preprocessing oddball data
We first removed trials with blink artifacts and excessive noise manually. The data
were then filtered with a two-pass, zero-phase, 6th order Butterworth 40 Hz low-pass
filter and the discrete Fourier transform was applied to remove 50 Hz line noise. In
addition, a baseline correction was applied to each trial with a window of -100 to
50 ms after stimulus onset. Next, mean responses were calculated for the frequent
and infrequent stimuli in the unattended condition at Oz. To determine latencies and
amplitudes of P3a and P3b peaks, we subtracted responses at Fz, Cz and Pz to the
infrequent stimuli in the unattended condition from those in the attended condition.
We determined P3a and P3b in the averaged responses of Fz and Cz (FzCz) and of Cz
and Pz (CzPz), respectively, because the peaks were mainly present in those channels.
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Preprocessing pattern-reversal VEP
We averaged the responses from both eyes to increase the signal to noise ratio. Then,
the signals were filtered with a 6th order, zero-phase 50 Hz low-pass Butterworth filter.
Preprocessing mfERG
We averaged the responses to all hexagons from both eyes to increase signal-to-noise
ratio, which resulted in one response curve per person. Then, we filtered the signals
with a 6th order, zero-phase 150 Hz low-pass Butterworth filter.
After preprocessing, signals from all three paradigms were analyzed in the same way.
To determine peak latencies, we located the minimum and maximum in specified time
windows (Table 4.1). The peaks were adjusted manually if necessary. For all responses
except P3a and P3b we used the difference between the positive and negative peaks to
calculate the amplitude.

Table 4.1 | Time windows for each ERP in every paradigm and the number of manually adjusted
peak locations (Nadjusted; see Figures S4.1-4.7).

Paradigm

Peak

Time window (ms)

Nadjusted

mfERG

N1

0 – P1

0

P1

0 - 45

1

N75

50 – P100

12a & 5b

P100

75 – 135

0a & 3b

N135

P100 – 200

2a & 2b

C2f

0 – C3F

0

Pattern-reversal VEP

Oddball

C3f

100 – 200

0

C1i

0 – C2i

5

C2i

100 – 200

1

C3i

C2i – 300

1

P3a

150 – 300

2

P3b

P3a - 600

8

= 60’ check-size condition; b = 15’ check-size condition; mfERG = multifocal electroretinogram;
Nadjusted = number of manually adjusted peak locations; VEP = visual evoked potential.

a

In addition to determining latency and peak-to-peak amplitude of each ERP, we also
determined the lag time and magnitude of the whole response waveform relative to
the group mean. Waveforms were taken from 5-45 ms after stimulus onset for the
mfERG waveform, 50-200 ms for the 60’ check-size condition of the pattern-reversal
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VEP, 75-225 ms for the 15’ check-size condition of the pattern-reversal VEP, and 0-600
ms for the onset VEPs and P3 responses. For the lag time, we determined the time
delay where the cross-correlation of the subjects’ response with the group mean was
maximal. Then, we determined the magnitude by calculating the slope of the linear
relationship between the subject’s response, shifted by his or her lag time, and the
group mean. Thus, the waveform magnitude was expressed as a gain factor.

Statistical analysis
We performed robust linear regression analyses with a bisquare weight function for
each peak-to-peak amplitude and latency to determine the effect of age on every ERP
with Matlab R2016a™ using the Statistics and Machine Learning Toolbox™. In addition,
we performed similar analyses for the lag time and magnitude of the entire waveform.
Because previous studies showed that the relationship between age and latencies
and amplitudes may be nonlinear, we also calculated Kendall’s Tau to increase our
sensitivity to nonlinear, but monotonic relationships. Results of these analyses are
presented in Table S4.1, and addressed in the results section if they differ from the
results of the linear analyses in terms of significance or sign.
We repeated the regression analyses while controlling for visual acuity and contrast
sensitivity by including them as predictors in the linear regression, because these
factors are known confounders. We were also interested to what extent cortical
responses, i.e., pattern-reversal VEP, onset VEP and P3 responses might be explained
by ocular responses, i.e., the mfERG responses. For that reason, we examined whether
peak latencies or lag times were correlated with age while controlling for the mean
of the mfERG peak latencies, i.e., N1 and P1. In addition, we examined whether
correlations between amplitude or magnitude and age exist while controlling for the
mfERG peak-to-peak amplitude.
Type I error was set to 0.05 for all analyses. Correction for multiple comparisons was
not applied to ensure that we would not miss previously reported effects.

Results
Latencies
mfERG
Latencies of the early negative peak (N1) and later positive peak (P1) were both
significantly related to age (R2N1 = 0.37, p < 0.001, R2P1 = 0.28, p < 0.01; Figure 4.1C and
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Table S4.1). N1 latencies increased with 0.045 ms/year and P1 latencies with 0.047
ms/year. In addition to analyzing the peaks, we tested whether the lag time of the
entire waveform with respect to the group mean was related to age (Methods). Similar
to the peaks, we found a significant relationship between lag time and age (R2 = 0.22,
p <0.01; Table S4.1). Lag time increased with 0.018 ms/year.

FIGURE 4.1 | mfERG peak latencies. (A) The 61 hexagonal segments of the mfERG stimulus
reversed contrast following a pseudorandom m-sequence. Subjects were instructed to fixate on
the 1° sparing in a red cross that spanned the entire screen. (B) The mfERG response averaged
over all fields, both eyes and all included participants. We detected an early negative peak (N1;
green point) and a later positive peak (P1; brown point) in the averaged signal of each subject.
(C) Scatter plot of peak latencies as a function of age in the same colors. Latencies of both peaks
were significantly related to age, as indicated by the solid lines and asterisks.

Pattern-reversal VEP
In the 60’ check-size condition, only the latency of the P100 was significantly related to
age (R2 = 0.13, p < 0.05). It increased with 0.16 ms/year. The relationships between N75
and N135 latencies and age or between lag time of the whole response and age were
not significant (Figure 4.2C and Table S4.1). For the 15’ check-sizes condition, P100
latency was significantly related to age (R2 = 0.17, p < 0.01) as well as N75 latency
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(R2 = 0.22, p < 0.01; Figure 4.2D and Table S4.1). P100 latency increased with 0.26 ms/
year and N75 latency with 0.20 ms/year. In addition, the relationship between age and
the lag time of the whole curve also increased significantly with age by 0.21 ms/year
(R2 = 0.18, p < 0.01; Table S4.1).

FIGURE 4.2 | Pattern-reversal VEP peak latencies. The top row shows the 60’ (A) and 15’
(B) check-size contrast-reversing checkerboard stimuli (left) and the responses at Oz averaged
over both eyes and all subjects (right). We determined a negative peak around 75 ms (N75; red
point), a positive peak around 100 ms (P100; blue point) and another negative peak around
135 ms (N135; purple point) after stimulus onset in each subjects’ signal averaged over both
eyes. The bottom row (C, D) shows scatterplots of peak latencies as a function of age in the same
colors. Solid lines with asterisks represent statistically significant linear relationships. Dashed
lines represent nonsignificant linear relationships.

Oddball: Onset VEP
We labelled the peaks recorded at Oz as C1, C2 and C3 respectively, following ISCEV’s
terminology for onset/offset VEPs (Odom et al., 2016). For many participants, we could
not identify C1 in response to the frequent stimulus (i.e., C1f) and therefore did not
analyze these peaks (Figure S4.4). Regression analyses of the later components showed
that their latencies increased significantly with age (Figure 4.3C and Table S4.1). C2f
increased with 0.58 ms/year (R2 = 0.21, p < 0.01) and C3f increased with 0.31 ms/year
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(R2 = 0.16, p < 0.05). Lag time of the entire waveform also increased significantly with
age (R2 = 0.22, p < 0.01) by 0.37 ms/year.
Latencies of the peaks in the response to the infrequent stimulus also increased
significantly with age (Figure 4.3D and Table S4.1). C1i increased 0.24 ms/year (R2 =
0.30, p < 0.001), C2i increased 0.70 ms/year (R2 = 0.21, p < 0.01) and C3i increased 1.1
ms/year (R2 = 0.24, p < 0.01). In addition, lag time also increased with age by 0.48 ms/
year (R2 = 0.17, p < 0.01; Table S4.1).

FIGURE 4.3 | Onset VEP peak latencies. The top row shows the frequent (A) and infrequent
(B) stimulus (left) and the corresponding responses during the unattended condition, where
subjects distracted themselves from the presented stimuli, at Oz averaged over all subjects
(right). For each subject, we determined an early negative peak (C2f; pink) and a later positive
peak (C3f; black) in response to the frequent stimulus. In response to the infrequent stimulus, we
determined a primary positive peak (C1i; blue), a negative peak (C2i; yellow) and another positive
peak (C3i; green). The bottom row (C, D) shows scatterplots of latencies as a function of age in the
same colors. Solid lines with asterisks represent statistically significant linear relations.

Oddball: P3
By shifting the attention of the subjects towards the infrequent stimuli in the attended
condition responses to these stimuli changed and additional P3a and P3b components
appeared at Fz, Cz and Pz (Figure 4.4). To determine P3a and P3b peak latencies and
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amplitudes, we subtracted responses at Fz, Cz and Pz to the infrequent stimuli in the
unattended condition (gray) from those in the attended condition (orange). Because
P3a was mainly present in Fz and/or Cz, depending on the subject, we determined the
peak in the averaged response in these two channels (FzCz; Figure S4.6). Similarly, we
used the average of Cz and Pz to determine P3b (CzPz; Figure S4.7).

FIGURE 4.4 | Response to the infrequent stimulus during the unattended (gray) and attended
(orange) condition at Fz, Cz, Pz and Oz. Two additional components appear in the attended
condition, P3a and P3b.

Neither P3a nor P3b latencies were significantly related to age (Figure 4.5C-D and
Table S4.1). However, the lag time of the entire waveform at FzCz was (R2 = 0.18, p <
0.01). It increased with 0.90 ms/year. Although Kendall’s tau was also positive, it was
not significant. The lag time at CzPz showed no significant linear relationship with age,
but there was a trend (R2 = 0.09, p = 0.06) and Kendall’s tau was significantly positive
for this response.
Due to variability in the individual subjects’ waveforms (see Figure S4.6-4.7), P3a and
P3b components were sometimes difficult to determine. Latency estimates of these
components may therefore have been less reliable. To ensure that the variability was
not caused by high-frequency noise, we re-estimated the components and repeated
the regression analyses after filtering the signals with a 10Hz low-pass filter. These
analyses showed the same results, i.e., no significant relationships between age and
latencies (R2 < 0.09, p > 0.05). The lag time of the entire waveform at FzCz increased
significantly with 0.99 ms/year (R2 = 0.22, p < 0.01). The lag time of CzPz did not,
although it showed an upward trend (R2 = 0.09, p = 0.06).
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FIGURE 4.5 | P3a and P3b peak latencies. The top row shows the infrequent stimulus (left) and
the difference in responses during the attended and unattended condition (right). (A) Mean
difference of the response at the Fz and Cz channels (FzCz). The P3a peak is indicated by the
orange point. (B) Mean difference of the response at the Cz and Pz channels (CzPz). The P3b
peak is indicated by the gray point. Bottom row (C, D) shows scatterplots of the peaks’ latencies
as a function of age in the same colors. The dashed lines represent the linear relationships (no
significant relation with age).

Residual influence of visual acuity and contrast sensitivity
Previous research has shown that changes in response amplitudes and/or latencies may
be confounded by age-related changes in visual acuity, in studies that included subjects
with normal vision based on self-report (Daffner et al., 2013; Porto et al., 2016).
Contrast sensitivity also tends to decline with age (Owsley, 2016). Since our subjects
were selected and screened carefully to exclude ocular disorders, received up-to-date
refraction corrective lenses, and because neither visual acuity nor contrast sensitivity
was correlated to age in this sample (Woutersen et al., 2018), we did not expect these
functions to have an effect on the observed relationships between the responses and
age. Yet, to ensure this was indeed not the case, we repeated our regression analyses
and controlled for visual acuity and contrast sensitivity. None of the slopes appeared
to change significantly. Only the effect of age on C3f latency was no longer significant
after controlling for visual acuity and contrast sensitivity (ΔR2 = 0.02, p = 0.12, Δbage =
0.04 ms/year; Table S4.2).
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Correcting for ocular responses
We were interested to what extent the age-related latency changes of the cortical
responses, i.e., pattern-reversal VEP, onset VEP and P3 responses, might be explained
by latency changes in the ocular responses, i.e., mfERG responses. Therefore, we
subtracted the average of the two mfERG response latencies from the pattern-reversal
VEP, onset VEP and P3 latencies and repeated the regression analyses. Although some
slopes dropped significantly by 0.06 to 0.11 ms/year, only the relationship between
P100 latencies in the 60’ check-size condition of the pattern-reversal VEP was no
longer significant (ΔR2 = 0.04, p = 0.21; Table S4.3).

Amplitudes
None of the peak-to-peak amplitudes or magnitudes were significantly related to age
(Figures 4.6-4.9, Table S4.1) except for the C3i-C2i amplitude in the onset VEP response
to the infrequent stimulus (Figure 4.8 and Table S4.1; R2 = 0.14, p < 0.05). This amplitude
decreased approximately 0.17 µV/year. In addition, the magnitude of the whole
response to the infrequent stimulus also decreased significantly with age by 0.015
(R2 = 0.16, p = 0.01; Table S4.1). Although we used robust regressions to minimize the
effects of outliers, we should point out this particular result was heavily influenced by
the data from two young subjects with large responses. When we removed these two
subjects from the analyses, the relationships were no longer significant. However, the
comparatively large responses in these subjects do not seem to be due to measurement
errors; the waveforms were normal (see Figure S4.5), and the responses in the other
paradigms and performance on other measures were also normal. We therefore think
that the data from these subjects cannot be regarded as true outliers, and we have not
removed them from our analyses for this reason.
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FIGURE 4.6 | mfERG peak-to-peak amplitude. (A) The 61 hexagonal segments of the mfERG
stimulus reversed contrast following a pseudorandom m-sequence. Subjects were instructed to
fixate on the 1° sparing in a red cross that spanned the entire screen. (B) The mfERG response
averaged over all fields, both eyes and all included participants. The vertical line represents the
peak-to-peak amplitude, i.e., the difference between P1 and N1. (C) Scatterplot of amplitude as a
function of age. The linear relationship (dashed line) was not statistically significant.

FIGURE 4.7 | Pattern-reversal VEP peak-to-peak amplitudes. The top row shows the 60’
(A) and 15’ (B) check-size contrast-reversing checkerboard stimuli (left) and the responses at Oz
averaged over both eyes and all subjects (right). The vertical lines represent the peak-to-peak
amplitudes, i.e., P100-N75 (blue) and P100-N135 (purple). Bottom row (C, D) shows scatterplots
of peak-to-peak amplitudes as a function of age in the same colors. Peak-to-peak amplitudes
were not significantly related to age.
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FIGURE 4.8 | Onset VEP peak-to-peak amplitudes. The top row shows the frequent (A) and
infrequent (B) stimulus and the corresponding responses during the unattended condition at Oz
averaged over all subjects. The vertical lines represent the peak amplitudes, i.e., C3f-C2f (black),
C1i-C2i (yellow) and C3i-C2i (green). The bottom row (C, D) shows scatterplots of amplitudes as
a function of age in the same colors. Solid lines with asterisks represent statistically significant
linear relationships. Dashed lines represent non-significant linear relationships. Note the factor
two scaling difference between C and D.

FIGURE 4.9 | P3a and P3b peak amplitudes. The top row shows the infrequent stimulus and the
difference in responses during the attended and unattended conditions. (A) Mean difference of
the response at the Fz and Cz channels. The vertical line represents the peak amplitude of P3a,
i.e., the difference from baseline. (B) Mean difference of the response at the Cz and Pz channels.
The vertical line represents the peak amplitude of P3a, i.e., the difference from baseline. Bottom
row (C, D) shows scatterplots of the peak amplitudes as a function of age in the same colors. The
dashed line represents the non-significant linear relationships between P3a and P3b amplitudes
and age.
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Residual influence of visual acuity and contrast sensitivity
Correcting for visual acuity and contrast sensitivity did not change the relationships
between age and peak amplitudes or magnitudes (Table S4.2). Interestingly, mfERG
amplitude P1-N1 and magnitude increased significantly with increasing contrast
sensitivity (R2 > 0.10, p < 0.05).
Correcting for ocular responses
To investigate if (part of) the variability in cortical response amplitude could be
explained by ocular responses, we repeated the regression analyses while controlling
for the mfERG P1-N1 amplitude. Again, none of the relationships between age and
amplitudes or magnitudes changed (Table S4.3). Interestingly, mfERG amplitude
predicted pattern-reversal VEP P100-N135 amplitudes in the 15’ check-size condition
significantly and showed a trend for the P100-N75 amplitude in the same condition,
but not any of the other amplitudes.

Discussion
In our current study, we investigated changes in electrophysiological responses to
visual stimuli at different levels of visual processing throughout adulthood. Our
results showed that most visually-evoked responses occurred later in older subjects
(Figures 4.1-4.3, Figure 4.5), but we found no significant monotonic changes in their
amplitudes (Figures 4.6-4.9). To ensure our results were not confounded by reduced
visual functioning in older subjects, we carefully screened them for ocular pathology
and provided recently measured and age-appropriate refractive correction during the
measurements. In addition, we repeated our analyses while controlling for visual acuity
and contrast sensitivity and we found comparable results. We also corrected cortical
responses with mfERG latencies on an individual basis, and found that all except one
relationship between age and cortical response latencies remained significant. This
suggests that neural factors beyond ocular alterations are involved in the age-related
latency changes.

Latencies
Figure 4.10A summarizes the age-effects on latency. Note that there is a trend for later
components to show larger aging effects and larger variances. This is consistent with
the notion that the visual system is hierarchically organized and that aging effects
accumulate over the subsequent stages of visual processing. Differences in age-effects
may have resulted from the differences between the stimuli in terms of contrast and
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spatial frequency as well. For example, the infrequent stimulus of the oddball paradigm
had a lower contrast than stimuli in the pattern-reversal and mfERG paradigm. Indeed,
other researchers found stronger age-effects on latencies of pattern-reversal VEP for
stimuli with higher spatial frequencies compared to lower spatial frequencies (Celesia
et al., 1987; Sokol et al., 1981). Our results corroborate these findings. Perhaps the
stimuli elicited responses from various parallel pathways to different degrees. For
example, the parvocellular system is tuned to somewhat higher spatial frequencies
than the magnocellular system and could therefore be more involved in responses to
the 15’ check-size stimuli of the pattern-reversal VEP compared to the 60’ check-size
pattern (Skottun, 2015). These systems may or may not be equally affected by aging
(e.g., see Crognale, 2002; Crognale, Page, & Fuhrel, 2001; S. L. Elliott, 2010; Fiorentini,
Porciatti, Morrone, & Burr, 1996; Shaw & Cant, 1980). By varying stimulus parameters,
such as spatial frequency, luminance, contrast, chrominance and orientation, one could
investigate the differences in aging effects between these parallel pathways (Berninger
et al., 1989; Murray, Parry, Carden, & Kulikowski, 1987; Rabin et al., 1994). However,
we aimed to investigate age-effects relevant for clinical practice and therefore used
parameters that are often used in clinical settings. Our study design therefore does not
allow for inferences about these individual pathways.
The regression coefficients we found were in the same range or slightly larger than
those reported before for similar paradigms and stimuli. Previous studies reported
increases of 0.02-0.03 ms/year for P1 and N1 in mfERG responses, our results showed
a larger increase of almost 0.05 ms/year (Gerth et al., 2002; Seiple et al., 2003; see
Table S4.1). For the 15’ check-size condition of the patter-reversal VEP, P100 increased
with 0.26 ms/year, others found increases of 0.18-0.26 ms/year for check-sizes
of 12-20’ (Celesia & Daly, 1977; Kuba et al., 2012; Sokol et al., 1981). In response to
larger check-sizes, 48-50’, researchers reported increases of 0.14-0.16 ms/year of the
P100 (Shaw & Cant, 1980; Sokol et al., 1981). We also found an increase of 0.16 ms/
year in responses to 60’ check-sizes. Regarding the onset VEP, Wright et al. reported
increases of 6.1-26 ms (although some were not significant) in 50 years of C2 and C3
in response to 13’ and 19’ checks (Wright et al., 1985). We found C2 and C3 in response
to 15’ check-sizes to increase with 0.58 and 0.31 ms/year, respectively. The only large
difference we found with previous studies was that P3a and P3b increased with less
than 1 ms/year and this relationship was not significant. Others found increases of 2
ms/year (Kuba et al., 2012). P3a and P3b peaks were sometimes difficult to determine
due to their width and variability in the individual subjects’ waveforms (Figures S4.44.5). This could explain why we only found a significant relationship between lag times
of the FzCz waveform and age and likewise a trend for the CzPz waveform, but not for
the latencies of the individual peaks.
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Some researchers reported that a quadratic model described their P100 latencies best.
These models suggest that latencies first decrease and after reaching a minimum at about
35-45 years, increase again (Allison et al., 1984, 1983; Celesia et al., 1987; Pitt & Daldry,
1988; Tobimatsu et al., 1993). However, in a meta-analysis of age-related changes in
P300 latency, Polich noted that curvilinear relationships can be found in relatively small
samples with an uneven distribution of ages (Polich, 1996). The author also found that
curvilinear effects are usually minimal if a linear effect is also included in the model.
Considering the relatively small number of participants with uneven age distribution, we
did not investigate any higher order polynomial effects. Instead, we used nonparametric
correlation tests to increase our sensitivity to nonlinear, but monotonically positive or
negative correlations. These showed patterns similar to our linear analyses. That is,
almost all age-effects that were significant in our linear regressions, were also significant
in our nonparametric correlation analyses. The opposite was also true; almost all nonsignificant linear relationships were also not significant in our nonparametric correlation
analyses. This suggests that most age-effects were indeed monotonic relationships
throughout adulthood, although not necessarily linear.
The age-related delays that we found could be caused by non-pathological ocular
changes that commonly occur with aging such as increasing lens density and decreasing
pupil size. These alterations can reduce sensory input which is known to increase
latencies of visually evoked responses (Bartel & Vos, 1994; Berman & Seki, 1982;
Bobak et al., 1987; Froehlich & Kaufman, 1991; Tumas & Sakamoto, 1997). However,
we found that the latencies of most visually-evoked responses of the brain are still
affected by age even after correcting for the latency of retinal responses. Although the
retinal responses were measured in a different paradigm with different stimuli, this
finding suggests that the latency effects at the cortical level are not only caused by a
delayed retinal input. Several anatomical changes have been observed including axon
loss in the optic nerve (Calkins, 2013). In addition, changes in white matter structure
may reduce conduction velocity along the nerve fibers and thereby contribute to
increased latencies (Peters, 2002).

Amplitudes
Figure 4.10B summarizes the effects of age on response amplitudes and magnitudes.
Unlike several other studies, we found no age-related decrease in mfERG amplitude
(Gerth et al., 2002; Jackson, Ortega, Girkin, Rosenstiel, & Owsley, 2002; Nabeshima,
Tazawa, Mita, & Sano, 2002; Seiple et al., 2003). To ensure this was not the result of
averaging over the entre visual field as previously shown (Mohidin, Yap, & Jacobs,
1999), we compared effects of age on the central and peripheral part of the retina. We
found no difference between the two eccentricities (Table S4.4).
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FIGURE 4.10 | Unstandardized coefficient of the effect of age. Coefficients quantifying the effect
of age on A) latencies and B) amplitudes of the response components plotted against the group
average of the corresponding component latency. Filled circles represent significant coefficients,
while open circles represent non-significant coefficients. The bottom row shows coefficients for
C) lag time and D) magnitude ± 1 standard error. Significant coefficients are denoted with an
asterisk. Overall, most response latencies and lag times are significantly related to age while
all amplitudes and magnitudes are not, except for the C3i-C2i amplitude and its corresponding
magnitude.

In general, signal amplitudes were highly variable between subjects. This, combined
with the small number of subjects, may have caused a lack of statistical power to
detect subtle effects of age. In the past, age-effects on amplitude of ERP components
have been reported. These were, however, not always consistent. For example, some
researchers reported declining amplitudes of the P100 (Justino et al., 2001; Kuba et
al., 2012) in subjects above 20 years of age. Others found an increase (EmmersonHanover et al., 1994; La Marche et al., 1986) and some found no change at all (Allison
et al., 1984; Celesia & Daly, 1977; Celesia et al., 1987; Crognale et al., 2001; EmmersonHanover et al., 1994; Justino et al., 2001; Mitchell, Howe, & Spencer, 1987; Snyder,
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Dustman, & Shearer, 1981; Tobimatsu et al., 1993; Wright et al., 1985), like we did.
In addition, Shaw and Cant found that a third-order polynomial curve described their
data best (Shaw & Cant, 1981). However, the largest changes they found occurred in
childhood, when the visual system is still developing. We were mainly interested in
age-related degeneration of the system during adulthood. Due to the influence of the
recording system itself on measured amplitudes, we cannot quantitatively compare our
age-effects with those previously reported.
Our current results do agree with the findings on psychophysical measures we reported
earlier. Specifically, we found no age-related decline in performance on elementary
visual tasks including visual acuity and contrast sensitivity (see Woutersen et al.,
2018). The visual performance of our subjects was very good in general (e.g., distance
visual acuity of the best eye was ≤ 0.0 logMAR). In addition, we found no significant
effect of visual acuity or contrast sensitivity on any of the amplitudes except the
mfERG amplitude P1-N1.

Clinical relevance
Our results suggest that latencies of electrophysiological responses require ageadapted norm values. However, age-effects depend heavily on stimulus parameters
and may therefore differ from the ones we found (see for example Tobimatsu et al.,
1993). In addition, the effects may be non-linear. Nonetheless, our results do suggest
that most latencies increase monotonically. Although our results indicate that for
amplitudes, one norm value per component may suffice, these results should be
considered with caution as a relationship may have been missed by a low sample size
or the stimulus and paradigm parameters. Furthermore, we did not include participants
younger than 18 years and therefore our results should not be generalized to younger
age groups as large developmental changes are known to occur before that age (see
for example Shaw & Cant, 1981). It is therefore important for each clinic to obtain their
own age-adapted reference values with the same stimulus and paradigm parameters as
they use for clinical purposes, which is also recommended by ISCEV (Hood et al., 2012;
Odom et al., 2016), and should include subjects of all ages.
It is also important to note that our results were obtained from subjects without any
obvious ocular pathology. Such a clean group is necessary to investigate neural changes
with minimal influence of optical problems. Clinical use of these values would require
precise knowledge of the optical media that may reduce visual input in a particular
patient (for example lens density) and their effects on the electrophysiological
responses (Froehlich & Kaufman, 1991; Gerth et al., 2002; Herbik, Hölzl, Reupsch, &
Hoffmann, 2013; Schimitzek & Bach, 2006; Tobimatsu et al., 1993). However, such
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precise knowledge may be unattainable. Alternatively, in the case of cortical responses,
one could correct for the effects of reduced visual input at the retinal level with ERG
latencies and amplitudes measured in the same patient. Because retinal processing
should be equally affected, any delay or reduction in amplitude that remain cannot be
explained by the reduced visual input due to disturbances of the optical media. Ideally,
in this approach the same stimuli are used in both paradigms or they could even be
measured simultaneously (see for example Froehlich & Kaufman, 1991).
Neuroscientists are usually only interested in neural factors. By including subjects
based on a self-reported absence of ocular pathology, researchers hope to exclude the
effects of aging of the eye. However, previous research showed that this approach can
lead to confounded results (Daffner et al., 2013; Porto et al., 2016). Self-report of visual
functioning is unreliable, because prescription of glasses may be outdated and patients
are often unaware of a gradual onset of a visual disorder (Friedman et al., 1999;
Skeel et al., 2003). The latter is especially concerning, because many common ocular
disorders occur more frequently among older people (Chader & Taylor, 2013). Ocular
functioning is known to influence electrophysiological responses (Carroll, Halliday,
& Kriss, 1982). For example, previous research showed that blurring a stimulus by
inducing a refractive error increases the latencies of VEPs to a 2.3 cycles per degree
pattern by 4 ms per diopter (Bobak et al., 1987). Reducing visual acuity to 20/200 this
way can also decrease their amplitudes by 1.5-5.37 µV (Bartel & Vos, 1994; Tumas
& Sakamoto, 1997). Even stronger effects were found for the pattern ERG (Bartel &
Vos, 1994). Smaller amplitudes and longer latencies of pattern-reversal VEP responses
were also found when contrast was diminished (Tobimatsu et al., 1993). Therefore,
we advise a thorough ophthalmological examination prior to inclusion in a study. In
addition, a neurological evaluation could identify subjects with neurological disorders.
As for ocular disorders, these occur more frequently among older adults and can thus
affect results in studies on aging. Although we did not perform a formal neurological
examination, we performed a structured interview that covered medical history,
participation in society and family history. None of the included subjects reported
symptoms of cognitive decline or showed obvious signs of it during their visit.

Individual response curves
Recently, Thompson et al. demonstrated that onset VEP waveforms can be highly
variable between subjects (Thompson et al., 2017). Our findings agree with Thompson’s
for all paradigms (see Figures S4.1-4.7), which complicates finding the components of
interest. . This is not simply a result of a low signal-to-noise ratio; for the frequent
stimulus in the onset VEP paradigm, for example, we averaged responses to hundreds
of trials but still found clear individual differences. For this reason, we did not only

96

Age-related electrophysiological changes in the visual system of normally sighted adults without ocular disorders

analyze latencies and amplitudes of the peaks, but also the lag time and magnitude
of the entire waveforms (Figure 4.10C-D). The results of these additional analyses
followed a very similar pattern. We therefore conclude that despite the uncertainty of
identifying the exact timing of peaks in the subjects’ individual responses, the agingeffects primarily influence response latencies in our sample.

Conclusions
In conclusion, in the absence of ocular pathology, visually evoked electrophysiological
responses may show increased latencies with age, without age-related changes in
amplitudes. Our findings suggest that mainly neural factors are involved in these
changes and extend beyond ocular alterations.
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Supplemental information
Table S4.1 | Results of linear regression analyses and Kendall’s Tau correlations of peak latencies
and peak-to-peak amplitudes, as well as lag times and magnitudes of the whole response
waveform as a function of age.

F-value

p-value

R2

b0 (SE)

bage (SE)

Kendall’s
Tau

N1

22.4*

<0.001

0.36

16.40* (0.15)

0.045* (0.010)

0.52*

P1

15.1*

<0.001

0.28

37.1* (0.2)

0.047* (0.013)

0.49*

Lag time

10.8*

0.002

0.22

-0.07 (0.10)

0.015* (0.006)

0.32*

P1-N1 (µV)

0.34

0.56

<0.01

0.69* (0.03)

0.000 (0.002)

-0.04

Magnitude

0.14

0.71

<0.01

0.99* (0.05)

0.000 (0.003)

-0.03

Dependent variable
mfERG
Latency (ms)

Amplitude

Pattern-reversal VEP 60’
Latency (ms)
N75

1.55

0.22

0.04

75.6* (1.7)

0.12 (0.10)

0.10

P100

6.04*

0.019

0.13

111.7* (1.0)

0.16* (0.07)

0.29*

N135

1.90

0.18

0.05

155* (3)

-0.17 (0.16)

-0.06

Lag time

2.43

0.13

0.06

0.1 (1.3)

0.08 (0.08)

0.15

P100-N75 (µV)

0.67

0.42

0.02

7.3* (0.6)

-0.01 (0.04)

-0.06

P100-N135 (µV)

1.82

0.19

0.04

11.0* (0.7)

0.02 (0.05)

-0.02

Magnitude

1.51

0.23

0.04

1.05* (0.08)

0.001 (0.005)

-0.03

Amplitude

Pattern-reversal VEP 15’
Latency (ms)
N75

10.7*

0.002

0.22

94.7* (1.0)

0.20* (0.06)

0.35*

P100

8.12*

0.007

0.17

121.8* (1.4)

0.26* (0.09)

0.28*

N135

0.37

0.55

<0.01

168* (2)

0.10 (0.16)

0.06

Lag time

8.32*

0.006

0.18

1.8 (1.2)

0.21* (0.08)

0.29*

P100-N75 (µV)

0.55

0.46

0.01

10.1* (1.0)

-0.04 (0.06)

-0.03

P100-N135 (µV)

0.30

0.59

<0.01

10.8* (1.0)

-0.01 (0.06)

-0.02

Magnitude

0.18

0.68

<0.01

1.12* (0.11)

-0.001 (0.007)

-0.04

Amplitude
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Dependent variable

F-value

p-value

R2

b0 (SE)

bage (SE)

Kendall’s
Tau

Onset VEP frequent stimulus
Latency (ms)
C2f

10.1*

0.003

0.21

85* (3)

0.58* (0.19)

0.41*

C3f

7.21*

0.01

0.16

174* (2)

0.31* (0.15)

0.23*

Lag time

11.0*

0.002

0.22

3.6’ (1.8)

0.37* (0.12)

0.31*

C3f-C2f (µV)

1.84

0.18

0.04

30* (2)

0.03 (0.15)

-0.01

Magnitude

0.18

0.67

<0.01

1.02* (0.08)

-0.001 (0.005)

-0.02

Amplitude

Onset VEP infrequent stimulus
Latency (ms)
C1i

16.8*

<0.001

0.30

88.3* (0.9)

0.24* (0.06)

0.40*

C2i

10.2*

0.003

0.21

133* (3)

0.7* (0.2)

0.32*

C3i

12.5*

0.001

0.24

216* (5)

1.1* (0.3)

0.36*

Lag time

7.82*

0.008

0.17

4 (3)

0.48* (0.18)

0.34*

C1i-C2i (µV)

0.80

0.38

0.02

10.2* (1.0)

-0.05 (0.06)

-0.06

C3i-C2i (µV)

6.10*

0.02

0.14

13.1* (1.1)

-0.17* (0.07)

-0.23*

Magnitude

7.33*

0.01

0.16

1.08* (0.09)

-0.015* (0.006) -0.33*

P3a

0.021

0.89

<0.01

227* (7)

-0.1 (0.5)

-0.05

Lag time FzCz

8.60*

0.006

0.18

4 (5)

0.9* (0.3)

0.13

P3b

2.80

0.10

0.07

402* (6)

0.6 (0.4)

0.17

Lag time CzPz

3.74’

0.06

0.09

6 (6)

0.7’ (0.4)

0.27*

P3a (µV)

1.23

0.27

0.03

6.5* (0.5)

-0.02 (0.03)

-0.03

Magnitude FzCz

0.90

0.35

0.02

1.08* (0.07)

-0.001 (0.005)

-0.08

P3b (µV)

0.036

0.85

<0.01

8.5* (0.5)

0.00 (0.03)

0.01

Magnitude CzPz

1.53

0.22

0.04

1.12* (0.07)

-0.005 (0.004)

-0.12

Amplitude

P3
Latency (ms)

Amplitude

* = p < 0.05; ‘ = p < 0.1; b0 = intercept; bage = unstandardized coefficient of age; mfERG = multifocal
electroretinogram; SE = standard error; VEP = visual evoked potential.
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TABLE S4.2 | Results of regression analyses of peak latencies, peak-to-peak amplitudes as well as
lag times and magnitudes of the whole response waveform as a function of age when controlling
for visual acuity and contrast sensitivity.

F-change

p-value

ΔR2

b0 (SE)

bage (SE)

bVA (SE)

bCS (SE)

N1

19.0*

<0.001

0. 31

16.41*
(0.15)

0.043*
(0.010)

0.1 (0.6)

0.11
(0.07)

P1

5.87*

0.02

0.11

37.1*
(0.3)

0.04*
(0.02)

-0.1
(1.0)

0.16
(0.12)

Lag time

5.49*

0.02

0.08

-0.1
(0.1)

0.018*
(0.007)

0.2 (0.4)

0.02
(0.05)

P1-N1 (µV)

0.18

0.67

<0.01

0.69*
(0.03)

-0.001
(0.002)

0.11
(0.12)

0.034*
(0.015)

Magnitude

0.20

0.66

<0.01

1.00*
(0.05)

-0.001
(0.003)

0.13
(0.19)

0.05*
(0.02)

Model
mfERG
Latency (ms)

Amplitude

Pattern-reversal VEP 60’
Latencies (ms)
N75

2.29

0.14

0.07

75.4*
(1.6)

0.16
(0.11)

-5.3
(6.1)

-1.4’
(0.7)

P100

7.35*

0.01

0.16

111.7*
(1.1)

0.19*
(0.07)

3 (4)

-0.3
(0.5)

N135

0.36

0.55

<0.01

155* (3)

-0.10
(0.17)

11 (10)

-0.8
(1.2)

Lag time

1.13

0.29

0.02

0.2 (1.5)

0.10
(0.10)

2 (6)

-0.3
(0.7)

P100-N75 (µV)

0.063

0.80

<0.01

7.3*
(0.6)

-0.01
(0.04)

-2 (2)

-0.0
(0.3)

P100-N135 (µV)

0.013

0.91

<0.01

11.2*
(0.8)

-0.01
(0.05)

-2 (3)

0.1 (0.4)

Magnitude

<0.001

0.98

<0.01

1.05*
(0.09)

0.000
(0.006)

-0.1
(0.3)

0.02
(0.04)

Amplitudes

Pattern-reversal VEP 15’
Latencies (ms)
N75

7.42*

0.01

0.17

94.7*
(1.1)

0.20*
(0.07)

-2 (4)

-0.2
(0.5)

P100

6.86*

0.01

0.15

121.8*
(1.5)

0.25*
(0.10)

-4 (6)

-0.1
(0.7)

N135

0.49

0.49

0.01

168* (3)

0.12
(0.17)

-3 (10)

-0.9
(1.1)

Lag time

6.82*

0.01

0.16

1.8 (1.3)

0.22*
(0.09)

-2 (5)

-0.5
(0.6)

P100-N75 (µV)

0.47

0.50

0.01

10.1*
(1.0)

-0.04
(0.07)

-2 (4)

-0.1
(0.4)

P100-N135 (µV)

0.070

0.79

<0.01

10.8*
(1.0)

-0.02
(0.07)

-2 (4)

0.0 (0.5)

Magnitude

0.043

0.84

<0.01

1.13*
(0.11)

-0.002
(0.007)

-0.1
(0.4)

0.00
(0.05)

Amplitudes
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Model

F-change

p-value

ΔR2

b0 (SE)

bage (SE)

bVA (SE)

bCS (SE)

Onset VEP frequent stimulus
Latencies (ms)
C2f

7.88*

0.008

0.17

86* (3)

0.6*
(0.2)

12 (11)

1.3 (1.4)

C3f

2.48

0.12

0.02

174* (3)

0.27
(0.17)

7 (10)

1.4 (1.2)

Lag time

6.66*

0.01

0.14

4’ (2)

0.35*
(0.14)

2 (8)

0.6 (0.9)

C3f-C2f (µV)

0.027

0.87

<0.01

31* (3)

-0.03
(0.17)

-5 (10)

-0.6
(1.2)

Magnitude

0.058

0.81

<0.01

1.03*
(0.08)

-0.001
(0.005)

-0.1
(0.3)

-0.00
(0.04)

Amplitudes

Onset VEP infrequent stimulus
Latencies (ms)
C1i

12.2*

0.001

0.24

88.3*
(1.0)

0.23*
(0.07)

-2 (4)

0.2 (0.5)

C2i

9.17*

0.004

0.19

133* (4)

0.7*
(0.2)

-1 (13)

-0.4
(1.6)

C3i

10.5*

0.003

0.22

216* (5)

1.1*
(0.3)

3 (19)

1 (2)

Lag time

2.86’

0.10

0.07

4 (4)

0.5’ (0.3) 2 (17)

0 (2)

C1i-C2i (µV)

0.53

0.47

<0.01

10.3*
(1.0)

-0.05
(0.06)

-2 (4)

-0.1
(0.4)

C3i-C2i (µV)

6.32*

0.02

0.14

13.2*
(1.1)

-0.18*
(0.07)

-5 (4)

-0.4
(0.5)

Magnitude

10.0*

0.003

0.21

1.11*
(0.09)

-0.019*
(0.006)

-0.6’
(0.3)

-0.02
(0.04)

0.20

0.66

<0.01

227* (7)

-0.2
(0.5)

3 (27)

5 (3)

Amplitude

P3
Latencies (ms)
P3a
Lag time FzCz

3.77’

0.06

0.08

5 (7)

0.9’ (0.4) 16 (25)

P3b

2.65

0.11

0.06

403* (7)

0.7 (0.4)

25 (25)

3 (3)
0 (3)

Lag time CzPz

2.87

0.10

0.06

6 (7)

0.7’ (0.4) 34 (25)

3 (3)

P3a (µV)

0.12

0.73

<0.01

6.5*
(0.5)

-0.01
(0.03)

1 (2)

0.0 (0.2)

Magnitude FzCz

0.36

0.55

<0.01

1.10*
(0.08)

-0.003
(0.005)

0.0 (0.3)

0.01
(0.04)

P3b (µV)

0.0023

0.96

<0.01

8.5*
(0.5)

0.00
(0.04)

-2 (2)

-0.1
(0.2)

Magnitude CzPz

2.04

0.16

0.06

1.13*
(0.07)

-0.006
(0.004)

-0.3
(0.3)

0.01
(0.03)

Amplitudes

* = p < 0.05; ‘ = p < 0.1; b0 = intercept; bage = unstandardized coefficient of age; bCS = unstandardized coefficient of contrast sensitivity; bVA = unstandardized coefficient of visual acuity;
mfERG = multifocal electroretinogram; SE = standard error; VEP = visual evoked potential.
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TABLE S4.3 | Results of regression analyses of peak latencies, peak-to-peak amplitudes as well as
lag times and magnitudes of the whole response waveform as a function of age when controlling
for mfERG latencies and amplitudes. Because of the strong correlation between age and mfERG
latencies, we could not include this variable as a predictor of cortical response latencies. Instead,
we repeated the regression analyses with peak latencies minus the average of the mfERG N1
and P1 peak latencies as outcome variable. For the peak-to-peak amplitudes we did include
mfERG amplitude as an additional predictor and report the comparison statistics.

Model

F(-change)

p-value

(Δ)R2

b0

bage

bmfERG (µV)

Pattern-reversal VEP 60’
Latencies (ms)
N75

0.16

0.69

<0.01

48.4* (1.7)

0.03 (0.11)

P100

1.63

0.21

0.04

84.5* (1.1)

0.08 (0.07)

N135

2.16

0.15

0.05

128* (3)

-0.20 (0.16)

Lag time

6.59*

0.01

0.14

0.4 (1.5; ns)

0.08 (0.09; ns)

Amplitudes
P100-N75 (µV)

0.074

0.79

<0.01

7.4* (0.6)

-0.01 (0.04)

0 (3)

P100-N135 (µV)

0.097

0.76

<0.01

11.1* (0.8)

0.01 (0.05)

3 (3)

Magnitude

1.61

0.21

0.04

1.05* (0.08)

0.001 (0.005)

Pattern-reversal VEP 15’
Latencies
N75

4.74*

0.04

0.11

67.6* (1.0)

0.12’ (0.07)

P100

4.57*

0.04

0.10

94.9* (1.4)

0.19* (0.09)

N135

0.039

0.84

<0.01

141* (3)

0.03 (0.16)

Lag time

6.24*

0.02

0.14

1.8 (1.3)

0.20* (0.09)

Amplitudes
P100-N75 (µV)

0.41

0.53

<0.01

10.0* (0.9)

-0.04 (0.06)

8’ (4)

P100-N135 (µV)

0.0022

0.96

<0.01

10.9* (0.9)

0.00 (0.06)

11* (4)

Magnitude

0.21

0.65

<0.01

1.14* (0.11)

-0.001 (0.007)

Onset VEP frequent
Latencies
C2f

8.14*

0.007

0.17

58* (3)

0.52* (0.19)

C3f

5.54*

0.02

0.12

147* (2)

0.25 (0.16)

Lag time

9.62*

0.004

0.20

3.4’ (1.8)

0.33* (0.11)

C3f-C2f (µV)

0.011

0.92

<0.01

30* (2)

0.02 (0.16)

Magnitude

0.20

0.66

<0.01

1.02* (0.08)

0.000 (0.005)

Amplitudes

Onset VEP infrequent
Latencies
C1i

10.2*

0.002

0.21

61.4* (0.9)

0.17* (0.06)

C2i

8.41*

0.006

0.18

106* (3)

0.6* (0.2)

C3i

11.0*

0.002

0.22

189* (5)

1.0* (0.3)

Lag time

8.04*

0.007

0.17

3 (3)

0.38* (0.17)
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Model

F(-change)

p-value

(Δ)R2

b0

bage

bmfERG (µV)

Amplitudes
C1i-C2i (µV)

0.54

0.47

<0.01

10.3* (1.0)

-0.05 (0.06)

4 (4)

C3i-C2i (µV)

5.75

0.02

0.13

13.1* (1.1)

-0.17* (0.07)

4 (5)

Magnitude

7.01

0.01

0.15

1.07* (0.09)

-0.015* (0.006)

P3
Latencies
P3a

0.083

0.77

<0.01

200* (7)

-0.1 (0.5)

Lag time FzCz

7.29*

0.01

0.16

4 (5)

0.8* (0.3)

P3b

2.46

0.12

0.06

374* (6)

0.5 (0.4)

Lag time CzPz

3.58’

0.07

0.08

6 (6)

0.7’ (0.4)

0.27

0.61

<0.01

6.5* (0.5)

-0.02 0.03)

Amplitudes
P3a (µV)
Magnitude FzCz

1.05

0.31

0.03

1.10* (0.07)

-0.003 (0.005)

P3b (µV)

0.0027

0.96

<0.01

8.5* (0.5)

0.00 (0.03)

Magnitude CzPz

1.69

0.20

0.04

1.13* (0.07)

-0.006 (0.004)

0 (2)
0 (2)

* = p < 0.05; ‘ = p < 0.1; b0 = intercept; bage = unstandardized coefficient of age; bmfERG =
unstandardized coefficient of the multifocal electroretinogram amplitude; mfERG = multifocal
electroretinogram; SE = standard error; VEP = visual evoked potential.

TABLE S4.4 | Comparing the effects of age on amplitudes and magnitudes measured in the central
(central area and first ring) and peripheral (second to fourth ring) part of the retina. We fitted a
repeated-measures model with eccentricity (central or peripheral) as within-subjects variable
and age as a between-subjects variable. We found no interaction effect of age and eccentricity,
suggesting that the age-effect on the central and peripheral part of the retina is equal. As for our
main analyses, we found no significant main-effect of age.

Interaction-effect

Main-effect age

Amplitude (P1-N1)

F(1,38) = 0.001, p = 0.97

F(1,38) = 0.016, p = 0.90

Magnitude

F(1,38) = 0.26, p = 0.61

F(1,38) = 0.002, p = 0.97
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10 ms

Individual mfERG responses

0.5 μV

FIGURE S4.1 | Individual mfERG responses averaged over all fields and both eyes for every
subject. Circles represent the peaks that were analyzed, i.e., N1 and P1. Black circles are
automatically detected peaks; red circles were manually adjusted.

10 μV

Individual 60’ pattern-reversal VEPs

50 ms

FIGURE S4.2 | Individual pattern-reversal VEPs measured at Oz in the 60’ check-size condition,
averaged over both eyes for every subject. Circles represent the peaks that were analyzed, i.e.,
the N75, P100, N135. Black circles are automatically detected peaks; red circles were manually
adjusted.
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10 μV

Individual 15’ pattern-reversal VEPs

50 ms

FIGURE S4.3 | Individual pattern-reversal VEPs measured at Oz in the 15’ check-size condition,
averaged over both eyes for every subject. Circles represent the peaks that were analyzed, i.e.,
the N75, P100, N135. Black circles are automatically detected peaks; red circles were manually
adjusted.

20 μV

Individual onset VEPs for the frequent stimulus

100 ms

FIGURE S4.4 | Individual onset VEP for frequent stimuli at Oz in the unattended condition of the
oddball paradigm for every subject. Circles represent the peaks that were analyzed, i.e., C2f and
C3f. Black circles are automatically detected peaks; red circles were manually adjusted.
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10 μV

Individual onset VEP responses to the infrequent stimulus

100 ms

FIGURE S4.5 | Individual onset VEP for infrequent stimuli at Oz in the unattended condition of
the oddball paradigm for every subject. Circles represent the peaks that were analyzed, i.e., C1i,
C2i and C3i. Black circles are automatically detected peaks; red circles were manually adjusted.

5 μV

Individual P3a responses

100 ms

FIGURE S4.6 | Individual P3a responses. Difference between the responses to the infrequent
stimulus in the attended and unattended conditions of the oddball paradigm for every subject in
the average signal of Fz and Cz (FzCz). Circles represent the P3a peaks that were analyzed. Black
circles are automatically detected peaks; red circles were manually adjusted.
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5 μV

Individual P3b responses

100 ms

FIGURE S4.7 | Individual P3b responses. Difference between the responses to the infrequent
stimulus in the attended and unattended conditions of the oddball paradigm for every subject
in the average signal of Cz and Pz. Circles represent the P3b peaks that were analyzed. Black
circles are automatically detected peaks; red circles were manually adjusted.
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Useful field of view performance in the
intact visual field of hemianopia patients

Under review as: Woutersen, K., Geuzebroek, A.C., van den Berg, A.V., Goossens, J.
Useful field of view performance in the intact visual field of hemianopia patients.

Useful field of view performance in the intact visual field of hemianopia patients

Introduction
Homonymous visual field defects are a common result of post-chiasmatic lesions. They
reveal themselves as areas of reduced visual sensitivity or blindness, in the contralesional visual hemifield. These visual field defects can have severe debilitating
consequences. Patients often experience problems in their daily life in perceptual and
mental functions such as reading and spatial orientation. Furthermore, many patients
report problems avoiding obstacles while walking and many are forced to quit driving
because they no longer meet the visual standards required for a driver’s license
(Bowers, 2016). In the Netherlands the requirements for patients with visual field
defects include a minimum visual field extension of at least 90⁰ horizontally measured
with traditional perimetry techniques, no reductions in other visual functions, approval
by an ophthalmologist for driving, and passing a driver’s exam (De Minister van
Verkeer en Waterstaat, 2019).
Traditional perimetry techniques measure sensitivity to a local light source at different
locations in the visual field and provide characteristics of the visual field defect, i.e.,
location, size and depth (Goodwin, 2014). Areas outside the defect are called the
‘intact’ visual field and are often assumed to be fully functional. Patients’ difficulties
are usually thought to directly or indirectly result from the location and extent of the
defect itself. Rehabilitation thus mainly focuses on compensation with eye-movements,
displacement of the visual field, for example with monocular or binocular prisms, and
on restoration of the visual field defect (Schofield & Leff, 2009). Previous research
showed, however, that objective measures of the visual field defect cannot fully explain
patients’ daily-life experiences (Gall et al., 2009; Mueller et al., 2003; Papageorgiou et
al., 2007). In addition, the remaining ‘intact’ visual field is often impaired too (for a
review see Bola et al., 2013a). This includes tasks that measure contrast sensitivity
(Clatworthy, Warburton, Tolhurst, & Baron, 2013), gestalt recognition (Schadow et al.,
2009), processing speed (Bola, Gall, & Sabel, 2013b), reaction time and double-pulse
resolution (Poggel, Treutwein, & Strasburger, 2011). In addition, hemianopia patients
may not only suffer from pure sensory deficits, but also from other processing deficits,
such as slow visual search (Machner et al., 2009) and decision making (Geuzebroek &
van den Berg, 2017). Here, we examine whether assessing visual functioning of the
intact visual field can be useful to better understand the difficulties experienced by
patients with post-chiasmatic brain damage.
The Useful Field of View (UFOV) has been defined as the area from which visual
information can be extracted within one glance, without making any head or eye
movements (Ball et al., 1988). In the past, Rizzo and Robin (1996) reported reduced
sizes of the UFOV in two hemianopia patients. This was not merely caused by the visual
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field defect as indicated by a traditional perimetry technique. Instead, many erroneous
responses occurred for targets presented outside the visual field defect as well. Now,
the UFOV test quantifies the useful field of view by measuring the minimal presentation
durations in three subtests (Edwards, Vance, et al., 2005; Visual Awareness Research
Group, Punta Gorda, Fl., USA). These subtests include an identification task, a dual
identification and localization task, and the same dual task with distractors. Previous
research showed relationships between performance on the UFOV test and many
perceptual and cognitive functions (for a review see Woutersen, Guadron, et al., 2017) as
well as daily life activities (Aust & Edwards, 2016; Ball et al., 1993; Owsley et al., 2002).
For example, UFOV performance predicts driving ability as well as the speed at which
everyday living tasks can be performed, such as counting spare change and reading
ingredients on a food can. Although the observed relations differ between populations
and activities (Ball et al., 1993; Mathias & Lucas, 2009; Seong-Youl et al., 2014), these
findings suggest that the UFOV may be able to explain difficulties experienced by
hemianopia patients that cannot be explained by perimetry outcomes alone.
In this study, we investigated UFOV performance of hemianopia patients. To exclude
obvious effects of vision loss in the contra-lesional visual field, we measured UFOV
performance in the ipsi-lesional, ‘intact’ hemifield only (iUFOV). That is, we presented
stimuli throughout the visual field (as in the standard UFOV; Visual Awareness
Research Group, 2009), but only responses to stimuli presented in the ipsilesional
half-field were included in the adaptive staircase scoring procedure. The same halffield assessment procedure was applied in controls. Patients were informed that the
stimuli could also appear in their blind field, and were asked to respond to the best
of their ability, guessing if necessary. This method forced participants to spread their
attention throughout the visual field as they have to in daily life. In accordance with
Rizzo’s findings we expected hemianopia patients to perform worse on the second and
third subtasks compared to a group of healthy control subjects (Rizzo & Robin, 1996).
In addition, we explored patients’ subjective visual functioning as assessed with an
adapted version of the National Eye Institute – Visual Functioning Questionnaire-25
(NEI VFQ-25), a vision-related quality of life questionnaire (Mangione, Lee, Gutierrez,
Spritzer, & Berry, 2001).

Methods
Subjects
We included 18 patients (15 males, 3 females) with visual field defects due to postchiasmatic brain lesions. Their mean age was 57.3 years (± 4.5 SEM; range 22-81). The
visual field defects resulted from different causes, including ischemia and surgery,
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resulting in a variety of visual field defects (Table 5.1; for a full description see
Geuzebroek, Woutersen, Goossens, & van den Berg, under review). We also recruited
an age-matched control sample of 18 subjects (8 males, 10 females) with normal
or corrected-to-normal vision. Their mean age was 56 years (± 3.4; range 28-81).
Participants were excluded if they reported the presence of a neurological, psychiatric
or ocular impairment that might influence attention or vision other than hemianopia,
including neglect. Four patients and one control participant were unable to complete all
three iUFOV subtasks due to fatigue. They were therefore excluded from our statistical
analyses. The study was part of a larger project, which was approved by the medical
ethical committee Arnhem-Nijmegen (NL58053.091.16) and conducted in accordance
with the declaration of Helsinki. All participants provided written informed consent
before data collection.

Procedure
Before their visit, all subjects received a copy of the Dutch translation of an adapted
version of the NEI VFQ-25 to fill out (Mangione et al., 2001; van der Sterre et al., 2001).
Upon visit, patients’ visual fields were assessed with the Central SITA-FAST 30-2
program of the Humphrey Field Analyzer II (Carl Zeiss Meditec Group, Jena, Germany)
by one of the authors (AG or KW). Figure S5.1 shows the visual field defect measured
for each patient. Then, patients performed the line bisection task to investigate visual
neglect. Four patients showed very mild signs of neglect (Table 5.1). Control subjects
did not perform these two measures. Next, we measured distance visual acuity with the
Freiburg visual acuity test (FrACT; Bach, 1996, 2007) of all subjects at 4.5 m. Last, we
performed two psychophysical measures of which the order was reversed every other
patient to counterbalance for the effects of fatigue, namely a scene perception task,
which is described elsewhere (Geuzebroek et al., under review), and the iUFOV, which
is the focus of the present paper. During the psychophysical tasks, we used calibrated
eye-tracking to verify online that the participants maintained a stable fixation at the
center of the screen for the duration of each stimulus epoch.
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161

61
(± 20 sem)

-

48

55
(± 5.3 sem)

56
(± 3.4 sem)

HP18

Included
patients

Control

* = sign of neglect.

68

33

81

70

HP16

HP17

84

151

36

50

HP14

30

60

HP13

HP15

35

32

74

64

30

31

70

75

HP09

HP10

HP11

39

25

HP08

HP12

19

20

22

63

HP06

HP07

51

20

52

71

HP04

295

26

HP03

HP05

11

8

77

68

HP01

HP02

Lesion age
(months)

Age (years)

Patient no.

-

-

Surgery (tumor)

Hemorrhagic

Ischemic

Ischemic

Ischemic

Hypoxic-ischemic
encephalopathy

Ischemic

Ischemic

Ischemic

Ischemic

Surgery (cavernoma)

Ischemic

Surgery (tumor)

Ischemic

Surgery (tumor)

Hemorrhagic

Ischemic

Hemorrhagic

Lesion etiology

-

-

R

R

R

R

R

R

L

L

R

R

L

L

R

R

R

L

R

R

-0.10

0.09

0.44

-0.15

-0.13

-0.12

-0.16

0.23

0.23

-0.10

-0.18

0.19

-0.09

0.08

0.20

-0.20

-0.13

0.01

Far visual acuity
(logMAR)

-0.10
(± 0.07 sem)

-14.0
0.00
(±1.0 sem) (± 0.04 sem)

-17.0

-15.1

-17.2

-12.8

-15.9

-13.6

-14.5

-6.28

-9.71

-14.8

-17.6

-12.5

-21.1

-16.3

-17.2

-11.0

-13.2

-12.3

Affected brain MD
hemisphere

-

4.6
(± 0.77 sem)

6.3*

5.2

5.9

3.9

3.9

7.5*

3.7

1.8

2.3

4.2

5.6

3.9

11*

3.6

9.1*

2.2

2.9

0.89

Line bisection
(mm)

N = 17

N = 14

0

1

0

1

1

1

1

1

1

0

1

1

1

1

1

1

0

1

Included in statistical
analyses

TABLE 5.1 | Characteristics of patients diagnosed with hemianopia and control participants. Line bisection scores represent the difference between the center of the
line and the patient’s response relative to the side of the visual field defect, that is, positive values represent deviations towards the defect.
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Equipment
We used a Dell laptop running Windows® 7 Professional 64-bit with an Intel® Core™
i7-4712HQ CPU @ 2.30 Hz, 16 Gb of RAM and an Intel® HD Graphics 4600 graphics
adapter. The iUFOV task was done at a distance of 0.50 m with a 517 x 324 mm Dell
U2412M monitor set at a resolution of 1920 x 1200 pixels and a refresh rate of 60
Hz. The stimulus presentation software was written in Matlab® R2016a (Mathworks®,
Inc., Natick, MA, USA) using the Psychtoolbox-3 (Brainard, 1997; Kleiner et al., 2007;
Pelli, 1997). We used a head and chin rest to stabilize participants’ heads. Gaze was
monitored with an Eyelink 1000® remote (SR Research, Ontario, Canada) to ensure
proper fixation at during the stimulus presentation. Calibration of the eye-tracker took
place before the psychophysical tests.

iUFOV task
We assessed participants’ performance on three subtests in a custom version of the
UFOV test® (Figure 5.1). Before we recorded the actual performance, participants
received instructions and 4 practice trials on each subtest to familiarize them with the
different subtests. The tests all measure the threshold presentation duration required
by the subject to reach a performance of 75% correct. Each trial started with a white
(36.87 cd/m2) fixation box of 2.8° x 2.8° presented in the center of the screen on a
black background (0.133 cd/m2; 276% Weber contrast). Participants were instructed
to keep their gaze inside this fixation window during the stimulus presentation. We
monitored the participant’s fixation stability during the stimulus presentation live with
calibrated eye tracking. After 1 second, one of three stimulus displays was presented,
which was then replaced by a random-dot pattern mask. The content of the stimulus
and the participants’ task depended on the subtest as described below. Participants
were instructed to respond as accurately as possible and guess if necessary. They
were allowed to shift their gaze while answering. The presentation duration of the
stimulus depended on the subject’s performance and was adapted online according to a
QUEST psychometric procedure (Watson & Pelli, 1983). This procedure combines prior
knowledge of the psychometric curve and performance on previous trials to estimate
the most probable Bayesian estimate of the threshold. We calculated the mode of the
posterior density function from 52 trials to determine the threshold. The subtests were
always performed in the order listed below.
iUFOV1. In this subtest, a full contrast stimulus (276% Weber), either a car or truck
(1.7° x 1.2°) was presented while the subject maintained fixation within the fixation
box (Figure 5.1). The subject was instructed to indicate which of the two stimuli
was presented. The front of the truck-stimulus (left side) used in the commercially
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available UFOV test® is equal to the front of the car stimulus. To make the two stimuli
distinguishable for patients whose visual field defect occludes the right half of the
stimuli, we adapted the truck (Figure 5.1). That is, we shifted the front window further
to the front and added a box at the right (back) side of the truck.
iUFOV2. In addition to the stimulus presented in iUFOV1, another stimulus of the
same size and contrast as the central stimulus (276% Weber contrast; 1.7° x 1.2°) was
presented at 12.9° eccentricity in one of eight equally spaced directions across the left
and right hemifield. These directions were rotated 22.5° compared to the commercially
available UFOV test® to avoid the vertical midline of the visual field (Figure 5.1).
Depending on the anatomical location and extent of the patient’s lesions, some of these
stimuli could fall within the visual defect of the patient. We expected that presentation
times would be longer and highly variable throughout the visual hemifield that
contained the defect. For example, in a truly blind field, the presentation time would
be infinite, since the stimulus can never be seen. Relative field defects may require
more time than the intact visual field. Deriving one UFOV score throughout the visual
field would be an aggregation of different scores that would be too low for defective
areas of the field while it would be too high for the intact field areas. Another approach
would be to split the visual field into a defective and intact visual field and derive two
UFOV scores for each type of field independently. However, during a pilot we observed
that the presentation times for the two fields became so different, that they became a
clue as to the location of the stimulus. Therefore, we decided to measure performance
in the intact half-field alone. To that end, we excluded trials where the peripheral
stimulus appeared in the contralesional visual hemifield from the QUEST procedure.
This way, the stimulus duration threshold to reach a 75% correct performance level
was based only on the 52 trials in which the peripheral stimulus appeared in the ipsilesional field, thus providing an assessment of the patient’s ‘intact’ field. For control
participants, only responses to trials in which the peripheral stimulus appeared in
either the left or the right visual field (randomized across participants) were included
in the QUEST procedure. Participants were instructed to indicate both the identity of
the central stimulus and the location of the peripheral stimulus. They were explicitly
told that the peripheral stimulus was always a car and patients were informed that it
could occur in their defective field as well. They were not told that these trials were
excluded from their performance score. This method forced all participants to spread
their attention across the visual field as in daily life, thus maintaining the ecological
validity of the standard UFOV test (Aust & Edwards, 2016; Ball et al., 1993; Owsley
et al., 2002). Note that by presenting 8 alternatives, the guessing-correct probability
for stimulus locations was still 1/8 (as in the standard UFOV) resulting in an overall
guess-rate of 1/16 for the identification and localization task combined for patients
and control participants alike. To ensure that peripheral stimuli presented on the left/
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right side of the screen appeared in the subjects’ left/right hemifield, participants had
to fixate inside the fixation box until the stimulus display had disappeared. They were
allowed to shift their gaze when responding to the different alternatives at the end of
the trial.
Stimulus displays
iUFOV1

1000 ms

iUFOV2
> 16 ms

1000 ms

8

Identification

iUFOV3

1
2

7

3

6
5

4

Localization

FIGURE 5.1 | Visual representation of the iUFOV task. A fixation box was presented and after 1
second, one of three stimulus displays was presented. The presentation duration depended on
performance of the participant to obtain a 75% correct performance. Then, the stimulus was
replaced by a random-dot mask. Subjects were instructed to fixate at the center of the screen
until the mask appeared to ensure that stimuli presented on the left/right side of the screen
appeared in the left/right hemifield. After one second, participants performed the identification
task where they indicated which of two stimuli was presented in the center of the screen. In
iUFOV2 and iUFOV3, participants also performed the localization task. Only trials where the
peripheral stimulus was presented in the intact hemifield (patients), or left or right hemifield
(controls) were included in the score. This figure represents the task for a hemianopia patient
with a left-sided visual hemifield defect, or a control patient who was assigned a right-sided
visual half-field task. Only stimuli presented at the locations with yellow numbers, on the righthand side of the yellow line, were included in the score.

iUFOV3. This subtest is similar to iUFOV2 except for the presence of forty-eight 2.5° x
2.5° distractors (276% Weber; Figure 5.1). These were presented in three rings at a 4.0°,
8.6°, and 12.9° eccentricity throughout the entire visual field. The instructions were
the same as for iUFOV2, i.e., identify the central stimulus and localize the peripheral
stimulus and fixate at the center during stimulus presentation. In addition, we
instructed participants to ignore the distractors. The stimulus duration threshold was
again based only on the 52 trials in which the peripheral stimulus was presented to the
intact hemifield (patients) or either one of the two hemi-fields (controls). Once more,
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the participants were kept unaware of the fact that their ability to localize stimuli in
the blind/opposite hemifield had no influence on the presentation durations.

Adapted National Eye Institute Visual Quality of Life-25
We used an adapted Dutch version of the NEI VFQ-25 questionnaire (Mangione et al.,
2001; van der Sterre et al., 2001) to quantify the perceived visual quality of life of
both patients and healthy control participants. We slightly adapted and modernize
the questionnaire to increase its’ sensitivity. We analyzed three custom scales (Table
S5.1) ‘Traffic’, ‘Digital Tools’ and ‘Visual Speed and Attention’ in addition to the standard
scales, i.e., General Health, General Vision, Ocular Pain, Near Activities, Distance
Activities, Social Functioning, Mental Health, Role Difficulties, Dependency, Driving,
Color Vision, Peripheral Vision, and the mean total score. We created the first subscale
‘Traffic’ because many patients did not receive a score on the Driving subscale. The
reason is that many patients had stopped driving on their own volition, but did not
necessarily attribute this decision fully to their visual problems. In this case, the NEI
VFQ-25 manual instructs to record the score as missing. Even though these patients
are not driving anymore, moving through traffic on foot or by bike is still an important
ability. We therefore included three additional questions regarding these types of
mobility, based on the driving questions. Because patients may have attributed their
decision to stop driving to other problems related to their brain damage, we attributed
0 points to everyone who stopped driving in this custom subscale. The second
custom subscale, ‘Digital Tools’, was added because none of NEI VFQ-25 questions are
specifically dedicated to the use of digital tools such as computers and mobile phones
even though modern society relies heavily on them. It only includes two questions
that use television and cinema as examples. The last custom subscale, ‘Visual Speed
and Attention’, conceptually relates to the UFOV test®. It was composed of scores for a
subset of original NEI VFQ-25 questions and scores for questions that we added for the
Traffic and Digital Tools subscales (for details see Table S5.1). The selected questions
addressed activities that have been related to UFOV performance in the past.

Humphrey Field Analyzer
We measured the severity of the visual field defect with automated perimetry: the
Humphrey Field Analyzer (HFA). This technique maps contrast sensitivity throughout
the visual field by presenting a local light source. Upon detection of this light, the
patient should press a button to indicate its presence. Patients are instructed to fixate
on a central light, while the target lights are briefly presented (200 ms) at randomized
locations. The HFA measures the contrast of the light source compared to background
lighting that is necessary for the patient to detect it. Its results present a map of the
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sensitivity throughout the visual field. A number of standardized measures aggregate
performance over the entire visual field in reference to an age-matched norm such as
the mean deviation (MD) and visual field index (VFI). We did not use these standardized
summary measures, in our analyses because they tend to factor out the effect of age
while our adapted NEI VFQ-25 and iUFOV scores are not adjusted for age. Instead, we
calculated the mean HFA score (in dB) of the entire visual field measured with both
eyes from the results given in the numerical display.

Statistical analysis
We analyzed the data with Matlab R2016a™ (Mathworks®, Inc., Natick, MA, USA) using
the Statistics and Machine Learning Toolbox™. We used a mixed-design ANOVA to
compare the patients’ and control subjects’ iUFOV1-3 performance. Mauchly’s test of
sphericity showed that the assumption of sphericity was violated, χ²(2) = 8.07, p =
0.018. We therefore report the Greenhouse-Geisser corrected results.
We used an arcsine-root transformation, i.e., arcsin (√(x/100)), on the adapted NEI
VFQ-25 subscale scores, because their values are by definition bounded between 0
and 100.(Studebaker, 1985) Then, we investigated differences between patients and
control participants with separate t-tests to include all patients and controls who had a
score on the subscale. We did not analyze differences between subscales. To correct for
multiple comparisons, we used the False Discovery Rate correction (FDR).
In addition to differences between patients and healthy controls, we were interested in
the value of the iUFOV test compared to the HFA in explaining everyday life difficulties
of patients. Towards that end, we performed separate Pearson correlation analyses
for each subscale, including the three custom subscales, and the composite scale with
iUFOV scores and HFA scores. Then, we compared the strength of the correlations
between the adapted NEI VFQ-25 and iUFOV scores to those between the adapted NEI
VFQ-25 and the HFA scores. We did not apply correction for multiple comparisons to
retain sensitivity of these exploratory analyses. Because iUFOV2 and iUFOV3 were
strongly correlated (r = 0.77, p < 0.05) while iUFOV1 displayed hardly any variance
across subjects, we summed the scores of all three subtests into one composite score.
We repeated all analyses with age included as covariate, to ensure our results were not
driven by age differences despite our efforts to match our control and patient groups
on age.
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Results
A two-sample t-test revealed no difference between the patients’ and controls’ ages,
t(29) = -0.028, p = 0.98. Levene’s test showed that their variances were also not
different, F(1,29) = 3.62, p =0.07.

Intact hemifield Useful-Field-of-View
Figure 5.2 compares the performance of patients and control subjects on iUFOV1
(identification task), iUFOV2 (dual task) and iUFOV3 (dual task with distractors). Note
that higher scores represent worse performance in the intact hemifield (patients) or
the left/right hemifield for controls. The scores discard performance in the contralateral field even though peripheral stimuli did appear in that hemifield during iUFOV2
and iUFOV3 (Methods). A mixed-design ANOVA showed a significant interaction effect
between group and subtest (F(2,58) = 5.32, pGG = 0.013). Contrasts showed a larger
increase in presentation time from iUFOV1 to iUFOV2 in patients than for controls,
F(1,29) = 7.33, p = 0.01. The difference between iUFOV2 and iUFOV3 was not different
between patients and controls, F(1,29) = 0.38, p = 0.54. Post-hoc tests showed that
patients scored significantly worse than controls on iUFOV2 (meandifference = 0.099 sec, p
= 0.01) and iUFOV3 (meandifference = 0.12 sec, p = 0.018), but not on iUFOV1 (meandifference
= 0.0013, p = 0.17). Thus, patients needed longer presentation times to perform the
double tasks than controls, but not the single identification task. In addition, patients’
scores were better for iUFOV1 than iUFOV2 (meandifference = 0.112 sec, p < 0.001), which
in turn were better than iUFOV3 (meandifference = 0.081, p = 0.003). For controls, however,
we found no difference between iUFOV1 and iUFOV2 scores (meandifference = 0.015 sec,
p = 0.81). iUFOV3 scores were significantly higher than iUFOV2 (meandifference = 0.062
sec, p = 0.01) and almost significantly higher than iUFOV1 (meandifference = 0.077 sec,
p = 0.05) for controls. Although we found no significant differences between the two
groups’ mean and variance of age, we repeated the analysis with age as a covariate
to ensure our results were not driven by age. This mixed design ANCOVA yielded
similar results (Supplemental information S1). Age did not show any significant main
or interaction effects.
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iUFOV3

FIGURE 5.2 | Mean (± 1 SEM) iUFOV subtest scores for healthy control subjects (black) and
hemianopia patients (white). Asterisks (*) represent significant differences. Patients scored
significantly higher, i.e., worse, than control participants on iUFOV2 and iUFOV3, but not on
iUFOV1.

National Eye Institute Visual Quality of Life-25
Table 5.2 compares the scores of patients and control participants on the arcsine-root
transformed scores for each NEI VFQ-25 subscale as well as the total score. Separate
t-tests were performed to avoid list-wise exclusion due to missing scores on one
subscale. Many participants missed scores on the driving subscale, because they had
stopped driving for other reasons besides or instead of their reduced vision. T-tests
showed that patients scored lower on every subscale (meandifference > 0.30, pFDR ≤
0.01; Table 5.2) except Ocular Pain (meandifference = 0.052, t(29) = 0.38, pFDR = 0.70). We
repeated the analyses with age as covariate and found similar differences between
patients and controls (Table S5.3). Furthermore, age did not show any significant main
or interaction effects.
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14
14
14

0.69 (0.035)

0.85 (0.075)

1.1 (0.097)

0.96 (0.061)

Peripheral Vision

Traffic

Digital Tools

Visual Speed and Attention

Controls mean (SEM)

1.3 (0.036)

1.4 (0.063)

1.3 (0.041)

1.5 (0.031)

1.6 (< 0.001)

1.3 (0.041)

1.6 (0.015)

1.5 (0.041)

1.3 (0.047)

1.5 (0.024)

1.5 (0.042)

1.3 (0.054)

1.4 (0.066)

1.2 (0.033)

1.1 (0.041)

1.3 (0.023)

Ncontrols

17

17

17

17

16

16

17

17

17

17

17

17

17

17

17

17

Statistics

t(29) = -5.75, pFDR < 0.001

t(29) = -2.73, pFDR = 0.01

t(29) = -5.85, pFDR < 0.001

t(29) = -18.3, pFDR < 0.001

t(28) = -2.79, pFDR = 0.01

t(26) = -3.80, pFDR = 0.001

t(29) = -2.95, pFDR = 0.008

t(29) = -6.06, pFDR < 0.001

t(29) = -5.42, pFDR < 0.001

t(29) = -4.37, pFDR < 0.001

t(29) = -4.84, pFDR <0.001

t(29) = -3.30, pFDR = 0.003

t(29) = 0.368, pFDR = 0.72

t(29) = -4.43, pFDR < 0.001

t(29) = -4.02, pFDR < 0.001

t(29) = -6.46, pFDR < 0.001

Ncontrols = number of control participants with a score; Npatients = number of patients with a score; pFDR = FDR corrected p-value; SEM = standard error of the mean.

14

14

0.96 (0.081)

Role Difficulties

9

14

0.96 (0.055)

Mental Health

1.3 (0.086)

14

1.2 (0.084)

Social Functioning

0.71 (0.18)

14

1.1 (0.073)

Distance Activities

Color Vision

14

1.1 (0.064)

Near Activities

Driving

14

1.4 (0.073)

Ocular Pain

14

14

0.93 (0.045)

General Vision

1.3 (0.092)

14

0.85 (0.046)

General Health

Dependency

Npatients
14

Patients mean (SEM)

1.0 (0.048)

Subscale

Total

TABLE 5.2 | Comparison of the arcsine-root-transformed VFQ scores obtained from hemianopia patients and control subjects. P-values are FDR-corrected.
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Exploring the predictive value of iUFOV for daily-life visual functioning
To test if the iUFOV test might be able to predict daily-life visual functioning,
we calculated correlations between the total iUFOV score and the (arcsine-roottransformed) adapted NEI VFQ-25 subscale scores in our patients (Figure 5.3, black
bars). We found a significant relationship between the Peripheral Vision subscale and
iUFOV total score (r = -0.62, p < 0.05; Table S5.2). The other subscales were unrelated
to the total iUFOV scores (r > -0. 53, p > 0.05). Likewise, we calculated correlations
between the HFA score and the adapted NEI VFQ-25 subscales (Figure 5.3, white
bars). Here, we only found a significant correlation between the Color Vision subscale
and mean HFA scores (r = 0.63, p < 0.05). The other subscales were not correlated (r
< 0.50, p > 0.07). Because the parametric assumptions may not have been met for
all subscales, we also calculated Spearman’s rank correlations (Table S5.2). Again,
without correction for multiple testing, we found that the subscale Peripheral Vision
was significantly correlated to the iUFOV total score (rS = -0.54, p < 0.05), while Color
Vision was significantly correlated to HFA (rS = 0.70, p < 0.05). In addition, we found a
significant correlation between Role Difficulties and HFA (rS = 0.57, p < 0.05).
Next, we compared the strength of the Pearson’s correlations between iUFOV and
adapted NEI VFQ-25 subscales scores to the strength of the correlations we found
between mean HFA and adapted NEI VFQ-25 subscale scores. Because higher iUFOV
scores represent a worse performance, while higher HFA scores represent better
performance, the sign of their correlations with subscale scores should be reversed
to reflect a similar meaning. We therefore multiplied the iUFOV correlations by -1 to
facilitate comparison. That is, a positive correlation means that better iUFOV/HFA
scores co-occur with higher adapted NEI VFQ-25 subscale scores. We found a significant
difference for the peripheral vision subscale. This scale was stronger correlated to the
iUFOV total score than to the mean HFA score. However, it is important to note that
this scale is composed of only one question. Moreover, patients’ answers were divided
among only two of four answer options (see Figure S5.2).
The Visual Speed and Attention scale addresses daily-life activities such as driving that
have been linked to performance on the UFOV test (Ball & Owsley, 1992; Table S5.1).
We therefore expected this scale to be stronger correlated to total iUFOV scores than to
mean HFA scores. However, we found no significant differences between correlations
of this or the other custom scales.
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FIGURE 5.3 | Correlations and 95% confidence intervals between adapted NEI VFQ-25 subscales
and total iUFOV score (black) and between each NEI VFQ-25 subscale and HFA scores (white).
Note that we multiplied correlations between iUFOV and NEI VFQ-25 with -1 to facilitate
comparison with correlations between mean HFA scores and VFQ. Asterisk (*) represents a
significant difference between two correlations.

Correlation HFA & iUFOV
Pearson’s correlation showed no significant relationship between mean HFA scores and
total iUFOV scores, r = -0.52, p = 0.06. However, the partial correlation between the two
variables controlling for age was significant (r = -0.60, p = 0.03) as was the nonlinear
Spearman correlation, whether or not age was included as a covariate (rbivariate = -0.59, p
< 0.05, rpartial < 0.01).

Excluded patients
Four patients were not included in the analyses because they were unable to complete
all three UFOV subtasks due to fatigue. We found no differences between them and the
included participants, except for performance on iUFOV1 and, for those who completed
it, iUFOV2 which was significantly worse. We also found significantly higher scores
for the peripheral vision subscale for this group, compared to included patients (Table
S5.3).

124

Useful field of view performance in the intact visual field of hemianopia patients

Discussion
In this study, we investigated whether the iUFOV task performed with the intact visual
field can be useful in explaining difficulties experienced by patients’ with visual field
defects due to post-chiasmatic brain damage. As hypothesized, we found that patients
had worse iUFOV2 and iUFOV3 scores than control participants, confirming that visual
functioning of the ‘intact’ visual field is in fact impaired. These results agree with
previous research showing that the ipsi-lesional part of the visual field is affected in
hemianopia patients (Bola et al., 2013a, 2013b; Clatworthy et al., 2013; Poggel et al.,
2011; Schadow et al., 2009), and extend the findings previously reported by Rizzo and
Robin (1996) who measured UFOV size performed with the entire visual field.
Our finding that iUFOV1 scores were normal for patients suggests that foveal processing
is in general unaffected in the intact half-field if the central stimuli can be distinguished
even if the stimulus is partly occluded by a visual defect. Another possibility is that
iUFOV1 is not sensitive enough to pick up small impairments. Indeed, a floor effect
has been reported for healthy participants in the past (Aust & Edwards, 2016; Edwards
et al., 2006; Woutersen et al., 2018). Yet, whereas healthy control participants in our
study all reached the lowest, i.e., best score, some patients did not. Furthermore,
patients who were not included in the analyses because they were unable to finish all
three iUFOV subtests did show reduced performance on this subtest. It is unclear why
some patients could and others could not perform the iUFOV1 task with a single frame
stimulus duration. The ones that needed longer stimulus presentations did not show
consistent deviations from the rest of the group in terms of age, visual acuity, lesion
type, location or age, although two (HP06 and HP16) did reach the lowest, i.e. worst,
HFA scores of the group.
As opposed to iUFOV1, patients’ performance was clearly reduced for both iUFOV2
and iUFOV3, even though we did not include trials where the peripheral stimulus was
presented in the contra-lesional hemifield in these scores. The random placement of
the peripheral stimulus in the iUFOV task requires participants to spread their attention
across the visual field as it keeps them unaware of the fact that only one hemifield is
tested. This is different from presenting stimuli in one hemifield alone. The latter would
allow subjects to direct their attention towards the tested hemifield, giving them an
advantage during testing that they do not have in everyday life. Our finding indicates
that although the ipsi-lesional field is unaffected according to traditional perimetry
measurements, other aspects picked up by the iUFOV test, namely simultaneously
identifying central and localizing peripheral stimuli, reveal disturbances in this
hemifield nonetheless. This finding agrees with previous reports of impairments in
both lower-level as well as complex task performance that relied on the ipsi-lesional
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field (Clatworthy et al., 2013; Geuzebroek & van den Berg, 2017; Poggel et al., 2011;
Schadow et al., 2009).
Disrupted performance of patients could also be related to general attentional
deficits, which is not an uncommon result of brain damage (Hochstenbach, Mulder, van
Limbeek, Donders, & Schoonderwaldt, 2003; Tatemichi et al., 1994). However, in HFA
measurements the location of the stimulus is just as unpredictable, and thus should be
equally affected by attentional deficits. Thus, the complexity of performing two tasks
simultaneously instead of just one in iUFOV2 and iUFOV3 seems to disturb patients’
ability more than a simple defocus of spatial attention. In addition, the increase
in scores between iUFOV2 and iUFOV3 was similar for patients and healthy control
participants, suggesting that patients are not abnormally disturbed by the presence of
distractors. A larger influence of distractors would be expected if the patients suffered
from general attentional deficits.
Alternatively, impaired performance may result from a reduced ability to perform the
localization task itself. Perceptual distortions, for example in size and orientation, have
been reported for hemianopia patients (Dilks, Serences, Rosenau, Yantis, & McCloskey,
2007; Ferber & Karnath, 2001; Fortenbaugh, VanVleet, Silver, & Robertson, 2015).
We cannot rule out the possibility that the task localizing the stimuli itself was more
difficult for patients, because we did not test their performance on this task alone, in
the absence of the central identification task. We found a negative nonlinear correlation
between HFA scores and iUFOV performance as well as partial linear and nonlinear
correlations with age as a covariate. This finding could imply that a lower sensitivity
is related to lower speed in the ipsi-lesional field. However, it is important to note that
the HFA score spans performance throughout the visual field, including the defect itself
which is likely the main source of variability in HFA scores, since our patients were
highly variable in their visual field defects. The correlation between HFA and iUFOV
scores could therefore also be a demonstration of the effects of the deficit extending
into the ipsi-lesional field.
We found that patients scored lower on most subscales of the adapted NEI VFQ-25
compared to control participants, which agrees with previous reports (Gall, Franke, &
Sabel, 2010; Gall et al., 2009; Papageorgiou et al., 2007). Similar to previous literature,
we found that the largest differences were in the Peripheral Vision subscale, while
the smallest differences were found for the Color Vision and Ocular Pain subscales. In
fact, we found no significant difference between patients and control participants on
the Ocular Pain subscale. In addition to the traditional subscales, we composed three
additional subscales, i.e., Traffic, Digital Tools and Visual Speed and Attention (Table
S5.1) on which patients also scored significantly lower than control participants.
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Given the relations between the UFOV test and several measures of daily life activities
that have been reported in the past, such as driving, reading and finding items on a
shelf (Aust & Edwards, 2016; Ball et al., 1993; Owsley et al., 2002), we expected the
total iUFOV score to be related to some of the adapted NEI VFQ-25 subscales. However,
we found almost no significant correlations in our exploratory analyses. The only
significant result we found without correction for multiple comparisons was between
the iUFOV and Peripheral Vision subscale. Note, however, this subscale was composed
of only one question (“Because of your eyesight, how much difficulty do you have
noticing objects off to the side while you are walking along?”) to which all patients’
answers were divided among only two out of four answer categories (“Moderate
difficulty” and “Extreme difficulty”). This result should therefore be considered with
caution. We also found a significant correlation between Color Vision and HFA scores
which agrees with the findings of Gall et al (2009) who investigated correlations
between the size of absolute visual field loss and the NEI VFQ subscales. Unlike Gall
et al. we found no correlations between any of the other subscales and HFA scores,
although many were of a similar magnitude. With only 14 patients we lacked power to
reach levels of significance for these correlations.
We compared the correlations between the adapted NEI VFQ-25 subscales and iUFOV
scores with the correlations between the subscale scores and visual field sensitivity
measured by HFA. One might expect that the correlations with HFA are systematically
higher than the ones with the iUFOV since the mean HFA considers both hemifields, and
hence captures vision loss in the affected hemifield too, whereas the iUFOV only targets
function loss of the ‘intact’ hemifield. Yet this was not the case. The only difference we
found was for the correlation that included Peripheral Vision which was significantly
stronger for iUFOV scores than for visual field sensitivity. Although we should interpret
this result with caution for reasons mentioned before, this finding suggests that HFA
scores and iUFOV scores may be sensitive to different aspects of visual functioning.
Both measures may complement each other in order to form a complete picture of
patients’ visual functioning. For this reason, their combined explanatory value might be
better than either individual variable’s performance. Unfortunately, in this exploratory
study, our power was too low to gain reliable results for such model fits. Alternatively,
incorporating the entire visual field into the summed iUFOV score might also enhance
the relationship as the current iUFOV score does not measure the impairment resulting
from the visual field defects in their affected hemifield.
Due to the established age-effects on perimetry (Brenton & Phelps, 1986), clinicians
often use age-corrected measures to examine perimetry results such as mean
deviation. However, we did not have age-corrected measures available for the iUFOV
or adapted NEI VFQ-25, which are also affected by age (Edwards et al., 2006; Nickels
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et al., 2017; Sekuler et al., 2000; Woutersen et al., 2018). We therefore calculated an
uncorrected HFA score based on the raw visual sensitivity scores of the entire visual
field for both eyes. To correct for age, we matched our patient and control groups.
Statistical tests showed that there was indeed no significant difference between these
groups in terms of mean and variance of age. In addition, we repeated all analyses with
age included as a covariate. We were surprised to see that age hardly had an impact on
our results despite the large range of ages (22-77 years) in both groups. Based on the
previously reported relations between all three measures and age, we expected age to
inflate or cause correlations between the adapted NEI VFQ-25 scores and HFA or iUFOV
scores. Instead, we found almost no correlations and the ones we did find were still
present when age was included in the analysis. We therefore believe that age was not a
confounding factor in our results.
Although we did not find many significant or strong correlations between iUFOV scores
for the intact visual field and the adapted NEI VFQ-25 subscales, we believe the iUFOV
task is an interesting task to investigate further in this particular patient group. First
of all, we found quite some variance in patients’ performance. Four patients were
unable to complete all three iUFOV subtests. These patients only differed from the
others in their iUFOV1 and, for those who were able to complete it, iUFOV2 scores,
which were significantly worse (Table S5.3). They did not differ in age or HFA scores.
On the other hand, another subgroup of patients was able to perform just as well
as our healthy control group. These findings agree with our observations that some
patients seem much less affected by their visual deficit than others while the defect
is not necessarily smaller as indicated by perimetry results. The scores could also be
augmented with errors in localization of the peripheral stimuli as they might better
capture the deficit incurred by the affected, contra-lesional hemifield. Second, previous
literature has shown that UFOV performance can be enhanced with training (Ball et
al., 2002b; Edwards et al., 2018; Roenker et al., 2003). Interestingly, a recent metaanalysis showed that UFOV training may improve instrumental activities of daily life,
reduce adverse driving events and increase well-being for community-dwelling older
adults and clinical populations, including stroke patients (Edwards et al., 2018). Current
rehabilitation methods for patients with visual field defects usually focus on (partial)
restoration or displacement of the visual field defect or on compensation through eyemovements (Schofield & Leff, 2009). UFOV training may offer a way to train functions
that are neglected by other rehabilitation methods, such as speed of processing
and attention. Previous studies have shown promising results in improving UFOV
performance of stroke patients, although it is unclear to what extent the improvement
generalized to other activities (Mazer et al., 2003; Mazer, Sofer, Gelinas, KornerBitensky, & Gelinas, 2001).
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Conclusions
Our results show that the iUFOV test is sensitive to declined visual functioning that is
not picked up by traditional perimetry. In view of these results, and considering the
correlations that have been reported in the literature between UFOV and daily life
activities, we believe the UFOV task is of interest for evaluating visual functioning of
patients with post-chiasmatic lesions and should be investigated further.
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FIGURE S5.1 | Patients’ visual fields measured with the Humphrey Field Analyzer. Note that
HP01’s left eye was partially occluded by the rims of the refraction correction.
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FIGURE S5.2 | Scatterplots of the arcsine-root-transformed Peripheral Vision VFQ subscale scores
as a function of iUFOV total score (rmirrored = 0.62, p < 0.05) and mean field sensitivity measured
with the Humphrey Field Analyzer (r = -0.08, p = 0.79). Note that lower iUFOV scores represent
better performance. iUFOV scores were mirrored to match the better side (left) with the mean
field sensitivity scores, where higher scores represent better performance. The Peripheral Vision
subscale is composed of only one question. Patients’ answers were divided among only two of
four possible answer categories.
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SUPPLEMENTAL INFORMATION S1 | Mixed design ANCOVA iUFOV subtest.

To ensure our results regarding differences on iUFOV performance were not related to
a difference in age between the patient and control groups, we applied a mixed design
ANCOVA with age as the covariate. We found essentially the same results. That is, we
found a main effect of iUFOV subtest, F(2,58) = 26.7, pGG < 0.001. Contrasts showed that
scores were lower for iUFOV1 than iUFOV2, F(1,28) = 13.42, p = 0.001, which in turn
were lower than iUFOV3, F(1,28) = 22.54, p < 0.001. We also found a significant main
effect of group, F(1,28) = 8.09, p = 0.01, patents scored higher than control subjects. A
significant interaction effect between group and subtest shows that the difference is
not equal for all subtests, F(2,56) = 5.48, pGG = 0.011. Contrasts showed that patients’
scores increased more from iUFOV1 to iUFOV2 than those of controls, F(1,28) = 7.43, p
= 0.01. The difference between iUFOV2 and iUFOV3 was not different between patients
and controls, F(1,28) = 0.39, p = 0.54. Post-hoc tests showed that patients scored
significantly higher than controls on iUFOV2 (meandifference = 0.099 sec, p = 0.01) and
iUFOV3 (meandifference = 0.12 sec, p = 0.016), but not on iUFOV1 (meandifference = 0.0013,
p = 0.16). We did not find a significant main effect of age (F(1,28) = 1.87, p = 0.18) or
interaction effect between age and group (F(2,56) = 1.68, p = 0.20).
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TABLE S5.1 | Additional subscales and questions for the NEI-VQF. Subscale scores were the
averages of the recoded answers to the questions. For the Traffic and Visual Speed and Attention
subscales, questions from the standard NEI VFQ-25 are referred too between brackets.

Subscale

Questions (number in standard Response category
NEI VFQ-25)

Recoding

Traffic

1H
 ow much difficulty do
you have moving through
traffic during the daytime in
familiar places, for example
on foot or by bike?

1
2
2
4
5

2H
 ow much difficulty do you
have moving through traffic
at night, for example on foot
or by bike?

1
2
3
4
5

No difficulty at all
A little difficulty
Moderate difficulty
Extreme difficulty
Stopped doing this because
of your eyesight
6 Stopped doing this for other
reasons or not applicable
to you
1
2
3
4
5

No difficulty at all
A little difficulty
Moderate difficulty
Extreme difficulty
Stopped doing this because
of your eyesight
6 Stopped doing this for other
reasons or not applicable
to you

3H
 ow much difficulty do you
have moving through traffic,
for example on foot or by
bike, in difficult conditions,
such as in bad weather,
during rush hour, on the
freeway, or in city traffic?

1
2
3
4
5

4 IF CURRENTLY DRIVING: How
much difficulty do you have
driving during the daytime
in familiar places? (Q15c)

1
2
3
4

7 How much difficulty do you
have driving at night? (Q16)

1
2
3
4
5

8H
 ow much difficulty do you
have driving in difficult
conditions, such as in bad
weather, during rush hour,
on the freeway, or in city
traffic? (Q16a)

No difficulty at all
A little difficulty
Moderate difficulty
Extreme difficulty
Stopped doing this because
of your eyesight
6 Stopped doing this for other
reasons or not applicable
to you
No difficulty at all
A little difficulty
Moderate difficulty
Extreme difficulty

No difficulty at all
A little difficulty
Moderate difficulty
Extreme difficulty
Stopped doing this because
of your eyesight
6 Stopped doing this for other
reasons or not applicable
to you
1
2
3
4
5

No difficulty at all
A little difficulty
Moderate difficulty
Extreme difficulty
Stopped doing this because
of your eyesight
6 Stopped doing this for other
reasons or not applicable
to you
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100
75
50
25
0

6 missing

1
2
2
4
5

100
75
50
25
0

6 missing

1
2
2
4
5

100
75
50
25
0

6 missing

1
2
3
4
5
6

100
75
50
25
0*
missing*

1
2
2
4
5

100
75
50
25
0

6 missing

1
2
2
4
5

100
75
50
25
0

6 missing
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Subscale

Questions (number in standard Response category
NEI VFQ-25)

Recoding

Digital
Tools

1 Because of your eyesight,
how much difficulty do you
have using a computer, for
example for work?

1
2
2
4
5

2B
 ecause of your eyesight,
how much difficulty do you
have using a mobile phone
or smartphone?

Visual
Speed and
Attention

1How much difficulty do you
have reading ordinary print
in newspapers? (Q5a)

2B
 ecause of your eyesight,
how much difficulty do you
have finding something on a
crowded shelf? (Q7b)

3H
 ow much difficulty do you
have reading street signs or
the names of stores? (Q8a)

4B
 ecause of your eyesight,
how much difficulty do you
have going down steps,
stairs, or curbs in dim light
or at night? (Q9c)

1
2
3
4
5

No difficulty at all
A little difficulty
Moderate difficulty
Extreme difficulty
Stopped doing this because
of your eyesight
6 Stopped doing this for other
reasons or not applicable
to you
1 No difficulty at all
2 A little difficulty
3 Moderate difficulty
4 Extreme difficulty
5S
 topped doing this because
of your eyesight
6S
 topped doing this for other
reasons or not applicable
to you
1
2
3
4
5

No difficulty at all
A little difficulty
Moderate difficulty
Extreme difficulty
Stopped doing this because
of your eyesight
6 Stopped doing this for other
reasons or not interested in
doing this
1 No difficulty at all
2 A little difficulty
3 Moderate difficulty
4 Extreme difficulty
5S
 topped doing this because
of your eyesight
6S
 topped doing this for other
reasons or not interested in
doing this
1 No difficulty at all
2 A little difficulty
3 Moderate difficulty
4 Extreme difficulty
5S
 topped doing this because
of your eyesight
6S
 topped doing this for other
reasons or not interested in
doing this
1
2
3
4
5

No difficulty at all
A little difficulty
Moderate difficulty
Extreme difficulty
Stopped doing this because
of your eyesight
6 Stopped doing this for other
reasons or not interested in
doing this

100
75
50
25
0

6 missing

1
2
2
4
5

100
75
50
25
0

6 missing

1
2
2
4
5

100
75
50
25
0

6 missing

1
2
2
4
5

100
75
50
25
0

6 missing

1
2
2
4
5

100
75
50
25
0

6 missing

1
2
2
4
5

100
75
50
25
0

6 missing

>>
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TABLE S5.1 | Continued

Subscale

Questions (number in standard Response category
NEI VFQ-25)
1 No difficulty at all
2 A little difficulty
3 Moderate difficulty
4 Extreme difficulty
5S
 topped doing this because
of your eyesight
6S
 topped doing this for other
reasons or not interested in
doing this

5B
 ecause of your eyesight,
how much difficulty do you
have noticing objects off to
the side while you are walking along? (Q10c)

1
2
3
4
5

6B
 ecause of your eyesight,
how much difficulty do you
have going out to see movies, plays, or sports events?
(Q14d)

1
2
3
4
5

1
2
2
4
5

No difficulty at all
A little difficulty
Moderate difficulty
Extreme difficulty
Stopped doing this because
of your eyesight
6 Stopped doing this for other
reasons or not interested in
doing this

9B
 ecause of your eyesight,
how much difficulty do you
have taking part in active
sports or other outdoor
activities that you enjoy (like
golf, bowling, jogging, or
walking)? (QA7c,d)

1
2
3
4
5

No difficulty at all
A little difficulty
Moderate difficulty
Extreme difficulty
Stopped doing this because
of your eyesight
6 Stopped doing this for other
reasons or not interested in
doing this

134

100
75
50
25
0

6 missing

1
2
2
4
5

1
2
3
4
5

8B
 ecause of your eyesight,
how much difficulty do you
have figuring out whether
bills you receive are accurate? (QA4a)

1
2
2
4
5

No difficulty at all
A little difficulty
Moderate difficulty
Extreme difficulty
Stopped doing this because
of your eyesight
6 Stopped doing this for other
reasons or not interested in
doing this
No difficulty at all
A little difficulty
Moderate difficulty
Extreme difficulty
Stopped doing this because
of your eyesight
6 Stopped doing this for other
reasons or not interested in
doing this

7W
 earing glasses, how much
difficulty do you have
reading the small print
in a telephone book, on a
medicine bottle, or on legal
forms? (QA3a)

Recoding

100
75
50
25
0

6 missing

100
75
50
25
0

6 missing

1
2
2
4
5

100
75
50
25
0

6 missing

1
2
2
4
5

100
75
50
25
0

6 missing
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Subscale

Questions (number in standard Response category
NEI VFQ-25)

Recoding

10 Because of your eyesight,
how much difficulty do you
have seeing and enjoying
programs on TV? (QA8d)

1 No difficulty at all
2 A little difficulty
3 Moderate difficulty
4 Extreme difficulty
5S
 topped doing this because
of your eyesight
6S
 topped doing this for other
reasons or not interested in
doing this

1
2
2
4
5

11 Traffic Subscalee

See traffic subscale

See traffic
subscale

12 Digital Tools subscaled

See Digital Tools subscale

See Digital
Tools subscale

100
75
50
25
0

6 missing

* Alternative recoding 15c: only if a participant had never driven a car, the score was recorded
as missing. If a participant stopped driving, the score was recorded as 0 regardless of the reason; a included because of relationship reading (Aust & Edwards, 2016; Laasonen et al., 2012); b
included because of relationship crowding (Matas et al., 2014); c included because of relationship
walking (Crisler et al., 2013; Dommes et al., 2013); d included because of relationship visual
processing speed (Owsley, 2013; Woutersen, Guadron, et al., 2017); e included because of relationship driving (Mathias & Lucas, 2009; Seong-Youl et al., 2014).
TABLE S5.2 | Results of Pearson’s and Spearman’s correlations between each subscale and total
iUFOV score (columns 1 and 2) and between each subscale and HFA score (columns 3 and 4).

iUFOV

HFA

Subscale

Pearson’s r

Spearman’s r

Pearson’s r

Spearman’s r

Total

-0.36

-0.45

0.40

0.53

General Health

-0.07

0.02

-0.11

-0.20

General Vision

-0.43

-0.45

0.24

0.32

Ocular Pain

0.28

0.19

0.14

0.21

Near Activities

-0.37

-0.36

0.11

0.25

Distance Activities

-0.50

-0.48

0.35

0.46

Social Functioning

-0.39

-0.44

0.33

0.45

Mental Health

-0.14

-0.13

0.28

0.47

Role Difficulties

-0.30

-0.34

0.49

0.57*

Dependency

-0.28

-0.31

0.42

0.52

Driving

-0.16

-0.13

0.43

0.37

Color Vision

-0.53

-0.52

0.63*

0.70*

Peripheral Vision

-0.62*

-0.54*

-0.08

0.02

Traffic

-0.27

-0.19

0.19

0.30

Digital Tools

-0.21

-0.02

0.04

0.13

Visual Speed and Attention

-0.37

-0.27

0.21

0.35

* = p < 0.05 without correction for multiple comparisons.
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TABLE S5.3 | Characteristics of patients included in the analyses (n=14), versus those excluded
from the analyses (n=4). Independent t-tests show that the excluded group shows much higher,
i.e., worse scores on UFOV1 and UFOV2 but is comparable to the included group of patients on
all almost all other measures.

Variable

iUFOV3 completers
mean (SEM)

iUFOV3
non-completers
mean (SEM)

Statistics

Age (years)

55 (5.4)

67 (7.1)

t(16) = -1.02, p = 0.32

Lesion age (months)

61 (21)

37 (12)

t(16) = 0.59, p = 0.56

Far visual acuity (logMAR)

0.00 (0.04)

0.03 (0.14)

t(16) = -0.25, p = 0.80

Line bisection (mm)

4 (5)

0 (2)

t(16) = 0.42, p = 0.68

Mean HFA score (dB)

16 (1)

14 (1)

t(16) = 1.27, p = 0.22

MD

-14 (1)

-16 (1)

t(16) = 0.80, p = 0.44

VFI

64 (3)

54 (3)

t(16) = 1.61, p = 0.12

UFOV1 score (ms)

18 (1)

76 (34)

t(16) = -3.42, p < 0.01

UFOV2 score (ms)

130 (39)

972 (150)

t(14) = -7.30, p < 0.001

Adapted NEI VFQ-25 (arcsine-root-transformed)
Total

0.78 (0.072)

0.86 (0.16)

t(16) = -0.50, p = 0.62

General Health

0.61 (0.058)

0.78 (0.096)

t(16) = -1.44, p = 0.17

General Vision

0.70 (0.057)

0.82 (0.073)

t(16) = -1.02, p = 0.32

Ocular Pain

1.4 (0.099)

1.04 (0.19)

t(16) = 1.51, p = 0.15

Near Activities

0.87 (0.082)

1.1 (0.19)

t(16) = -1.38, p = 0.19

Distance Activities

0.88 (0.093)

1.2 (0.24)

t(16) = -1.36, p = 0.19

Social Functioning

1.0 (0.11)

1.3 (0.18)

t(16) = -1.05, p = 0.31

Mental Health

0.74 (0.067)

0.98 (0.12)

t(16) = -1.69, p = 0.11

Role Difficulties

0.76 (0.10)

0.85 (0.26)

t(16) = -0.40, p = 0.69

Dependency

1.2 (0.12)

1.3 (0.18)

t(16) = -0.20, p = 0.85

Driving

0.083 (0.29)

-0.32 (0.72)

t(14) = 0.63, p = 0.54

Color Vision

1.3 (0.12)

1.3 (0.26)

t(16) = -0.17, p = 0.87

Peripheral Vision

0.43 (0.036)

1.0 (0.18)

t(16) = -5.36, p < 0.001
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TABLE S5.4 | Results of all adapted NEI VFQ-25 subscale comparisons while correcting for age.
Patients scored lower on all subscales except for Ocular Pain. Neither age, nor the interaction
effect between group and age was significant on any of the subscales. P-values are corrected for
multiple comparisons with the false discovery rate.

VFQ subscale

Statistics
Main effect:
Group

Main effect:
age

Interaction effect:
group and age

Total

F(1,27) = 38.9,
pFDR < 0.001

F(1,27) = 0.058,
pFDR >0.99

F(1,27) < 0.001,
pFDR > 0.99

General Health

F(1,27) = 15.4,
pFDR = 0.002

F(1,27) = 0.031,
pFDR > 0.99

F(1,27) = 0.537,
pFDR > 0.99

General Vision

F(1,27) = 18.6,
pFDR < 0.001

F(1,27) = 0.107,
pFDR > 0.99

F(1,27) = 0.385,
pFDR > 0.99

Ocular Pain

F(1,27) = 0.143,
pFDR > 0.99

F(1,27) = 2.08,
pFDR = 0.45

F(1,27) = 0.343,
pFDR > 0.99

Near Activities

F(1,27) = 10.4,
p = 0.01

F(1,27) = 0.370,
pFDR > 0.99

F(1,27) = 0.261,
pFDR > 0.99

Distance Activities

F(1,27) = 22.6,
pFDR < 0.001

F(1,27) = 0.600,
pFDR > 0.99

F(1,27) = 0.322,
pFDR > 0.99

Social Functioning

F(1,27) = 17.8,
pFDR = 0.001

F(1,27) = 0.016,
pFDR > 0.99

F(1,27) = 0.005,
pFDR > 0.99

Mental Health

F(1,27) = 27.3,
pFDR < 0.001

F(1,27) = 0.011,
pFDR > 0.99

F(1,27) = 0.013,
pFDR > 0.99

Role Difficulties

F(1,27) = 34.5,
pFDR < 0.001

F(1,27) = 0.137,
pFDR > 0.99

F(1,27) = 0.066,
pFDR > 0.99

Dependency

F(1,27) = 8.10,
pFDR = 0.03

F(1,27) = 0.001,
pFDR > 0.99

F(1,27) = 0.061,
pFDR > 0.99

Driving

F(1,27) = 13.2,
pFDR = 0.007

F(1,27) = 0.015,
pFDR > 0.99

F(1,27) = 0.569,
pFDR > 0.99

Color Vision

F(1,27) = 7.28,
pFDR = 0.04

F(1,27) = 0.043,
pFDR > 0.99

F(1,27) = 0.023,
pFDR > 0.99

Peripheral Vision

F(1,27) = 367,
pFDR < 0.001

F(1,27) = 4.78,
pFDR = 0.11

F(1,27) < 0.001,
pFDR > 0.99

Traffic

F(1,27) = 32.7,
pFDR < 0.001

F(1,27) = 0.225,
pFDR > 0.99

F(1,27) = 0.468,
pFDR > 0.99

Digital Tools

F(1,27) = 7.00,
pFDR = 0.04

F(1,27) = 0.158,
pFDR > 0.99

F(1,27) = 0.022,
pFDR > 0.99

Visual Speed and
Attention

F(1,27) = 31.3,
pFDR < 0.001

F(1,27) = 0.341,
pFDR > 0.99

F(1,27) = 0.043,
pFDR > 0.99
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General discussion

Modern daily life relies strongly on effective handling of visual information. People
who need more time to process such information can experience problems driving,
handling computers, and performing various other common tasks. They may seek help
from an ophthalmologist, but are only eligible for visual rehabilitation programs if their
visual acuity and visual field are also affected or if they suffer from cerebral visual
impairment, eye defects or clear retinal pathology. Whether their vision is too slow
to adequately perform daily activities is generally not taken into account, as speed is
hardly incorporated in clinical assessments of visual functioning. Aware of this issue,
we have investigated the additional value of temporal measures in the assessment of
visual functioning.

Summary
The UFOV task has gained popularity for its relatively strong relationships with
everyday activities and its potential to improve cognitive abilities through training.
It consists of three computer tests, which were claimed to measure processing speed
and central vision, divided attention and selective attention. However, other functions
seem to be involved as well. In chapter 2, we investigate the contribution of these
suggested functions and other perceptual and cognitive functions with a meta-analysis.
We included 116 Pearson’s correlation coefficients between UFOV scores and other
test scores reported in 18 peer-reviewed articles. We divided these correlations into
nine domains: attention, executive functioning, general cognition, memory, spatial
ability, visual closure, contrast sensitivity, visual processing speed and visual acuity.
A multivariate mixed effects model analysis revealed that each domain correlated
significantly with each of the UFOV subtest-scores. These correlations were stronger
for UFOV2 and UFOV3 than for UFOV1. Furthermore, some domains correlated more
strongly with the UFOV than others across subtests. We did not find interaction effects
between subtest and domain, indicating that none of the subtests is more selectively
sensitive to a particular domain than the others. In other words, none of them seems
to measure one clear construct. Instead, a range of visual and cognitive functions
is involved. Perhaps this is the reason for the UFOV’s high ecological validity, as it
involves many functions at once, making it harder to compensate if one of them fails.
Previous research has shown an age-related decline in UFOV task performance.
However, these results are mostly based on data that may have been confounded by
(age-related) ocular diseases. In chapter 3, we examined UFOV performance in subjects
aged 19.5 to 70.3 years to investigate how UFOV performance changes throughout
adulthood. All subjects underwent a thorough ophthalmological examination to exclude
ocular disorders. In addition, we provided correction for current refractive error and
age-appropriate addition. We examined some elementary visual functions, i.e., near
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and far visual acuity, crowding, and contrast sensitivity. In addition we investigated
whether these functions were related to age or could explain a possible age-related
decline in UFOV performance. The subjects (n = 41) performed very well on almost every
measure. They reached far better UFOV and visual acuity scores than those reported
by studies that relied on self-reported absence of ocular pathology. We did not find
significant relationships between age and any of the elementary visual functions or the
first two UFOV subtasks. However, we did find an age-related decline in performance
on UFOV3 (R2UFOV3 = 0.36, p < 0.001).This decline was unrelated to performance on the
elementary visual function tasks. Thus, our results show that performance on the first
two UFOV subtasks as well as central elementary visual functions may remain high in
the absence of obvious ophthalmological pathology.
In chapter 4, we investigate changes throughout adulthood in clinically-relevant
electrophysiological responses to visual stimuli at different levels of visual processing.
For this purpose, we measured mfERG, pattern-reversal VEP, pattern onset VEPs and
cognitive responses (P3a and P3b) in an oddball paradigm of the same participants
as those included in chapter 3 without obvious signs of ophthalmological pathology.
Our results demonstrate that most latencies increase with age, but most amplitudes
are not related to age. We repeated our analyses while controlling for visual acuity
and contrast sensitivity. We also controlled for mfERG response latency and amplitude
to investigate the impact of ocular functioning on cortical responses. These additional
analyses showed that our main findings are not confounded by ocular factors, only
C3f and P10060 latencies were no longer significantly related to age. These results
suggest that age-appropriate norms should be established for the latencies of
electrophysiological responses measured in ophthalmological clinics. In addition,
subjects included in a database of healthy controls should receive an ophthalmic exam
to confirm the absence of ocular disorders.
In addition to healthy functioning, we were interested in speed related changes
that occurred in the case of neurological damage. Specifically, we examine UFOV
performance of the ‘intact’ ipsi-lesional visual field of patients with post-chiasmatic
brain damage in chapter 5. We were particularly interested in whether UFOV
performance can be useful to understand difficulties these patients experience
in their daily life. Towards that end, we compared performance of 14 patients on a
customized version of the UFOV task that only assessed their intact visual half-field
(iUFOV) with that of 17 age-matched healthy control participants. In addition, we
mapped their visual field defects with the Humphrey Field Analyzer. Last, we used an
adapted version of the National Eye Institute Visual Quality of Life-25 (NEI VFQ-25)
to measure their experienced visual quality of life. We found that patients performed
worse on the iUFOV2 and iUFOV3, but not on iUFOV1. This suggests that the iUFOV test
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is sensitive to deficits in the visual field that are not picked up by traditional perimetry.
In addition, patients scored significantly worse on almost every standard and custom
NEI VFQ-25 subscale, except ocular pain. We found almost no differences between the
correlations between standard or custom subscale scores of the adapted NEI VFQ-25
and summed iUFOV scores and correlations between subscale scores and Humphrey
Field Analyzer scores. Nevertheless, considering the correlations between UFOV and
daily life activities reported in the literature, we believe this task is of interest for
patients with post-chiasmatic brain lesions and should be investigated further.

Visual functioning throughout adulthood
We did not find evidence for a decrease of elementary visual functions that are usually
measured in ophthalmological assessments such as visual acuity (chapter 3) in a group
of subjects without signs of pathology. In addition, our results showed no decline in
UFOV1 or UFOV2 performance. This is in contrast to previously reported relations
between age and UFOV performance. In an exploratory meta-analysis, we estimated
the correlations to be approximately 0.19 for UFOV1 and 0.43 for UFOV2 (Figure S3.3).
The difference may be due to the high performance our subjects showed, which caused
a lack of variation in their UFOV scores.
We did find a significant relationship between UFOV3 and age. The effect had a similar
size as those reported in the past (Figure S3.3). Interestingly UFOV2 and UFOV3 ask
the same response from participants. This corresponds with the fact that we estimated
similar correlations between perceptual and cognitive functions for UFOV2 and
UFOV3 in chapter 2. That is, the correlations we estimated between any perceptual or
cognitive function and UFOV3 were not stronger compared to those between UFOV2
and perceptual or cognitive functions, or vice versa. In contrast, Matas, Nettelbeck, &
Burns (2014) reported differences between functions related to UFOV2 and UFOV3.
Specifically, they found that change detection (which was included in the ‘attention’
domain in chapter 2) was a significant predictor of UFOV2 performance after a
backwards elimination procedure, but not UFOV3. For UFOV3 on the other hand,
crowding was a significant predictor. We did not reproduce the latter finding in chapter
3. This could be due to the fact that we measured crowding centrally and without
time limit. Matas et al. (2014) used a task where the stimuli occurred in several places
and were only briefly presented before a mask appeared to prevent further visual
processing.
Even though their instructions are equal, the presence of distractors makes the nature
of UFOV3 considerably different from UFOV2. Due to its isolated presentation, the
peripheral stimulus pops out in UFOV2, whereas in UFOV3 it is concealed by distractors
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of the same size and contrast. Consequently, participants need to recognize the
stimulus in order to locate it correctly. Thus, our results indicate that it becomes harder
to ignore irrelevant information with increasing age. Although many studies have
shown a decline in inhibition in older adults, a recent meta-analysis found that this may
only be the case for tasks that measure the ability to suppress a dominant response,
such as the go/no-go task (Rey-Mermet & Gade, 2018). They did not find an age-related
decline in tasks that measure the ability to ignore distracting information, for example,
the flanker test. Nonetheless, a declining ability to ignore irrelevant information can
make daily activities that involve cluttered scenes increasingly difficult. Ads can have a
more distracting effect on older adults, making activities such as browsing the internet,
reading magazines and newspapers harder and less enjoyable. Furthermore, moving in
complex traffic situations, searching for people in a crowd and finding a specific brand
during grocery shopping becomes increasingly difficult. Including the UFOV test in
the assessment of visual functioning provides additional information on the speed of
visual information processing. This may help clinicians better understand older adults’
complaints. To understand specifically which problems can be predicted by reduced
UFOV performance, further research is required.
In contrast to the other elementary visual functions, we did find changes in
electrophysiological responses to elementary visual stimuli (chapter 4). Specifically, we
found that most responses occurred later with increasing age. The relationships we
found were similar, or even slightly larger than those reported in the past, except for
the cognitive responses P3a and P3b (Celesia & Daly, 1977; Gerth et al., 2002; Kuba et
al., 2012; Seiple et al., 2003; Shaw & Cant, 1980; Sokol et al., 1981; Wright et al., 1985).
Our results also show that the relationship becomes larger over the subsequent stages
of visual processing.
Despite the age-effects we found in UFOV3 performance and electrophysiological
response latencies, our results revealed no correlations between UFOV performance
and electrophysiological response latencies (poster presented at Vision Sciences
Society, May 2017; Woutersen, Theelen, & Goossens). In contrast, O’Brien, Lister,
Peronto, & Edwards (2015) reported correlations between the amplitude and latency
of an early visual response and UFOV1 performance. Furthermore, they found a
correlation between P3b latency and UFOV2 and UFOV3 scores. Our P3a and P3b peaks
were sometimes difficult to specify due to their width and variability in individual
subjects’ waveforms. Specific latencies were therefore less reliable, which may have
concealed a possible relationship with UFOV3 score. In addition, whereas O’Brien and
colleagues measured responses during an oddball task with stimuli comparable to
those in the UFOV task, our stimuli consisted of very basic patterns and the paradigms
were profoundly different from the UFOV task. Due to the simplicity of our paradigms
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and stimuli, we expected that UFOV1 would more likely be related to response
latencies than to the other subtests. However, we did not find such correlations,
possibly due to the lack of variation in UFOV1 scores. Future research could measure
electrophysiological responses while subjects execute the UFOV task itself to elucidate
the mechanisms underlying (reduced) UFOV performance.
Confounding factors of elementary visual functions, including visual acuity, contrast
sensitivity or, in the case of electrophysiological cortical responses, electrophysiological
retinal responses, do not seem to influence our results. However, a limitation of our
study was that we did not formally examine participants’ cognitive abilities. In chapter
2, we found that many perceptual and cognitive functions are correlated to UFOV
performance, including attention, executive functioning and general cognition. Since
we investigated correlations in our meta-analysis, we cannot derive the direction of
the relationship, or even if it is a direct relationship or if it is mediated by another
factor. Nonetheless, the possibility exists that our experimental findings were related
to some cognitive decline even though we saw no signs of it during our subjects’ visits
and participants did not report any during an interview that covered medical history,
participation in society and family history.

UFOV & hemianopia
In chapter 5 we showed that, as a group, hemianopia patients’ UFOV performance is
disturbed even though we only scored their ‘intact’ ipsilesional field. Specifically, we
found that patients tested worse on iUFOV2 and iUFOV3 than control subjects, but not
on iUFOV1. This suggests that it is particularly difficult for patients to perform a central
identification and a peripheral localization task simultaneously. Patients did not seem
to be more affected by the presence of distractors than their healthy peers, because
we found that the decrease in performance between iUFOV2 and iUFOV3 was similar
for patients and controls. Chapter 2 showed that UFOV performance was most strongly
correlated with the attention domain across subtests. Although this finding was based
on results of a change detection task only, researchers have related UFOV performance
to other attentional measures which could not be included in our meta-analysis for
various reasons (e.g., Weaver, Bédard, McAuliffe, & Parkkari, 2009). Furthermore,
the UFOV’s developers suggested that UFOV2 and UFOV3 measure divided and
selective attention respectively (Visual Awareness Research Group, 2009). Decreased
performance on iUFOV2 and iUFOV3 could thus arise from an attentional deficit which
often occurs as a result of brain damage (Hochstenbach et al., 2003; Tatemichi et al.,
1994). However, we did not test patients’ ability to localize a peripherally presented
stimulus alone, i.e., without the additional identification task. As a result, we cannot
rule out that their reduced performance on iUFOV2 and iUFOV3 was related to difficulty
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performing the localization task itself. Several authors reported perceptual distortions
in hemianopia patients which could have made it more difficult for them to correctly
localize the peripheral stimulus in the iUFOV paradigm (Dilks, Serences, Rosenau,
Yantis, & McCloskey, 2007; Ferber & Karnath, 2001; Fortenbaugh, VanVleet, Silver, &
Robertson, 2015). Despite uncertainty about the origin of reduced performance, the
UFOV task is an interesting tool for visual assessment of hemianopia patients, because
perimetry is sensitive to neither of these problems. In traditional perimetry, patients
are instructed to detect a stimulus, regardless of its location or shape. Distortions in the
visual field would therefore not necessarily affect their performance. Furthermore, the
single task nature of perimetry techniques reduces attentional demands.
In agreement with Rizzo & Robin's (1996) findings, we found no difference between
patients’ and healthy controls’ iUFOV1 scores. This suggests that foveal processing
remains relatively intact after post-chiasmatic brain damage in patients whose blind
field does not cover the entire fovea. However, other researchers did report decreased
basic temporal functioning in hemianopia patients. For example, Poggel, Treutwein, &
Strasburger (2011) found slower response times in a detection task throughout the
visual field of patients with post-geniculate brain damage, including their intact central
field. The authors reported similar results for a double-pulse resolution task, which
measured the minimal duration required to perceive a temporal gap between two light
pulses. Perhaps the floor effect observed in chapter 3 was also present in the iUOFV1
for hemianopia patients. Indeed, whereas all age-matched healthy control participants
reached the best possible score, some patients did not. Furthermore, patients who were
unable to finish all three iUFOV subtests also showed reduced performance on iUFOV1.
Therefore, impairments in iUFOV1 may only appear in severe cases of post-chiasmatic
brain damage or if the UFOV task is adapted to reduce its’ floor effect.
Our statistical analyses showed disturbed iUFOV performance on a group level.
However, we found large inter-individual variations. Some patients scored as well
as control subjects, some scored worse, and some were unable to complete all three
iUFOV subtasks. This corresponds to our observation that some patients experienced
more problems in daily life than others, even though their visual field defect was not
necessarily larger or less conveniently located. We therefore investigated whether
iUFOV scores were related to scores on a visual quality of life questionnaire. Our data
did not corroborate this hypothesis. The reason for this could be that the iUFOV was
based on performance for the ipsilesional hemi-field only, whereas in daily life patients
use their full field. For some patients there may be a considerable area of residual
vision in the contralesional hemi-field containing the defect. In addition, some patients
are able to use visual information presented in their blind field without conscious
perception, a phenomenon called ‘blindsight’ (Sanders, Warrington, Marshall, &
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Wieskrantz, 1974; Stoerig, 2006). Measuring UFOV performance throughout the visual
field may yield stronger correlations between test results and quality of life scores.

Clinical value of speed related measures
Our results have shown that temporal measures may be sensitive to decline missed by
traditional ophthalmological tests. For example, in the absence of ocular disorders and
changes in elementary visual functions, UFOV3 scores increase with age (chapter 3). In
addition, many electrophysiological latencies change with increasing age (chapter 4).
However, the age-related effects on UFOV3 scores seem unrelated. In addition, we found
reduced performance on UFOV2 and UFOV3 for patients with post-chiasmatic damage
even though we based their scores only on trials where targets were presented in the
ipsilesional ‘intact’ hemi-field. On the other hand, we found signs of a floor effect for
UFOV1 for both healthy ageing adults and patients with post-chiasmatic damage. Other
studies also reported a floor effect for this subtest (Aust & Edwards, 2016; Edwards et
al., 2006). Perhaps the subtask is too easy to perform due to its large stimuli and high
contrast. Adapting the stimuli may increase their sensitivity to smaller deteriorations.
Alternatively, the effect of the backwards masking procedure could be improved.
Currently, the mask used in the UFOV is a static random dot pattern. Bacon-Macé et al.
(2005) showed that a dynamic mask in which multiple patterns with different spatial
frequencies are presented successively is more effective in interrupting stimulus
processing than a single pattern. Depending on the task, masks that are more similar
to the target stimulus may also be more effective (Kiefer & Kammer, 2017). Another
way to increase the UFOV’s sensitivity is to use a system with higher frame and
refresh rates that enable a stimulus presentation for periods shorter than 16.7 ms,
which is usually the lowest display latency that can be reached on a consumer monitor.
Nonetheless, the UFOV task could be a valuable addition to the general ophthalmic
exams because it provides information about a patient’s visual speed. This information
is normally neglected unless the decline is so severe it becomes obvious during testing.
In cases where speed is reduced, scores on tests that offer unlimited timing, such as
visual acuity, also depend on the patients’ patience and willingness to guess instead of
their threshold alone. Once visual functioning is slightly compromised, for example in
early stages of retinal diseases, patients may still be able to reach high visual acuities,
but need more time than normal. In those cases, the UFOV task offers a way to formally
quantify speed and detect slight changes. We also obtained some evidence that symbol
discrimination speed, as measured with the speed-acuity test (Barsingerhorn et al.,
2018a, 2018b), is reduced in patients who reach normal acuity but complain about
their speed of vision (manuscript in preparation).
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Various studies have investigated relationships between UFOV performance and
driving. Driving is a highly complex activity that requires fast visual processing. It
offers independence and mobility, and driving cessation has been associated with
a range of negative consequences, especially an increase in depressive symptoms
(Chihuri et al., 2016). Many patients with visual field defects due to post-chiasmatic
brain damage are suddenly forced to stop driving because they no longer meet the
visual field requirements of a driver’s license (Bowers, 2016). The driving subscale
of the NEI-VFQ25 shows one of the largest differences between patients with postchiasmatic damage and healthy control subjects (Gall et al., 2009; Papageorgiou et al.,
2007). Indeed, in our study, patients scored worse on the driving subscale than healthy
controls (chapter 5). Furthermore, half of the patients included in our study had stopped
driving. Despite relations previously reported between the UFOV and driving ability,
we only found a small, non-significant correlation between the driving subscale and
iUFOV performance for patients. In addition, we did not find a relationship between
iUFOV scores and our custom ‘Traffic’ scale which also included questions about moving
through traffic on foot or by bike. However, our study was not specifically designed
to investigate driving performance. Other studies that did explicitly investigate the
relationship between UFOV performance and driving found predictive ability for
neurological patients including stroke (George & Crotty, 2010), traumatic brain injury
(Novack et al., 2006), Parkinson’s disease (Classen et al., 2009, 2011) and epilepsy
(Crizzle et al., 2012). It is important to note, however, that several other tasks have
also shown potential in predicting driving ability (Mathias & Lucas, 2009; Seong-Youl
et al., 2014). In addition, some studies showed that the predictive ability of a screening
battery which includes the UFOV is higher than that of the UFOV alone (Akinwuntan et
al., 2013; Wood, 2002). Nevertheless, the UFOV can be a useful additional tool to screen
drivers when their vision and visual attention may be compromised, for example due
to ocular or neurological damage, or due to ageing. If UFOV performance is reduced,
an actual driving test can determine whether someone is still eligible for a license. The
EU Eyesight Working Group who advised the European Driving License Committee in
2005 did recognize the UFOV’s potential (Eyesight Working Group, 2005). Uncertainty
about the effects of practice made the test unsuitable to be included in the European
vision Directive at the time. Research has shown that UFOV performance can indeed be
improved with practice. However, performance remains constant after two consecutive
full UFOV tasks in young adults (Bentley et al., 2012). Nonetheless, before the UFOV
can be implemented in screenings for driving, research should establish unambiguous
norms that indicate whether performance is compromised.
Driving is often an important rehabilitation goal for patients with vision loss due to
brain damage (Bowers, 2016). For a long time, neurological repair was thought to only
occur spontaneously during the first weeks after acquiring the damage (Sabel, Henrich-
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Noack, Fedorov, & Gall, 2011). In recent years however, it has become clear that the
brain can still improve long after the damage occurred. In addition, improvements can
be increased with certain techniques. Rehabilitation strategies for hemianopia patients
are usually focused at restoring the visual field or compensating for the defect by
displacing it or through eye-movements (Sabel et al., 2011; Schofield & Leff, 2009).
A meta-analysis showed that UFOV performance can be improved with a training
based on the UFOV, called the speed-of-processing training (Edwards et al., 2018).
The authors also show that the improvement transfers to other tasks that measure
speed of processing and attention, but not memory, executive functioning or reaction
time. The effects even seem to transfer to common activities including driving and
reading medicine or food labels. Various questionnaires also indicated a small effect
on patients’ well-being. Training is especially beneficial for those who show impaired
UFOV performance at baseline (Ball et al., 2007). Furthermore, effects are larger for
adaptive training, where the level of difficulty is targeted to the performance of the
trainee (Edwards et al., 2018). Speed-of-processing training may provide patients with
post-chiasmatic damage with an additional rehabilitation method. Even if the training
does not restore visual impairment as measured with perimetry, it might counteract
disturbances in the remaining visual field which could help to compensate for the vision
loss. However, most previous research investigating speed-of-processing training
involved community-dwelling older adults. Future research should therefore verify
whether patients with post-chiasmatic damage can actually benefit from training.
Electrophysiological latencies and amplitudes have proven useful for the diagnosis and
monitoring of several ophthalmological and neurological disorders, including retinitis
pigmentosa, Stargardt’s disease and optic neuritis (Young et al., 2012). In addition, they
provide an objective measure of visual acuity (Almoqbel, Leat, & Irving, 2008; Jeon,
Oh, & Kyung, 2012). However, our electrophysiological measures showed that response
waveforms, especially in VEP paradigms, are highly variable between subjects.
Thompson, Fritsch, Hardy, & The POW Study Group (2017) made a similar observation
for the onset VEP. This variability cannot be explained entirely by a low signal-to-noise
ratio, because it is still present after averaging hundreds of trials. Instead, Thompson
found that the onset VEP changes shape gradually during life (Thompson et al., 2017).
The waveform presented by ISCEV became apparent consistently only after 40 years of
age. Inter-subject variability of the response waveform hampers their exact localization
in time. In turn this lowers the accuracy of the response latency and amplitude,
despite the high temporal resolution that electrophysiological methods provide.
Subtle deviations from the norm may therefore be missed in clinical evaluations. An
alternative approach is to analyze lag time and magnitude of the complete waveform
as we did in chapter 4, instead of every peak separately. This method may be less
sensitive to individual differences in response waveform and more to small changes
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in their timing and size. This enables earlier detection of visual disorders and closer
monitoring of disease progression. In turn, this facilitates earlier treatment and tighter
supervision of treatment effects. As suggested by ISCEV, every laboratory should
establish normative values with their own equipment (Hood et al., 2012; Odom et al.,
2016). These norms should be age-appropriate, at least for lag times, and based on a
group of healthy subjects who received an ophthalmic exam to confirm the absence of
ocular disorders.

Conclusion
In this thesis, we discussed the additional value of measures of visual speed in clinical
settings. We showed that both the UFOV task and electrophysiological measures
are sensitive to small age-related changes that may be missed by traditional
ophthalmological measures such as visual acuity and contrast sensitivity. In addition,
we demonstrated that the UFOV detects disturbed visual functioning in the ipsilesional
‘intact’ hemifield of patients with post-chiasmatic brain damage. To increase their
sensitivity to small deviations from normal functioning, both techniques would benefit
from further development of the paradigms or analysis methods. Even so, in their
present form they are already clinically applicable and provide an opportunity to
quantify visual speed. Electrophysiology can provide more information about which
part of the visual system is affected than the UFOV task. However, due to the time it
takes to perform such measurements, the UFOV task may be more suitable in a general
ocular exam.
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Inleiding
Dagelijkse activiteiten zijn erg afhankelijk van visuele informatie. Effectief gebruik
van deze informatie vereist dat de verwerking niet alleen precies is, maar ook snel
en efficiënt. Dit wordt vooral duidelijk in situaties waarin de omgeving voortdurend
verandert. Denk bijvoorbeeld aan het verkeer, waar een trage of incorrecte interpretatie
van de situatie fatale gevolgen kan hebben. Hiernaast vragen de huidige technologie
en media ons continu, met hoge snelheid, onderscheid te maken tussen relevante en
irrelevante informatie. Mensen die meer tijd nodig hebben om visuele informatie te
verwerken kunnen problemen ervaren tijdens het autorijden, omgaan met computers
en andere veelvoorkomende activiteiten. Ondanks deze problemen komen zij vaak
niet in aanmerking voor therapie. Het kan namelijk zo zijn dat hun gezichtsscherpte en
visuele veld normaal zijn en zij geen diagnose van oogheelkundige of neurologische
aard hebben. De snelheid van visuele informatieverwerking wordt vooralsnog
nauwelijks opgenomen in klinisch onderzoek, ondanks het belang ervan. Het doel van
het onderzoek in dit proefschrift was daarom te bepalen of en hoe metingen van deze
snelheid een waardevolle toevoeging kunnen zijn aan klinisch onderzoek naar visueel
functioneren.

Psychofysica
Klinisch onderzoek naar visueel functioneren omvat gewoonlijk tests die de
kwantitatieve relatie tussen een aangeboden stimulus en de waarneming daarvan
meten, ook wel psychofysica genoemd. In de oogheelkundige kliniek worden
meestal drie functies op deze manier gemeten om stoornissen op te sporen of
om hun progressie en daarmee gepaarde functionele achteruitgang in de gaten te
houden. Gezichtsscherpte of visus is bijvoorbeeld het kleinste figuur dat iemand kan
herkennen. Contrast gevoeligheidstaken bepalen het kleinste verschil in helderheid dat
mensen kunnen onderscheiden. Vaak wordt dit in het centrale deel van het visuele veld
gemeten. Tot slot kan men met perimetrie contrastgevoeligheid van het hele visuele
veld in kaart brengen.
Geen van deze taken houdt formeel rekening met de tijd die mensen nodig hebben om
de visuele informatie bewust te gebruiken en lijken niet heel sterk gerelateerd te zijn
met problemen die mensen in het dagelijks leven ervaren. Een taak die dit wel doet is
de Useful Field of View (UFOV; Ball, Owsley, & Beard, 1990). Deze taak meet het visuele
veld dat men bewust kan zien zonder hoofd- of oogbewegingen te maken. In 1990
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lieten onderzoekers zien dat de score op de UFOV taak beter in staat is te voorspellen
hoeveel problemen mensen ervaren in hun dagelijks leven dan traditionele maten van
het visuele veld (Ball, Owsley, & Beard, 1990). In tegenstelling tot standaard perimetrie
vraagt de UFOV namelijk niet alleen om targets te detecteren, maar ook om hun locatie
aan te geven. Deze targets worden maar voor een korte periode aangeboden, namelijk
75-125 ms. Naast deze targets kunnen ook nog afleidende stimuli getoond worden die
patiënten moeten negeren. Ook moeten patiënten tegelijkertijd een andere taak in het
centrale deel van hun gezichtsveld uitvoeren. Dit komt meer overeen met situaties
waarin mensen zich over het algemeen bevinden. Vaak moet men beslissingen nemen
(bijvoorbeeld in het verkeer) binnen een beperkte tijd terwijl ze afleidende factoren
moeten negeren.
De UFOV taak bestaat uit drie computer subtaken. Van de eerste subtaak wordt gezegd
deze het centrale visuele vermogen en de snelheid van informatieverwerking meet. De
tweede subtaak wordt geacht verdeelde aandacht te meten, oftewel het vermogen om
de aandacht tegelijkertijd op verschillende dingen te richten. De laatste subtaak zou
het vermogen om zich op één ding te richten en afleidende factoren te negeren meten.
Dit wordt ook wel de selectieve aandacht genoemd. Onderzoek heeft in het verleden
echter aangetoond dat ook veel andere functies betrokken zijn bij het uitvoeren van de
UFOV subtaken.
In hoofdstuk 2 onderzochten wij de relaties tussen de prestatie van mensen
op de UFOV subtaken en bovengenoemde functies (centraal visueel vermogen,
informatieverwerkingssnelheid, verdeelde aandacht en selectieve aandacht) en
tussen prestatie op de UFOV subtaken en andere perceptuele en cognitieve functies
die door andere onderzoekers zijn gerapporteerd. Wij hebben hiervoor een metaanalyse uitgevoerd over 116 correlaties verzameld uit verschillende gepubliceerde
artikelen. Deze correlaties hebben wij verdeeld in negen domeinen, namelijk aandacht,
executief functioneren, algemene cognitie, geheugen, spatieel vermogen, visuele
geslotenheid (het vermogen om complete figuren te zien in figuren met gaten), contrast
gevoeligheid, visuele verwerkingssnelheid en visus. Onze resultaten lieten zien dat
ieder domein significant correleert met iedere UFOV subtaak score. Deze correlaties
waren over het algemeen sterker voor de tweede en derde UFOV subtaak dan voor
de eerste. Daarnaast correleerden sommige domeinen sterker met de UFOV score dan
anderen, ongeacht de subtaak. We vonden geen interacties tussen subtaak en domein.
Dit betekent dat geen van de subtaken gevoeliger is voor één specifiek domein dan
de andere subtaken en dat geen van de domeinen sterker gerelateerd is aan één
specifieke subtaak vergeleken met de andere domeinen. Met andere woorden, geen
van de subtaken lijkt een specifiek construct te meten zoals gesuggereerd werd. In
plaats daarvan lijken bij iedere subtaak verschillende visuele en cognitieve functies
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betrokken te zijn. Dit is misschien ook de reden dat er zo veel relaties tussen de UFOV
en dagelijkse activiteiten zijn gevonden. Bij beiden werken zo veel functies samen dat
het lastig wordt om te compenseren wanneer er één functie uitvalt.
Eerder onderzoek heeft aangetoond dat prestatie op de UFOV taak vermindert bij een
toenemende leeftijd. Het is echter niet duidelijk of deze bevinding misschien verklaard
kan worden door de toename van (leeftijd gerelateerde) oogheelkundige stoornissen
bij oudere mensen. In hoofdstuk 3 onderzochten wij de prestatie op de UFOV taak van
proefpersonen tussen de 19,5 en 70,3 jaar om te zien hoe dit verandert tijdens de
volwassenheid. Alle proefpersonen werden uitgebreid onderzocht om oogheelkundige
stoornissen uit te sluiten. Daarnaast gaven wij hun brilglazen die ze op dat moment
nodig hadden, zo nodig met leesadditie. We onderzochten bepaalde elementaire visuele
functies, namelijk visus voor nabij en veraf, crowding (het vermogen om een figuur te
herkennen wanneer andere figuren in de buurt staan) en contrast gevoeligheid. Ook
onderzochten wij of deze functies gerelateerd waren aan leeftijd of vermindering in
UFOV scores konden verklaren. De 41 proefpersonen presteerden erg goed op bijna
alle metingen. Zij haalden veel betere UFOV en visus scores dan die gerapporteerd
zijn door andere studies. Bij deze andere studies zijn deelnemers geïncludeerd als zij
zelf aangaven dat zij geen oogheelkundige stoornis hadden. Het zou kunnen dat er
toch sprake was van een stoornis waar deze deelnemers zich niet van bewust waren.
Door grondig oogheelkundig onderzoek hebben wij die mogelijkheid vrijwel kunnen
uitsluiten. Onze resultaten laten zien dat scores op de eerste twee UFOV subtaken en
centrale elementaire visuele taken niet achteruitgaan. Wel vonden wij dat de score op
de laatste UFOV subtaak slechter wordt bij hogere leeftijden, ook als er geen sprake is
van oogheelkundige stoornissen.

Elektrofysiologie
In een computertaak zoals de UFOV meten we de reacties van mensen (met de muis
of het toetsenbord) op stimuli die worden aangeboden op het scherm. Met behulp van
elektrofysiologie kunnen we ook direct de elektrische reacties van neuronen in de ogen
en hersenen meten. Deze techniek maakt het mogelijk om verschillende componenten
van het visuele systeem los van elkaar te onderzoeken. Neurale reacties van de ogen
kunnen bijvoorbeeld gemeten worden met behulp van electroretinografie (ERG; Young,
Eggenberger, & Kaufman, 2012). Door de parameters van de stimulus aan te passen
kunnen we verschillende retinale functies onderzoeken. Zo kunnen wij bijvoorbeeld
het functioneren van verschillende visuele paden bepalen door gebruik te maken van
specifieke golflengtes of luminantie, door contrast met de achtergrond te variëren,
door de snelheid van de aanbieding aan te passen, of door specifieke patronen aan
te bieden. Daarnaast kunnen wij de retina in één keer stimuleren om beter te kunnen
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bepalen of er sprake is van algemene achteruitgang of juist lokale functionaliteit meten
door kleinere regio’s te stimuleren (Hood et al., 2012; Hood & York, 2000).
Electrische activiteit van de hersenen kunnen wij meten met behulp van
electroencephalografie (EEG). Basale visuele reacties heten ‘visual evoked potentials’
(VEP). Ook hiermee kunnen wij verschillende functies van het visuele systeem toetsen
door bepaalde eigenschappen van de stimulus aan te passen, zoals kleur, luminantie,
contrast en oriëntatie (Berninger, Arden, Hogg, & Frumkes, 1989; Rabin, Switkes,
Crognale, Schneck, & Adams, 1994; Tobimatsu & Celesia, 2006). Met EEG kun je ook
cognitieve reacties meten, bijvoorbeeld doormiddel van een oddball taak. In deze taak
worden verschillende stimuli aan de proefpersoon getoond. Deze stimuli worden niet
even vaak getoond. Wanneer de proefpersoon goed op de minder vaak voorkomende
stimuli let, verschijnen er kenmerken in het elektrisch signaal die niet waar te nemen
zijn als hij of zij afgeleid is (Duncan et al., 2009).
Met name ERG en VEPs worden vaak gemeten om bepaalde oogheelkundige stoornissen
te diagnosticeren of in de gate te houden. Verschillende onderzoekers hebben laten
zien dat ERG, VEP en cognitieve reactietijden veranderen met toenemende leeftijd
(Allison, Hume, Wood, & Goff, 1984; Allison, Wood, & Goff, 1983; Celesia & Daly, 1977;
Celesia, Kaufman, & Cone, 1987; Gerth, Garcia, Ma, Keltner, & Werner, 2002; Kuba et al.,
2012; Pitt & Daldry, 1988; Seiple et al., 2003; Shaw & Cant, 1980; Sokol, Moskowitz,
& Towle, 1981; Tobimatsu, Kurita-Tashima, Nakayama-Hiromatsu, Akazawa, & Kato,
1993; Wright, Williams, Drasdo, & Harding, 1985). Hoe deze relatie er precies uitziet
is niet helemaal duidelijk, maar het lijkt erop dat de reacties later zijn voor oudere
dan jongere volwassenen. Visuele functies zoals visus en contrastgevoeligheid
beïnvloeden de snelheden en groottes van deze reacties (Bartel & Vos, 1994; Bobak,
Bodis-Wollner, & Guillory, 1987; Tobimatsu et al., 1993; Tumas & Sakamoto, 1997). Ook
bij deze onderzoeken geven proefpersonen vaak zelf aan dat zij goed kunnen zien en
geen oogheelkundige stoornis hebben, maar wordt dit niet gecontroleerd. Dit maakt
het lastiger om de gevonden relaties met leeftijd te interpreteren, omdat deze functies
vaak achteruitgaan met toenemende leeftijd.
In hoofdstuk 4 onderzochten wij veranderingen door volwassenheid heen in
elektrofysiologische reacties die vaak in de oogheelkundige kliniek worden gemeten
in verschillende stadia van visuele verwerking. Dit maten wij bij dezelfde deelnemers
als die in hoofdstuk 3 zijn onderzocht, die geen tekenen vertoonden van visuele
stoornissen. Onze resultaten lieten zien dat de meeste reacties inderdaad later kwamen
bij oudere mensen in deze groep. De grootte van de reacties leek niet te veranderen
met de leeftijd. Aanvullende analyses lieten zien dat visus en contrast gevoeligheid,
die door andere onderzoekers geassocieerd zijn met leeftijd, onze bevindingen niet
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konden verklaren. Hetzelfde geldt voor de neurale reacties van de ogen zelf. Dit
suggereert dat er leeftijdsnormen bepaald moeten worden voor de reactietijden van
elektrofysiologische reacties van ogen en hersenen die vaak gemeten worden in de
oogheelkundige kliniek. Daarnaast moeten de mensen waarop de norm bepaald wordt
goed onderzocht worden, om er zeker van te zijn dat zij niet onbewust lijden aan een
oogheelkundige stoornis.

Klinische waarde van temporale maten
Naast normaal functioneren waren wij ook geïnteresseerd in veranderingen in
snelheid van zien ten gevolge van een hersenbeschadiging. Post-chiasmatische
hersenbeschadigingen kunnen leiden tot een verminderde gevoeligheid voor licht of
zelfs blindheid in een deel van het visuele veld. Wij hebben de UFOV taak afgenomen in
het intacte deel van het visuele veld van patiënten met dit soort hersenbeschadigingen.
De resultaten hiervan staan beschreven in hoofdstuk 5. Wij waren vooral benieuwd of
de UFOV taak kan helpen om de problemen te begrijpen die deze patiënten ervaren in
hun dagelijks leven. Hiervoor hebben wij bij 18 patiënten een aangepaste versie van
de UFOV taak afgenomen, waarbij alleen reacties op targets die in de ‘intacte’ helft van
het gezichtsveld werden meegenomen in de score. Hun scores hebben wij vergeleken
met die van 17 gezonde controle deelnemers die even oud waren. Hoewel zij wel het
hele veld konden zien hebben wij om de taak gelijk te houden alleen reacties in één
helft van het gezichtsveld meegenomen. Naast de UFOV hebben wij de gevoeligheid
van het hele visuele veld van de patiënten in kaart gebracht met behulp van standaard
perimetrie en hebben wij met een vragenlijst gemeten wat zij vonden van de kwaliteit
van hun leven met betrekking tot visuele activiteiten. Onze resultaten lieten zien dat
patiënten slechter scoorden op de tweede en derde UFOV subtaak, maar niet op de
eerste subtaak. Dit suggereert dat de aangepaste UFOV taak stoornissen kan detecteren
in deel van het gezichtsveld dat volgens traditionele gezichtsveld maten normaal
functioneert. Daarnaast lieten onze resultaten zien dat patiënten een verminderde
kwaliteit van leven ervaren met betrekking tot verschillende visuele activiteiten
vergeleken met de controle deelnemers. Wij vonden echter bijna geen relatie tussen de
scores op de vragenlijst en die op de aangepaste UFOV taak of op standaard perimetrie.
Gezien de slechtere scores op de UFOV taak en relaties die door andere onderzoekers
gerapporteerd zijn tussen de UFOV taak en dagelijkse activiteiten, denken wij toch
dat de (aangepaste) UFOV taak aanvullende inzichten kan geven in de problemen die
ervaren worden door patiënten met post-chiasmatische hersenbeschadigingen. Het
gebruik van de UFOV taak voor deze patiëntengroep moet nog wel verder onderzocht
worden.
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Conclusie
In dit proefschrift hebben wij onderzocht wat de aanvullende waarde is van maten
van visuele snelheid in een klinische setting. Wij hebben laten zien dat zowel de UFOV
taak als de elektrofysiologische maten gevoelig zijn voor kleine leeftijd-gerelateerde
veranderingen in de volwassenheid die gemist kunnen worden door traditionele
oogheelkundige maten zoals visus en contrastgevoeligheid. Daarnaast hebben
wij gedemonstreerd dat de UFOV verstoord visueel functioneren kan detecteren
in het ‘intacte’ deel van het visuele veld van patiënten met post-chiasmatische
hersenbeschadigingen. Beide technieken zouden profiteren van een doorontwikkeling
in zowel de manier van afname als analyse van de resultaten, om de gevoeligheid
voor kleine afwijkingen te verhogen. Zij zijn in hun huidige vorm echter al bruikbaar
in de kliniek en bieden de gelegenheid om visuele snelheid te kwantificeren.
Elektrofysiologie biedt meer informatie over welk deel van het visuele systeem precies
is aangedaan dan de UFOV taak. De UFOV taak is echter makkelijker en sneller af te
nemen en daarom mogelijk beter geschikt voor een algemeen visueel onderzoek.
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