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INTRODUCTION

INTRODUCTION OF THE THESIS

Glaucoma and visual field are the three keywords in this thesis and are irrevocably 
connected with each other. To understand the connection between these keywords, 
some knowledge of the physiology of the eye is necessary.

Physiology of the eye
The eye is one of few sensory organs of the human body. Light that is reflected off 
objects meets the eye like this thesis in front of you. The first objective of the eye is to 
create a high quality beam of light on the retina, and the second part is to process this 
light beam to electrical signals that can be processed further in the brain.

Figure 1. Anatomy of the eye.(Gray 1918)
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When light is reflected off an (distant) object, these parallel beams first make contact 
with the cornea (Figure 1). The cornea accounts for two-thirds of the refractive power 
of the eye. The crystalline lens gives an additional refraction and has the ability to 
accommodate in case objects are in close proximity to the eye. Together they create 
a high quality image on one focus point on the retina. The space between the lens 
and cornea, called the anterior chamber, is filled with aqueous humor and provides 
a constant environment to ensure clarity and keeps the eye on tension. As will be 
discussed later, this fluid also plays an important role in glaucoma. The space behind 
the lens is filled with vitreous humor. This fluid consists of collagen and moisture and 
gives firmness and clarity to the eye. The importance of the vitreous humor is often 
underestimated, with the sole function as a medium in which light moves, but it also 
has other important functions that fall outside the scope of this thesis.(Ponsioen et al. 
2010)

The refracted light is focused on the neurosensory retina, where the second goal of 
the eye starts. The light beam goes through the neurosensory retina consisting of 
many different layers before it is absorbed in the outermost layer of the retina, the 
photoreceptor layer (see Figure 2). There are two main types of photoreceptors: rods 
and cones. Rods perform best in dim light but cannot resolve colors, small details, or 
rapid changes in luminance. Cones, on the other hand, function best in bright light and 
are sensitive to small details and colors. A cascade of events within the photoreceptors 
leads to an electrical pulse that can be passed on to bipolar cells. Bipolar cells (illustrated 
within the inner nuclear layer, but not named in Figure 2.) transfer information from 
the photoreceptors to ganglion cells. The cell bodies convey the information - now 
coded in action potentials - through their axons. These axons start within the eye 
forming the optic nerve followed by the optical tract that lies within the brain and ends 
in the visual cortex at the back of the brain. Ganglion cells are the cells that are affected 
in glaucoma (see following section).

When an eye is focused on an object, the total surroundings that fall on the retina at 
one moment is called the visual field. The visual field (VF) can be divided into the 
central (fovea centralis) and peripheral part. The central VF has the highest density 
of cones, in contrast to the peripheral VF which has relatively more rods. Because 
of the different characteristics of cones and rods, we experience our VF as we do: 
distinguishing small details in the central VF compared to a blurry VF in the periphery.
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Figure 2. Anatomy of the retina.(Gray 1918)

Glaucoma
Glaucoma is a disease characterised by two irrevocably connected deviations from 
normal. First, there is a structural deviation: a decrease in the number of ganglion cells, 
more than should be expected due to ageing. Second, there is a deviation in function: 
a visual field defect that can only be explained by glaucoma and no other disease or 
structural damage.(Quigley 2011)

The loss of ganglion cells due to ageing starts even before we are born.(Ashwell & 
Waite 2004) Humans start with a maximum of about 4 million ganglion cells per eye 
at the end of the first trimester and this number decreases to about 1 million at the end 
of the second trimester. After that, there is a slower physiological decrease that has no 
influence on normal useful vision as an abundance number of ganglion cells exsist. A 
faster than expected loss however, as in the case of glaucoma, can cause asymptomatic 
visual field loss at onset and blindness as the most severe consequence. The location of 
damage that leads to ganglion cell loss and loss of its axons (the nerve fibers) lies at the 
beginning of the optic nerve. The nerve fibers pass through a fine-meshed collagenous 
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structure called lamina cribrosa. Pressure on this structure damages nerve fibers in an 
anterograde and retrograde manner. In addition to this mechanical cause of damage, 
impaired perfusion of the optic nerve head may play a role as well.

The main risk factor for the development of glaucoma is an increased intraocular 
pressure (IOP). Moreover, it is currently the only scientifically proven risk factor that 
can be addressed to cease further progression. Other risk factors are older age, myopia, 
positive family history, and ethnicity (particularly African descent).(Janssen et al. 
2013, Marcus et al. 2011) Generally the intraocular pressure is increased by a disbalance 
of aqueous production in the ciliary body and the drainage of aqueous in the anterior 
chamber. This disbalance develops in different ways, and therefore glaucoma is 
subdivided into two main entities.

Primary Open Angle Glaucoma (POAG) is characterised by a higher than normal 
IOP due to an impaired outflow of aqueous at the level of the trabecular meshwork 
without known cause. POAG is a chronic, age-related disease characterised by a slow 
and often asymptomatic course. Most chapters in this thesis are based on patients 
with POAG. In Secondary Open Angle Glaucoma there is a clear underlying provoking 
factor that increases the IOP. Steroids are the most famous trigger known, but other 
medications can also increase the IOP. Intraocular inflammation (uveitis) or one or 
multiple intraocular interventions can also lead to secondary open angle glaucoma.(de 
Vries et al. 2016, Hoeksema et al. 2017)

Lowering the IOP is the (only) treatment to slow down or stop progression of POAG. The 
initial treatment is in most cases topical medication to lower production of intraocular 
fluid (carbonic anhydrase inhibitors, ẞ-blockers, and α2 adrenergic agonist) or to 
increase fluid drainage (prostaglandin analogs, α2 adrenergic agonist, and miotics). 
More than one medication may be given simultaneously. Laser treatment is possible 
as well, and is nowadays considered the first choice of treatment.(Gazzard et al. 2019) 
Different kinds of laser treatment have been developed over time, but currently the 
(most) used technique is the minimally invasive selective laser trabeculoplasty (SLT).
(Latina et al. 1998) SLT modifies the trabecular meshwork leading to an increase in 
aqueous outflow. Other methods of increasing aqueous outflow are by performing 
surgery. So-called penetrating surgery, like the trabeculectomy and the Baerveldt 
glaucoma implant, are the most commonly used techniques today. Trabeculectomy, 
described in 1968 by Cairns,(Cairns 1968) is characterised by a kind of fistula through 
the sclera acting like an extra drainage point. The Baerveldt glaucoma implant also 
creates an extra drainage point, by redirecting the intraocular fluid from the anterior 
chamber through a tube to a plate in the orbital space. More recently developed less-
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invasive glaucoma surgery techniques are potentially safer than the trabeculectomy 
and Baerveldt procedure.(Agrawal & Bradshaw 2018) Their efficacy, however, still has 
to be determined.

Primary Angle Closure Glaucoma (PACG) is a different entity where the underlying 
pathology is an anatomical abnormality.(Jonas et al. 2017) Three mechanisms can 
cause the anatomical abnormality: (1) a forward bulging of the anterior lens pole, 
(2) an enlarged area of contact between the posterior iris and the lens surface, and 
(3) an abnormal insertion of the iris root. When this abnormality is combined with 
an age related physiological increase in lens thickness, the anterior chamber angle 
closes with obstruction of the trabecular meshwork. Apart from age, risk factors 
include an east Asian ethnicity, female gender, and hyperopia. In Secondary Angle 
Closure Glaucoma (SACG) another disease is causing the obstruction. Uveitis and 
neovascularization of the iris (in the context of ischaemic retinopathies) can pull the 
iris into the angle creating a blockage of the trabecular meshwork. Therapy in both 
primary and secondary angle closure glaucoma is designed to reverse the mechanism 
causing the obstruction. In PACG a peripheral iridotomy performed by a laser brings 
the production and drainage closer together, creating an escape route. The preferred 
treatment to obtain a more long term result is a (clear) lens extraction, as an artificial 
IOL is much thinner compared to the original lens.(Azuara-Blanco et al. 2016, Chan et 
al. 2018, Lam et al. 2007) Additional treatment of uveitis or neovascularization, or any 
other underlying pathology, is needed in case of SACG.

Visual field testing
Visual field testing, and perimetry in particular, has a long history. The first mention 
of visual field dates back to the second century BCE.(Schiefer et al. 2005) Mariotte was 
the first to describe the physiologic blind spot in 1666, shortly after Porta introduced 
campimetry in 1593, testing the central part of the visual field using a flat screen. 
Perimetry (testing the visual field using a curved device) was introduced first by Von 
Graefe in 1856.(Von Graefe 1856) Many modifications emerged, but the biggest change 
was made by Goldmann in 1945.(Goldmann 1945) He developed a bowl perimeter that 
is, in some cases, still used to date, called kinetic perimetry because stimuli of fixed 
size and luminance move in a centripetal direction. This form of perimetry gave the 
opportunity to uniformly test different diseases like glaucoma, although a skilled and 
experienced perimetrist was needed to get accurate and reproducible results. The other 
main form of perimetry is static perimetry. Here, the stimuli have a fixed location (and 
size) but vary in luminance. Standard automated perimetry, a form of static perimetry, 
emerged in the 1970s and became the new standard. This will probably remain this way 
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for many years to come, in particular for glaucoma care.(Wall 2004) While searching 
for a method that is more efficient in time and has a lower test-retest variability, many 
alternative test methods were developed. Examples are, amongst others, ring (high-
pass resolution) perimetry, frequency doubling technology perimetry, and multifocal 
visual evoked potential perimetry.

Within static perimetry, the Swedish Interactive Threshold Algorithm (SITA) was 
developed as an evolution of the time consuming Full Threshold (FT) strategy in the 
1990s. Limited patient acceptance, fatigue, and test-retest variability were the issues 
SITA should resolve. In contrast to the FT strategy, where the sensitivity is measured 
in each test location (54 or 76, depending on the test grid chosen) using a staircase 
method, the SITA strategy makes a mathematical re-calculation of the best probability 
of seeing after every response of a test subject. This strategy resulted in a three-fold 
time reduction, particularly in healthy subjects or patients with early glaucoma. Test-
retest variability, however, did not decrease at all with SITA, and this variability forms 
the central theme of this thesis (Figure 3: an example of a SITA fast print out of a patient 
with glaucoma).

The Groningen Longitudinal Glaucoma Study (GLGS)
In the previous century, a large glaucoma cohort study called the Groningen 
Longitudinal Glaucoma Study (GLGS) started in Groningen.(Heeg et al. 2006) Although 
the original objectives were (mostly) answered throughout the years, new objectives 
arose. This is usually the case in research, as the more knowledge you gain, the more 
questions arise. In addition, cohorts of glaucoma patients that are followed for more 
than a decade (even almost two decades) are rare, and form a wealthy source of 
clinical knowledge. The original objectives of the GLGS were related to case finding (the 
detection of conversion to glaucoma in glaucoma suspects) and progression detection 
(the detection of change in patients with established glaucoma). In particular, the cost-
effectiveness of the frequency doubling perimeter (FDT) and laser polarimetry (GDx) 
was evaluated. For case finding, FDT outperformed conventional perimetry (standard 
automated perimetry [SAP], in our clinic the Humphrey Field Analyzer with 30-2 grid 
and SITA strategy) and the GDx. For progression detection, perimetry remained the 
primary technique. In our current clinical setting, FDT is used to screen glaucoma 
suspects (i.e., patients with an elevated IOP, a positive family history of glaucoma, 
and/or an optic nerve head appearance suggesting glaucoma).(Müskens et al. 2008, 
Stoutenbeek et al. 2010) FDT is also used in glaucoma patients that are not able to 
perform SAP.(Wesselink & Jansonius 2017) This concerns mostly elderly patients.
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After answering the original objectives, the data collection of the GLGS continued and 
now we follow all originally included glaucoma patients in a longitudinal fashion, to 
quantify the rate of progression for SAP in patients treated in our outpatient department, 
and to detect risk factors for progression.(Wesselink 2017) As glaucoma is an indolent 
disease, longitudinal follow-up is indispensable to answer clinically relevant research 
questions and to benchmark the quality of clinical care. These longitudinal data 
underlie the research described in this thesis.

Variability in perimetry
The analyses of glaucoma progression relies almost completely on perimetry. An 
apparent shortcoming of this test is the relatively high test-retest variability. As a 
consequence, a visual field examination has to be performed twice or even thrice to 
establish a useful baseline, and, similarly, two or three tests are needed to falsify or 
confirm disease progression. A decrease in variability of 20% might allow a clinician 
to detect progression one visit earlier and 40% less variability would accelerate the 
detection of progression up to one year.(Turpin & McKendrick 2011) The variability 
seems to have a multifactorial cause: extrinsic patient factors like inattentiveness, 
misunderstanding of the task, fixation errors or a distracting environment are 
preventable causes which technicians should take into account. An important 
intrinsic factor causing short-term variability seems to be glaucoma itself, rather than 
the technique used to measure the visual field. Holmin & Krakau(Holmin & Krakau 
1979) described glaucoma as an independent variability factor in one of the first 
computerized perimeters in already 1979; Heijl et al.(Heijl et al. 1989) described it in the 
Humphrey full threshold algorithm in 1989 and Bengtsson et al.(Bengtsson & Heijl 1998, 
Heijl et al. 1989) in the SITA strategy in 1998. It is hypothesized that a lower ganglion 
cell density causes variability by an increase in Ricco’s area. Ricco’s area is the area 
where threshold intensity multiplied by the area equals a constant (Ricco’s Law). The 
conversion of partial spatial summation when the stimulus is larger than Ricco’s area 
to total spatial summation seems to be the rationale behind this hypothesis.(Redmond 
et al. 2010) This is the case in glaucomatous affected areas, but also in the healthy 
peripheral visual field(Gardiner 2018) and in eyes with optic neuritis.(Henson et al. 
2000)
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AIM OF THESIS

Clinicians who provide glaucoma care, have to deal with the test-retest variability of 
perimetry. Considering that many different variables may affect the outcome, this can 
be challenging. Therefore, the aim of this thesis is to give clinicians more insight into 
the factors that influence perimetry, with the ultimate aim to make the interpretation 
of test results more valuable.

OUTLINE OF THESIS

Chapter II: The efficiency of SAP has increased significantly with the introduction 
of the SITA. However, SITA has a remarkable property: the test time increases 
disproportionately if visual field defects are present. This chapter describes the 
influence of disease stage on test time, as well as a new method to avoid this increase 
in test time in patients with a visual field defect.

Chapter III: An ideal test gives a reliable outcome; that is, an outcome that is only 
influenced by the disease studied, in this case glaucoma. If this were true, a decline 
in visual field would indicate inadequate treatment and a stable visual field sufficient 
treatment. A visual field test, however, is a subjective test and many known and 
unknown factors influence the test result. This chapter points out several important 
factors and gives an indication to what extent they influence the test result. The factors 
studied are the experience of the technician who guides the patient through the test, 
time of day, and season. In addition, we study to what extent the test reliability indices 
given by the perimeter are a true measure of reliability.

Chapter IV: The optics of the eye may also influence perimetric test results. Perimetric 
test results are compared to the normative data obtained from surgically untouched 
eyes.(Bengtsson & Heijl 1999) As such, it is not self-evident that eyes who underwent 
cataract surgery have the same perimetric sensitivity as phakic eyes with a clear lens. 
In addition, different types of intraocular lenses (IOLs) are implanted nowadays, with 
different optical characteristics. This chapter investigates the influence of mono- and 
multifocal IOLs on perimetry and the implications for testing glaucoma patients.

Chapter V: In this chapter we apply our knowledge of perimetry to assess glaucomatous 
visual field progression, before and after glaucoma surgery. Filtering or drainage 
surgery can be performed if additional intraocular pressure lowering is needed to 
slow-down progression. Patients, however, often complain of deterioration of visual 
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acuity and/or their visual field after surgery, the “cost” of surgery. The purpose of this 
chapter is to compare the cost of surgery to the benefit of arresting the progression of 
glaucoma. An additional meta-analysis was performed to strengthen our results.

Chapter VI: The previous chapters aim to explain many factors that influence perimetry, 
performed using the default method for thresholding in standard automated perimetry: 
the staircase procedure. Although it is important to investigate the contribution of all 
these factors using a single method, the method itself could also be a contributing 
factor that influences the outcome. Therefore, we compare perimetric variability 
between the gold standard and an alternative thresholding method, the Continuous 
Light Increment perimetry (CLIP) strategy.(International Perimetric Society. Meeting, 
Wall & Mills 2001)

Chapter VII: A striking issue in perimetry is that the visual field may still look normal 
whereas the optic nerve head is already damaged. One explanation for this apparent 
discrepancy between function and structure is that the ganglion cells density is 
highest in the macular area, whereas, in standard automated perimetry (SAP), the 
macular area contains only a few test locations.(De Moraes et al. 2018, Schiefer et al. 
2010) As such, centrally located glaucomatous damage may result in normal or near 
normal perimetric test results. In this chapter we explore an alternative explanation 
for this apparent discrepancy: loss of lateral inhibition.
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ABSTRACT

Purpose: Visual field testing is an essential part of glaucoma care. It is hampered 
by variability related to the disease itself, response errors and fatigue. In glaucoma, 
blind parts of the visual field contribute to the diagnosis but - once established – not 
to progression detection; they only increase testing time. The aims of this study were 
to describe the persistence and spatial distribution of blind test locations in standard 
automated perimetry in glaucoma and to explore how the omission of presumed blind 
test locations would affect progression detection.

Methods: Data from 221 eyes of 221 patients from a cohort study with the Humphrey 
Field Analyzer with 30-2 grid were used. Patients were stratified according to baseline 
mean deviation (MD) in six strata of 5 dB width each. The probability of measuring a 
≤0 dB sensitivity as a function of the number of preceding consecutive ≤0 dB values in 
the same test location was calculated. The effect of assuming 0 dB based on the ≤0 dB 
history in the same location on MD was determined.

Results: For one, two, three and four consecutive <0 dB sensitivities in the same test 
location in a series of baseline tests, the probabilities to observe <0 dB again in the 
concerning test location in a follow-up test were 76, 86, 88 and 90%, respectively. For 
<10 dB, the probabilities were 88, 95, 97 and 98%, respectively. Median (interquartile 
range) percentages of test locations with three consecutive <0 dB sensitivities were 
0(0-0), 0(0-2), 4(0-9), 17(8-27), 27(20-40) and 60(50-70)% for the six MD strata. Similar 
percentages were found for a subset of test locations within 10 degree eccentricity 
(P>0.1 for all strata). Omitting test locations with three consecutive <0 dB sensitivities 
at baseline did not affect the performance of the MD-based Nonparametric Progression 
Analysis progression detection algorithm.

Conclusion: Test locations that have been shown to be reproducibly blind tend to 
display a reasonable blindness persistence and do no longer contribute to progression 
detection. There is no clinically useful universal MD cut-off value beyond which the 
testing can be limited to 10 degree eccentricity.
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INTRODUCTION

Glaucoma is a progressive disease that may cause irreversible blindness. Monitoring of 
the disease with perimetry is an essential part of glaucoma care, unless patients have 
a short life expectancy and little glaucomatous damage. Variability hampers the use 
of perimetry in detecting small changes in visual function. In glaucoma, variability is 
presumably related to response errors, fatigue effects(Bengtsson & Heijl 1998, Hudson et 
al. 1994) and a flatter frequency-of-seeing curve in regions with a reduced sensitivity.
(Chauhan et al. 1993, Wall 2004) The development of the Swedish Interactive Threshold 
Algorithm (SITA) strategies for the Humphrey Field Analyzer (HFA) has partially 
resolved the fatigue issue by reducing the test time.(Bengtsson & Heijl 1998)

SITA reduces the test time, amongst others, by predicting the sensitivity in a test 
location from the sensitivity in neighboring test locations and by incorporating 
general knowledge on glaucomatous visual field (VF) patterns. However, SITA ignores 
an obvious other source of prior knowledge, being the previous test result. The use of 
the previous test result can reduce test time(Frankhauser et al. 1977, Schiefer et al. 
2009, Turpin et al. 2007) and test-retest variability.(Schiefer et al. 2009, Turpin et al. 
2007) To illustrate this, for a typical glaucomatous visual field, that is, a blind superior 
hemifield together with an intact inferior hemifield, the test time of SITA is about 1.5 
times longer than for a normal field. Hence, to establish blindness in a test location 
takes twice as long as establishing a normal sensitivity – and thus a 33% test-time 
reduction should be possible by incorporating information from previous tests. This 
is in agreement with earlier findings.(Schiefer et al. 2009) To go one step further, if the 
superior hemifield would have been unresponsive on several consecutive occasions, it 
makes no sense to test it again: only the inferior hemifield needs to be tested to monitor 
the eye. Hence, a 67% test-time reduction would ultimately be possible in this case.

The aims of this study were (1) to describe the persistence and spatial distribution of 
blind test locations in standard automated perimetry in glaucoma and (2) to explore 
how the omission of presumed blind test locations would affect progression detection. 
For the first aim, we determined the probability to observe a sensitivity below a certain 
value as a function of the number of preceding consecutive sensitivities below that 
value in the concerning test location. This was evaluated for <0, <5, <10 and <20 dB. The 
value <0 dB corresponds to the maximum stimulus intensity of the HFA perimeter; the 
values <5 and <10 dB approximately to the maximum stimulus intensities of the Octopus 
and Oculus perimeters, respectively. Subsequently, we compared the percentages of 
blind test locations between the regular standard automated perimetry 30-2 grid (with 
test locations up to 30 degree eccentricity) and the subset of test locations falling within 
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the 10-2 grid (up to 10 degree eccentricity), as a function of disease stage as defined by 
the mean deviation (MD). The aim here was to determine a clinically useful MD cut-
off value for preferring 10-2 testing over 30-2 testing in advanced glaucoma. After all, 
although glaucoma sometimes starts close to fixation,(Hood et al. 2011, Schiefer et al. 
2010) it is conceptually a disease affecting the peripheral visual field first and thus a 
transition from 30-2 to 10-2 testing would be the easiest way to avoid uninformative 
testing of unresponsive parts of the visual field in advanced disease. For the second 
aim, we studied the performance of an MD-based progression detection algorithm 
with and without assuming blind test locations as established at baseline to be blind 
in all follow-up fields.

METHODS

Ethics statement
The study protocol was approved by the ethics board of the University Medical Center 
Groningen. This board approved that for the current study no informed consent had 
to be obtained because the study comprised a retrospective anonymous analysis of 
visual field data collected during regular glaucoma care. To ensure a proper glaucoma 
diagnosis of the included patients, we limited the study population of this study to 
glaucoma patients that had been included in the Groningen Longitudinal Glaucoma 
Study (GLGS) in the past. In the GLGS, all glaucoma patients and glaucoma suspects who 
visited the glaucoma outpatient service of the University Medical Center Groningen 
between July 1, 2000, and June 30, 2001, and who provided informed consent were 
included in an observational study with conventional perimetry, frequency-doubling 
perimetry (FDT; Carl Zeiss Meditec AG, Jena, Germany) and laser polarimetry (GDx; 
Laser Diagnostic Technologies, San Diego, California, USA). Patients received written 
information at home at least two weeks before their regular care visit that was flagged 
as the baseline visit of the study. The receipt of the information and agreement to 
participate was checked verbally during the concerning visit. The aim of the study 
was explained; participation was voluntary and participation could be stopped also 
after having agreed to participate. The study essentially comprised the collection of 
regular care data obtained during regular visits and an additional FDT and GDx test 
embedded in a regular visit. FDT and GDx are non-invasive diagnostic tests with a 
very limited additional burden and no additional risk for the patient. The protocol of 
the original GLGS was approved by the department of Medical Technology Assessment 
of the University of Groningen. The original health technology assessment research 
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question was if it was possible to replace, in glaucoma patients and/or glaucoma 
suspects, the lengthy and cumbersome conventional perimetry by FDT and/or GDx. 
The study followed the tenets of the Declaration of Helsinki.

Study population
Details of the GLGS have been described earlier.(Heeg et al. 2005, Wesselink et al. 2009) 
In short, after the initial health technology assessment study described above, we 
continued performing conventional perimetry in glaucoma patients and moved to 
FDT/GDx in glaucoma suspects in our regular care. The GLGS continued as an ongoing 
anonymous gathering of all information from glaucoma patients and glaucoma 
suspects obtained during regular care. For the present study, we used data from a 
subpopulation of the GLGS cohort: patients had to have (1) glaucoma at baseline (for 
criteria see below) and (2) at least four (five with discarded learning test) standard 
automated perimetry tests (HFA; Carl Zeiss Meditec Inc., Dublin, CA).

Perimetry
Perimetry was performed using the HFA 30-2 SITA fast strategy. For glaucoma, two 
consecutive, reliable tests had to have defects according to previously published 
criteria.(Heeg et al. 2005, Wesselink et al. 2009) For being reproducible, defects had 
to be in the same hemifield and at least one depressed test point of these defects 
had to have exactly the same location on both tests. Moreover, defects had to be 
compatible with glaucoma and without any other explanation (for example, cataract, 
macular degeneration or lesions of the central visual pathways). Prior to these two 
tests, another test had to be made and this test was excluded to reduce the influence 
of learning. During the follow-up period, perimetry was performed at a frequency of 
one test per year. In case of suspected progression or unreliable test results, clinicians 
could increase the frequency of testing. This was a subjective decision; no formal tools 
or rules were given (observational study design).

Data analysis
One eye per patient was included. If both eyes met the above-described criteria, one eye 
was chosen randomly. For anatomical representation, all left-eye threshold data were 
converted to a right-eye format. Thresholds representing the blind-spot were excluded 
from the analysis, leaving 74 tests locations for analysis.

Persistence of blindness
For this analysis we only included patients who (1) performed at least eight tests 
and (2) had at least one test location showing a <0 dB sensitivity on four consecutive 
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baseline tests (most stringent criterion for blindness). We defined four subgroups of 
test locations, based on the first four tests and named VF4<0, VF3-4<0, VF2-4<0 and 
VF1-4<0. A test location VF4<0 had to have a sensitivity of <0 dB in the fourth visual 
field test. A test location VF3-4<0 had to have a sensitivity of <0 dB in both the third 
and the fourth test, and so on. For VF4<0, the sensitivity of the test location in the third 
test may or may not be <0 dB. Hence, VF3-4<0 is a subset of VF4<0, and so on. We took 
the fourth test as a reference in order to be able to vary the number of baseline tests 
without the need of changing the selection of the four follow-up tests, which were the 
fifth to eighth test.

For all test locations with a sensitivity of <0 dB in the fourth test, we analyzed the 
corresponding sensitivities in the four follow-up tests. Outcome measures were (1) the 
percentage of follow-up tests showing a sensitivity of <0 dB and (2) the mean sensitivity. 
Here, test locations with <0 dB were set at -2 dB. This is the arbitrary interpretation of 
<0 dB as chosen by the manufacturer. For patients, the difference between 0 dB and <0 
dB implies seeing the maximum light stimulus of the perimeter (0 dB) or not (<0 dB).

Test locations within a single subject cannot be considered independent. Therefore, to 
avoid that a few patients with many blind test locations would dominate the results, we 
first determined the averages and corresponding standard deviations of the outcome 
measures within each patient for each subgroup of test locations (VF4<0, VF3-4<0, VF2-
4<0 and VF1-4<0). Subsequently, the averages coming from all patients were presented 
using nonparametric descriptive statistics and the standard deviations were averaged 
over all patients and presented as the “mean within-patient standard deviation”.

Table 1 gives an example of two patients as represented in the database. These patients 
are present in the VF4<0 subgroup with two and eight test locations, respectively. The 
first patient is also present in the VF3-4<0, VF2-4<0 and VF1-4<0 subgroups, with one 
test location. The second patient is present in these subgroups with four, one and one 
test locations, respectively. For the first patient, blindness persistence was 25% for the 
VF4<0 subgroup and 50% for the VF3-4<0, VF2-4<0 and VF1-4<0 subgroups. For the 
second patient, this was 53, 69, 75 and 75% for the VF4<0, VF3-4<0, VF2-4<0 and VF1-
4<0 subgroups, respectively.

The analyzes were repeated with blindness of a test location defined as a sensitivity 
of <5, <10 and <20 dB instead of <0 dB. The influence of the number of consecutive tests 
(1, 2, 3 or 4) showing blindness in a test location and the definition of blindness (<0, 
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<5, <10 or <20 dB) on the persistence of blindness was analyzed with ANOVA, with the 
persistence of blindness (average percentage of follow-up tests showing blindness in 
the concerning test locations) as the dependent variable.

Table 1. Example of two patients as represented in the database, with two and eight test locations with a 
sensitivity of <0 dB in the fourth visual field, respectively

Patient V
F1

 (d
B)

V
F2

 (d
B)

V
F3

 (d
B)

V
F4

 (d
B)

V
F5

 (d
B)

V
F6

 (d
B)

V
F7

 (d
B)

V
F8

 (d
B)

Po
si

ti
on

 o
n 

V
F

%
 <

0 
dB

M
ea

n 
(d

B)

1 4 4 6 <0 0 0 0 11 4 0 2.75

1 <0 <0 <0 <0 <0 2 <0 18 9 50 4.00

2 12 3 11 <0 <0 <0 13 10 1 50 4.75

2 20 0 5 <0 <0 <0 9 0 2 50 1.25

2 <0 <0 <0 <0 <0 3 <0 <0 19 75 -0.75

2 15 12 <0 <0 11 <0 <0 4 20 50 2.75

2 20 2 <0 <0 <0 1 <0 <0 30 75 -1.25

2 21 <0 6 <0 16 <0 <0 4 31 50 4.00

2 26 12 4 <0 10 4 5 0 33 0 4.75

2 <0 3 <0 <0 <0 10 <0 <0 35 75 1.00

VF = visual field; columns VF1-VF4 refer to baseline, VF5-VF8 to follow-up; last two columns depict the data 
analysis as applied to the follow-up data (for details see text).

Spatial distribution of perimetrically blind test locations
For this analysis, we included all patients who performed at least four tests. Patients 
were stratified according to baseline MD in six strata, being above -5 dB, from -5 to 
-10 dB, -10 to -15 dB, -15 to -20 dB, -20 to -25 dB and beyond -25 dB. We plotted the 
test locations considered blind based on their sensitivity history and calculated the 
percentages of these test locations, for all test locations of the 30-2 grid and for a subset 
laying within the 10-2 area. Percentages were compared with a nonparametric paired 
test (Wilcoxon).

A commonly used progression detection algorithm, the Glaucoma Progression 
Analysis (GPA),(Leske et al. 1999) has its own built-in criterion for blindness: a cross 
on the printout indicates that the test location is 'out of range' and not used for 
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progression detection by the software. We compared – for all six MD strata - the spatial 
distributions and percentages of test locations flagged as 'out of range' by GPA with 
that of test locations considered blind based on their sensitivity history. Percentages 
were compared using a nonparametric paired test (Wilcoxon).

Influence of assuming blindness on progression detection
If the sensitivity of a test location has been below a certain value on a number of 
consecutive tests, it might be an efficient approach to consider such a test location 
blind in all future tests – in glaucoma – without actually retesting it. This might result 
in a (slight) underestimation of the MD and thus might affect MD-based progression 
detection algorithms. To determine the influence of this approach on clinical decision 
making, we classified all included eyes as stable or progressing according to the 
MD-based Non-parametric Progression Analysis algorithm (NPA), with progression 
defined as at least possible progression at the end of the follow-up (NPA is based on a 
nonparametric ranking of MD values; for possible progression, the MDs of the last two 
tests have to be lower than the lower MD of two baseline tests).(Wesselink et al. 2009) 
Subsequently, we repeated this after assuming test locations to be perimetrically blind 
based on their sensitivity history. Here, we excluded test locations from the analysis 
if they were blind on the first three tests, according to four different definitions of 
blindness: <0, <5, <10 and <20 dB. For all four definitions, both classifications were 
compared with a McNemar test. Because the MD is an average weighed to test location 
eccentricity, and the weigh factors are unpublished, we applied the NPA criterion to the 
eccentricity-uncorrected average sensitivity of all test locations (mean sensitivity).

Calculations and statistical analyses were performed using SPSS Statistics 18.0 (SPSS 
Inc., Chicago, IL); the ANOVA was performed using MrF (http://psy.otago.ac.nz/miller/).

RESULTS

Table 2 shows the patient characteristics. Two-hundred-twenty-one patients were 
included of which 53 performed at least eight tests and had at least one test location 
showing a <0 dB sensitivity on four consecutive baseline tests. The average follow-up 
durations were 6.4 and 6.9 years, respectively, with median MD values at baseline of 
-7.0 and -14.7 dB.
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Table 2. Patient characteristics for all included 221 eyes of 221 patients and for the subset of 53 eyes of 53 
patients with at least eight visual field tests and at least one test location showing a <0 dB sensitivity on four 
consecutive baseline tests (mean with standard deviation between brackets unless stated otherwise)

 N = 221 N = 53

Baseline 

Age (years) 65.1 (12.3) 65.1 (10.3)

Gender (% male) 55.2 45.3

Right eye (%) 50.7 52.8

Mean Deviation (median [interquartile range]; dB) -7.0
(-14.5 to -3.0)

-14.7
(-18.7 to -10.9)

Follow-up

Follow-up duration (years) 6.4 (1.2) 6.9 (1.0)

Rate of progression (median [interquartile range]; dB/year) -0.1
(-0.5 to +0.1)

-0.2
(-0.5 to 0.0)

Square root of the residual mean square of Mean Deviation (dB) 1.1 (0.7) 1.2 (0.7)

Figure 1 shows the blindness persistence characteristics as a function of the number of 
consecutive baseline sensitivities below <0, <5, <10 and <20 dB. The boxplots visualize 
the between-patient variability; the corresponding mean within-patient standard 
deviations were, following the sequence of Figure 1 from left to right, 25, 23, 21, 20, 
16, 15, 13, 12, 14, 10, 9, 10, 13, 9, 9 and 8%. If the number of consecutive baseline tests on 
which a test location was blind increased, the probability of being blind during follow-
up increased. The increase in blindness persistence appeared to saturate at three 
consecutive baseline sensitivities below the concerning value. Blindness persistence 
appeared to be highest for <10 and <20 dB and lowest for <0 dB. Table 3 shows that 
blindness persistence depended significantly on both the number of consecutive tests 
showing blindness in a test location (P<0.001) and the definition of blindness (P<0.001). 
Figure 2 presents the corresponding mean sensitivity as recorded during the four 
follow-up tests in the presumed blind test locations.
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Figure 1. Percentage of follow-up sensitivities being <0, <5, <10 and <20 dB as a function of the number of 
consecutive <0, <5, <10 and <20 dB (1, 2, 3 and 4, respectively) baseline sensitivities. Boxplots show median, 
interquartile range, and 5th, 10th, 90th and 95th percentiles.

Table 3. Analysis of variance with the number of consecutive tests showing blindness in a test location (N) 
and the definition of 'perimetrically blind' (B) as within-subject factors and the persistence of blindness as 
dependent variable

 df MS dfe MSe F P-value

mean 1 680.65 52 0.08460 8045 <0.001

N 3 0.47354 156 0.00702  67 <0.001

B 3 0.57498 156 0.01089  53 <0.001

N*B 9 0.00547 468 0.00161  3 <0.001

df = degrees of freedom; MS = mean squares (MS = SS/df with SS = sum of squares); dfe is df for error; MSe = 
mean squares for error.
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Figure 2. Mean sensitivity during follow-up in test locations with 1, 2, 3 and 4 consecutive <0, <5, <10 and <20 dB 
baseline sensitivities. Boxplots show median, interquartile range, and 5th, 10th, 90th and 95th percentiles.

Figure 3 illustrates the spatial distributions of test locations that met the requirement 
of three consecutive sensitivities of <0 (A), <10 (B) and <20 dB (C), and that were 'out 
of range' according to the GPA (D), as a function of baseline MD. The number of blind 
test locations increased monotonically with MD for all criteria of blindness except for 
GPA; for GPA the number of test locations flagged as 'out of range' decreased again 
with advanced glaucoma. As a consequence, significantly less sensitivities were 'out 
of range' according to GPA compared to blindness at <0 dB for baseline MD values 
below -25 dB (P<0.001), while the opposite was the case for all other strata (P<0.001). 
For the three consecutive <0 dB criterion (Figure 3A), the median (interquartile range) 
percentages of blind test locations were 0(0-0), 0(0-2), 4(0-9), 17(8-27), 27(20-40) and 
60(50-70)% for the six MD strata.

Figure 4 presents a scatter plot showing the percentages of blind test locations 
according to the three consecutive <0 dB criterion for all test locations of the 30-2 grid 
versus a subset of 12 test locations located within the 10-2 grid. For the subset, the 
median (interquartile range) percentages of blind test locations were 0(0-0), 0(0-2), 
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6(4-11), 8(4-18), 23(13-48) and 50(40-70)% for the six MD strata. These percentages were 
similar to the corresponding percentages for the 30-2 grid (listed above) for all six MD 
strata (P=0.32, 0.34, 0.11, 0.44, 0.17 and 0.23, respectively).

Figure 3. Spatial distributions of test locations that met the requirement of three consecutive sensitivities of <0 
(A), <10 (B) and <20 dB (C), and that were 'out of range' according to the Glaucoma Progression Analysis (GPA; D), 
as a function of baseline mean deviation (MD). Black squares are the blind spot; white squares are test locations 
flagged as blind in 0-10% of the patients. The remaining intermediate four gray scales denote, from light to dark, 
blindness in 10-20%, 20-40%, 40-60% and above 60% of the patients.
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Figure 4. Percentage of blind test locations according to the three consecutive <0 dB criterion for all test 
locations within the 30-2 grid (x-axis) versus a subset of test locations within the 10-2 grid (y-axis). Symbols 
indicate stratification according to baseline mean deviation (MD) in six strata, being up to -5 dB, from -5 to -10 
dB, -10 to -15 dB, -15 to -20 dB, -20 to -25 dB en beyond -25 dB. Noise with a standard deviation of 1% was added 
in order to avoid overlapping data points.

Figure 5 shows Venn diagrams indicating the number of eyes with at least possible 
progression at the end of the follow-up according NPA versus NPA after removing all 
test locations that were blind on the first three tests (NPA-RONI, where RONI is regions 
of no interest) for four different definitions of blindness: <0, <5, <10 and <20 dB. There 
was no significant difference between the classifications by both approaches (P=0.25, 
P=1.0, P=1.0 and P=0.26 for <0, <5, <10 and <20 dB, respectively). Similar findings were 
done in the subset of 53 eyes (P=0.25, P=1.0, P=1.0 and P=0.75 for <0, <5, <10 and <20 dB, 
respectively).
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NPA NPA - RONI

0
(0)

98
(28)

3
(3)

No progression: 120 (22) <0 dB

NPA NPA - RONI

1
(1)

97
(27)

1
(1)

No progression: 122 (24) <5 dB

NPA NPA - RONI

2
(1)

96
(27)

3
(2)

No progression: 120 (23) <10 dB

NPA NPA - RONI

7
(4)

91
(24)

13
(6)

No progression: 110 (19) <20 dB

Figure 5. Venn diagrams showing progression according Nonparametric Progression Analysis (NPA) versus 
NPA after removing all test locations that were blind on the first three tests (NPA-RONI, where RONI is regions 
of no interest) for four different definitions of blindness: <0, <5, <10 and <20 dB. Results for all 221 subjects with 
results for the subset of 53 subjects between brackets. 
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DISCUSSION

Test locations with a sensitivity below a certain value on three consecutive occasions 
are unlikely to show a substantially higher sensitivity later on. Hence, if the concerning 
value corresponds to the maximum stimulus intensity of the perimeter used, these test 
locations do no longer contribute to progression detection. Omitting these locations 
from future tests will result in time saving without hampering progression detection. 
Obviously, the number of blind test locations (and thus the potential time saving) 
increases with increasing disease severity. Interestingly, the percentages of blind test 
locations appeared to be similar for 30-2 and 10-2 grids for all disease stages.

With the introduction of the SITA strategies in the late ninety’s of the previous century, 
the examination time of standard automated perimetry decreased substantially.
(Bengtsson et al. 1997) Unfortunately, this advantage over the full-threshold strategy 
is largely lost in severe glaucoma. Older Octopus strategies and the German Adaptive 
Threshold Estimation (GATE) algorithm overcome this increase in test time by using 
information from previous test results to determine more appropriate starting values 
for the stair-case procedure.(Frankhauser et al. 1977, Schiefer et al. 2010) We would 
suggest a further step by entirely omitting test locations that were shown to be blind 
at earlier occasions ('regions of no interest'). This enables more time saving but 
obviously limits the application of our approach to irreversible eye diseases. Leaving 
out test locations may seem crude, but this is what is actually done by clinicians who 
exchange the default 30-2 grid by a 10-2 grid in advanced glaucoma and by clinicians 
who rely on GPA for progression detection. Interestingly, GPA ignores even more test 
locations than we propose to do with our 'regions of no interest' approach (see below 
and Results section). As GPA leaves them out in the analysis phase only, however, no 
time saving is obtained.

The time gained by the suggested approach should be interpreted and weighed 
correctly. Obviously, if the time saving is compared to the total time spent in the 
hospital, the saving is negligible. However, not testing blind test locations refrains 
a patient with moderate or advanced glaucoma from long time periods in which he 
or she does not observe any stimulus but has to stay alert nonetheless. This should 
increase concentration, thus increasing the reliability of the test result. Second, long 
time periods without any visible stimulus increase patient frustration by emphasizing 
not seeing things. Third, the saved time can be used to study the remaining parts of the 
visual field in more detail without additional visits or costs. This can be done by either 
adding test locations or determining thresholds more accurately. Obviously, to allow 
for a reliable progression detection throughout the follow-up, only the test locations 
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belonging to the original grid should contribute to the MD. The added test locations, 
however, may be analyzed separately and may yield important information.(Hood et 
al. 2011, Schiefer et al. 2010)

A caveat of incorporating our regions-of-no-interest approach is that it may cause 
propagation of blindness through the visual field if applied to strategies that use some 
form of spatial smoothing (that is, do not determine a formal threshold in all individual 
test locations) in order to reduce test time (as possibly occurs in SITA). This will not 
occur in strategies that use neighboring sensitivities only for estimating a starting 
value for determining a threshold.

The classical picture of glaucoma deterioration is the development of visual field 
defects initially in the periphery, leaving vision unaltered centrally until the latest 
stages of the disease. Albeit this picture has been challenged recently,(Hood et al. 
2011, Schiefer et al. 2010) the clinical translation of this picture is starting with 30-2 
testing with a transition to 10-2 somewhere along the line - the easiest way to get 
rid of unresponsive parts of the visual field in advanced disease. One of the aims of 
this study was to develop a clinically useful guideline, that is, an MD cut-off value, 
for preferring 10-2 testing over 30-2 testing in advanced glaucoma. Interestingly, no 
such MD value appeared to exist – the median percentage of blind test locations was 
essentially identical for 30-2 and 10-2 grids for all disease stages. With a closer look at 
our data, this corresponded to the three clinically well known patterns of visual field 
loss in severe glaucoma: (1) a central island without a peripheral (temporal) island, (2) a 
temporal island without a central island, and (3) both a central and a temporal island. 
This is also visible in Figure 4. Hence, in many patients a transition from 30-2 to 10-2 
testing will never become a meaningful change. It is important to realize that we did 
not actually measure a 10-2 grid – a form of high spatial resolution perimetry(Weber et 
al. 1989, Westcott et al. 1997) - but analyzed a subset of 30-2 test locations that lay within 
the 10-2 area. Here, the assumption is that this can be considered a representative 
(unbiased) sample. Also, inclusion of a patient in this study implied the presence of 
30-2 fields. This might have induced a selection bias, as patients with only a central 
island might be underrepresented because they were at baseline already monitored 
with 10-2 testing – and thus excluded. This is unlikely, however, as at the baseline of 
the GLGS Goldmann perimetry and not 10-2 testing was the default escape in advanced 
glaucoma(Heeg et al. 2005) – suggesting an underrepresentation of temporal islands 
rather than of central islands in this study. To conclude, the transition from 30-2 to 10-2 
testing should be individualized and the advantage of a more detailed monitoring of a 
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central island should be weighed against the need of building a new baseline and the 
loss of monitoring of any peripheral island. After all, it is not unlikely that progression 
in the periphery predicts future central loss.

Figure 3A-C actually depicts the “average” glaucoma progression pattern. Not 
unexpectedly, the glaucomatous deterioration starts nasal-superiorly. In agreement 
with the findings discussed in the paragraph above, both a central and a temporal 
island survived until the last MD stratum. With GPA, the number of test locations with 
a cross (indicating that the software ignores these locations for progression detection) 
increases with disease progression up to an MD of about -20 dB but decreases beyond 
that point (Figure 3D). Although this pattern is identical to what is observed in the 
pattern deviation plot and is in agreement with the idea that GPA is based on pattern 
deviation analysis,(Bengtsson et al. 1997) it might mislead the clinician as it suggests 
erroneously that test locations that are actually blind are still monitored.

The absence of a response to the maximum stimulus intensity is not identical to 
blindness. The dynamic range of the perimeter can be increased by replacing stimulus 
size III by size V. Interestingly, this appears to reduce the test-retest variability.(Wall 
et al. 1997, Wall et al. 2009, Wall et al. 2010) Until now, however, the time-saving SITA 
strategy is not available for size V. Within a given stimulus size, it is not self-evidently 
beneficial to increase the dynamic range by increasing the maximum stimulus 
intensity. Although the well-known pointwise test-retest variability plot (for our data 
shown in Figure 6) suggests a reduced variability close to the maximum stimulus 
intensity, this is merely a floor effect. If we look in an alternative way to the same 
data (Figure 1), it might be the case that the extended dynamic range as used in HFA 
compared to Octopus and Oculus corresponds to a reduced reproducibility of blindness 
(Table 3). This is in line with the idea that a high test-retest variability is related to 
ganglion cell saturation,(Swanson et al. 2011) but requires further study.

The exclusion of test locations with a sensitivity of <0, <5 or <10 dB at baseline did 
not affect progression detection with NPA (Figure 5). Only for <20 dB some difference 
(albeit statistically not significant) appeared to occur. Here, progression according to 
NPA but not according to NPA-RONI might reflect deepening of existing defects (that 
is test locations with a sensitivity already <20 dB at baseline); progression according 
to NPA-RONI but not according to NPA might be caused by a reduced variability in the 
calculated mean sensitivity for the RONI approach, which results in an increase in 
NPA sensitivity.(Jansonius 2005, Wesselink et al. 2012) These observations are in line 
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with the findings described in the previous paragraph. It might be possible that other 
progression detection algorithms would be affected differently. This requires further 
study.

Figure 6. Pointwise test-retest variability. Data presented in strata of 2 dB, except for <0 dB which was set to -1.5 
dB in one box. Boxplots show median, interquartile range, and 5th, 10th, 90th and 95th percentiles.

Originally, the SITA fast strategy, as used in the GLGS, was considered a time-saving 
improvement of the SITA standard strategy and for that reason we adopted it in our 
study designed in 1999. Later it became clear that the strategies performed slightly 
different. Two studies reported a slightly higher sensitivity for SITA standard in 
comparison with SITA fast;(Budenz et al. 2002, Delgado et al. 2002) one study reported 
a higher sensitivity for SITA fast.(Pierre-Filho et al. 2006) These differences – if any – 
are not relevant to the current study. More relevant to the current study is the finding 
that SITA fast seems to have a higher test-retest variability in areas with a reduced 
sensitivity in comparison with SITA standard.(Artes et al. 2002) This tentatively 
suggests that blindness reproducibility might be better in SITA standard and thus our 
criterion – three consecutive <0 dB readings – should be applicable to SITA standard 
as well.
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In conclusion, current perimetric strategies share the inconvenient property that test-
time increases in advanced glaucoma, while a smaller residual visual field has to be 
tested. A more clever customizing to what has to be tested than a default change to 
10-2 testing should allow for an improved and uninterrupted long-term monitoring of 
glaucoma patients with standard automated perimetry.
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ABSTRACT

Purpose: To determine the influence of several factors on standard automated 
perimetry test results in glaucoma.

Methods: Longitudinal Humphrey Field Analyzer 30-2 Swedish interactive threshold 
algorithm data from 160 eyes of 160 glaucoma patients were used. The influence 
of technician experience, time of day and season on the mean deviation (MD) was 
determined by performing linear regression analysis of MD against time on series 
of visual fields and subsequently performing a multiple linear regression analysis 
with the MD residuals as dependent variable and the factors mentioned above as 
independent variables. Analyses were performed with and without adjustment for the 
test reliability (fixation losses and false-positive and false-negative answers) and with 
and without stratification according to disease stage (baseline MD).

Results: Mean follow-up was 9.4 years with on average 10.8 tests per patient. Technician 
experience, time of day and season were associated with the MD. Approximately 0.2 dB 
lower MD values were found for inexperienced technicians (P<0.001), tests performed 
after lunch (P<0.001) and tests performed in the summer or autumn (P<0.001). The 
effects of time of day and season appeared to depend on disease stage. Independent 
of these effects, the percentage of false-positive answers strongly influenced the MD 
with a 1 dB increase in MD per 10% increase in false-positive answers.

Conclusion: Technician experience, time of day, season and the percentage of false-
positive answers have a significant influence on the MD of standard automated 
perimetry.
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INTRODUCTION

Standard automated perimetry (SAP) is an invaluable test for the diagnosis and 
monitoring of glaucoma. However, as SAP is a subjective test that aims to measure 
a sensitivity threshold in a living organism, SAP test results are prone to variability. 
Knowing the sources of the variability might enable reducing it, and this may improve 
progression detection in glaucoma. With less variability, smaller changes can be 
picked-up and fewer tests are needed.

The variability of SAP test results depends on many factors. A well-known factor is 
disease stage.(Bengtsson & Heijl 2000, Blumenthal et al. 2003) Other factors are patient 
motivation and technician performance, the latter via appropriateness of refraction 
and patient instruction, reassurance before the test, and patient monitoring during the 
test.(Anderson et al. 2001, Kutzko et al. 2000, Mutlukan 1994)

Circadian rhythms and seasonal influences may also contribute to the variability. 
These periodicities may influence SAP test results in at least two different ways. First, 
patients need a good cognitive function to perform perimetry. In an extensive review, 
Blatter & Cajochen described a daily variation in cognitive function in humans.(Blatter 
& Cajochen 2007) Cognitive function deteriorated over the day in elderly (at the typical 
age of a glaucoma patient), while the opposite is the case in young subjects. Second, 
SAP measures a threshold sensitivity of the visual system. Earlier studies in humans 
showed a daily variation in retinal visual sensitivity, suggesting lower sensitivities 
in the early morning.(Roenneberg et al. 1992, Tassi et al. 2000, Tuunainen et al. 2001) 
Besides a daily variation, a seasonal (circannual) variation might also be present. After 
all, exposure to light varies per season and prior light history affects light sensitivity.
(Hébert et al. 2002) Indeed, retinal sensitivity seems to be highest in the spring.(Bassi & 
Powers 1986, Sweeney et al. 1960)

Variability is entangled with reliability. Reliability is commonly assessed by reliability 
indices, and displayed as the percentages of fixation losses (FL) and false-positive 
(FP) and false negative (FN) answers. Two issues concerning reliability are relevant 
to this study. First, whether reliability as assessed by the reliability indices influences 
variability. Second, whether other factors that influence variability act through the 
reliability or have their own, independent influence.
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The aim of this study was to determine the influence of several factors on SAP 
test results in glaucoma. For this purpose, we analyzed the influence of technician 
experience, time of day, season and the percentages FL and FP and FN answers on the 
mean deviation (MD), a commonly used summary measure of SAP test results.

METHODS

Study population
The present study was performed using data from the Groningen Longitudinal 
Glaucoma Study (GLGS), a prospective observational cohort study performed in 
a clinical setting.(Heeg et al. 2005, Wesselink et al. 2009) In the GLGS, all glaucoma 
patients and glaucoma suspects who visited the glaucoma outpatient service of 
the University Medical Center Groningen between July 1, 2000, and June 30, 2001, 
and who provided informed consent were included in an observational study with 
conventional perimetry, frequency-doubling perimetry (FDT; Carl Zeiss Meditec AG, 
Jena, Germany) and laser polarimetry (GDx; Laser Diagnostic Technologies, San Diego, 
California, USA). The study comprised both glaucoma patients and glaucoma suspect 
patients and was originally designed as a health technology assessment study. The 
original aim was to determine if it was possible to replace, in glaucoma patients and/or 
glaucoma suspects, the lengthy and cumbersome conventional perimetry by FDT and/
or GDx. After the initial health technology assessment study, we continued performing 
conventional perimetry in glaucoma patients and moved to FDT/GDx in glaucoma 
suspects in our regular care. The GLGS continued as an ongoing anonymous gathering 
of all information from all glaucoma patients and glaucoma suspects obtained during 
regular care.

For the present study, we used data from a subpopulation of the GLGS cohort: we only 
included patients who had (1) glaucoma at baseline (for criteria see below), (2) series of 
at least eight (nine with discarded learning test) visual field tests made with standard 
automated perimetry (Humphrey field analyzer [HFA]; Carl Zeiss Meditec Inc., Dublin, 
CA), and (3) a follow-up of at least five years.(Jansonius 2010) The study protocol was 
approved by the ethics board of the University Medical Center Groningen and followed 
the tenets of the Declaration of Helsinki.

Perimetry and glaucoma
Perimetry was performed using the HFA 30-2 Swedish interactive threshold algorithm 
(SITA) fast strategy. An abnormal test result was defined as any one of the following: 
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a glaucoma hemifield test “outside of normal limits”, a pattern standard deviation 
with P<0.05, or three adjacent non-edge points with P<0.05 in the pattern deviation 
probability plot, of which at least one point reached P<0.01, with all points being on 
the same side of the horizontal meridian. As the influence of reliability was part of the 
outcome of the study, we did not exclude test results based on reliability indices.

For glaucomatous visual field loss at baseline, two consecutive perimetry test results 
had to be abnormal in at least one eye. Defects had to be in the same hemifield, and at 
least one depressed test point of these defects had to have exactly the same location 
on both fields. Moreover, defects had to be compatible with glaucoma and without any 
other explanation. This was judged by one of three glaucoma specialists involved in 
the baseline of the study.(Heeg et al. 2005) A visual field test prior to the two baseline 
tests was discarded in order to reduce the influence of learning. Hence, at least three 
tests had to be performed at baseline before glaucomatous visual field loss could be 
diagnosed.

For being a glaucoma patient at baseline, glaucomatous visual field loss had to be 
present. Neither the intraocular pressure (IOP) nor the aspect of the optic disk was a 
formal part of the glaucoma diagnosis. However, the mean (standard deviation [SD]) 
pre-treatment IOP of the presumed glaucoma patients was 30.3(9.5) mmHg and 90% of 
them had an abnormal optic disk according to the GDx (the Number > 29).(Heeg et al. 
2005, Wesselink et al. 2012)

During the follow-up period, perimetry was performed at a frequency of one test per 
year. Clinicians were allowed to increase the frequency of testing, for example in case 
of suspected progression. This was a subjective decision; no formal tools or rules were 
given (observational study design).

Data analysis
For this study, one eye per patient was included. If both eyes met the above-described 
criteria, one eye was chosen randomly. Parametric and nonparametric descriptive 
statistics were performed to describe the study population.

To determine the influence of the factors technician experience, time of the day and 
season, and of the reliability indices, we first performed a linear regression analysis of 
MD against time for all included series of visual fields and calculated the MD residuals 
(that is, the distances between the measured MD values and the corresponding 
regression line). Subsequently, we selected one random visual field of each patient and 
performed a multiple linear regression analysis with the MD residual of the included 
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fields as dependent variable and technician experience, time of day, season and phase 
of follow-up (see below) as independent variables. We performed these analyses both 
with and without adjustment for the percentages of FL and FP and FN answers. In 
this way, we were able to (1) determine the influence of these indices on the MD and 
(2) explore if potential effects of the other factors were caused by a direct influence or 
by an indirect influence, through the reliability. The random selection of one visual 
field per patient and subsequent multiple linear regression analysis was repeated 50 
times. After applying this resampling technique, we presented the results as the mean 
effect estimates averaged over the 50 resamplings with corresponding 95% confidence 
intervals (CIs), for all studied independent variables. As a secondary analysis, the 
analyses were repeated with the pattern standard deviation (PSD) residuals as 
dependent variable. A P-value of 0.05 or less was considered statistically significant 
(see Discussion section).

Categorical variables were recoded into dummy variables. For technician experience, 
the technicians were stratified into three categories: inexperienced, moderately 
experienced and highly experienced. Twenty-eight technicians were involved in 
the study; for the stratification according to experience we ranked these technicians 
according to the number of visual fields they had performed. Subsequently, we 
divided the visual fields into three equally-sized groups. This resulted in a group of 20 
inexperienced technicians who performed a median of 22 tests (range 1 to 82 tests) 
during the entire follow-up period, a group of five moderately experienced technicians 
who performed a median of 120 tests (range 83 to 147 tests) and a group of three highly 
experienced technicians who performed a median of 171 tests (range 161 to 193 tests) as 
part of the study. For time of day, the tests were stratified into four categories: performed 
before 10AM, between 10AM and noon, between noon and 2PM and after 2PM. For 
season, the tests were also stratified into four categories, of three months each, based 
on the annual variation of retinal sensitivity as found by Sweeney et al.(Sweeney et al. 
1960) The summer was classified as June, July and August, the autumn as September, 
October and November, and so on. The reliability indices were treated as continuous 
variables measured relative to their mean value in the concerning patient (for example, 
10% FP answers were coded as +5% in a patient who had on average 5% FP answers 
and as -5% in a patient who had on average 15% FP answers). Finally, we added an 
additional variable, being the phase of follow-up. This variable reflects if a visual field 
belongs to the first, middle or last part of the follow-up. This variable aims to adjust for 
possible deviations from the presumed linear relationship between MD and time. These 
deviations might occur for example due to prolonged learning or disease acceleration 
and might confound some of the studied relationships (see Discussion).
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The MD analyses were performed for the entire study population, with and without 
adjustment for the reliability indices. They were also performed after stratification 
according to glaucoma severity. Here, two strata were employed, being a baseline MD of 
-6 dB or better (early glaucoma) versus below -6 dB (moderate/severe glaucoma). This 
cut-off value yielded two, roughly equally sized groups. The PSD analyses were only 
performed for early glaucoma as the PSD is only for early glaucoma monotonically 
related to disease stage.

RESULTS

One-hundred-sixty eyes of 160 patients, 89 men and 71 women, were included. The 
mean (SD) age at baseline was 63.6(11.2) years. The baseline MD was skewed negatively 
with a median value of -7.8 dB (range: -29.4 to -0.0 dB; interquartile range: -15.4 to 
-2.9 dB). There was a median MD decline of -0.2 dB/year (range: -3.2 to +0.7 dB/year; 
interquartile range: -0.5 to 0.0 dB/year; P90 -0.8 dB/year). The mean (SD) follow up was 
9.4(1.7) years with a mean of 10.8(2.2) visual field tests per patient. In total 1735 tests 
were performed, of which 107 had to be excluded from further analysis because either 
no technician was registered, two technicians accompanied the test together as part 
of training, no fixation was monitored or the FN answers were not available (which 
sometimes occurs in end-stage glaucoma; fields with FN answers not available had a 
mean (SD) MD of -27.0(2.2) dB). Hence, 1628 visual field tests were included.

Figure 1 presents the frequency distributions of the FL and the FP and FN answers of 
all included 1628 visual field tests. The FL showed the highest percentages, followed by 
the FN and the FP answers. The percentages of FL and FP answers were significantly 
higher in early glaucoma compared to moderate/severe glaucoma (Mann-Whitney 
test P<0.001). The percentage of FN answers did not differ between early and 
moderate/severe glaucoma (P=0.62). There was no significant correlation between the 
three reliability indices (Spearman’s rank correlation coefficients <0.30 for all three 
comparisons).

Table 1 presents the results of the multiple linear regression analysis for the entire 
study population, for all independent variables including the reliability indices. Table 
2 shows the same analysis after the removal of the reliability indices. The effects of 
the various independent variables were essentially the same in both tables, indicating 
that these variables influence the MD directly rather than that they affect the reliability 
– with a subsequent effect on the MD. Figure 2 gives the results after stratification 
according to glaucoma stage.
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Figure 1. Frequency distributions of the reliability indices FL, FP and FN answer for all patients (A) and after 
stratification in early (B; mean deviation at baseline -6 or better) and moderate/severe (C) glaucoma. Box plots 
with error bars and black dots represent the 5th, 10th, 25th, 50th, 75th, 90th and 95th percentiles.

Reliability indices
As can be seen in Table 1, the percentage of FP answers had the biggest influence on 
the MD; a one percent increase in FP answers yielded an MD increase of approximately 
0.1 dB (that is, the MD of a visual field with 10% FP answers is overestimated by 
approximately 1 dB in comparison with a visual field with 0% FP answers). The 
influence of the percentages of FL and FN answers on the MD was also statistically 
significant, but the effect estimates were obviously lower than that of the percentage 
of FP answers. Only in early glaucoma, a clinically relevant effect of the percentage 
of FN answers was found. Here, the MD of a visual field with 10% FN answers is 
underestimated by approximately 0.5 dB in comparison with a visual field with 0% FN 
answers (Figure 2).



55

FACTORS THAT INFLUENCE PERIMETRY TEST RESULTS

Table 1. Influence of technician experience, time of day, season, follow-up and test reliability on the mean 
deviation (dB), in the entire study population

 Beta 95% confidence interval P-value

FL residuals 0.007 0.005 to 0.009 <0.001

FP residuals 0.086 0.078 to 0.095 <0.001

FN residuals 0.006 0.001 to 0.011 0.037

Technician:    

 Highly experienced reference   

 Medium experienced -0.024 -0.108 to 0.060 0.571

 Inexperienced -0.176 -0.261 to -0.091 <0.001

Time of day:    

 Before 10:00 am reference   

 10:00 – 11:59 am -0.033 -0.115 to 0.050 0.433

 12:00 – 13:59 pm -0.197 -0.286 to -0.109 <0.001

 After 14:00 pm -0.062 -0.152 to 0.028 0.174

Season:    

 Spring reference   

 Summer -0.132 -0.225 to -0.038 0.006

 Autumn -0.189 -0.265 to -0.113 <0.001

 Winter -0.052 -0.146 to 0.041 0.266

Follow-up:    

 Middle part reference   

 First part -0.240 -0.307 to -0.173 <0.001

 Third part -0.196 -0.275 to -0.117 <0.001
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Table 2. Influence of technician experience, time of day, season and follow-up on the mean deviation (dB), in 
the entire study population

 Beta 95% confidence interval P-value

Technician:    

 Highly experienced reference   

 Medium experienced -0.063 -0.146 to 0.020 0.135

 Inexperienced -0.245 -0.333 to -0.157 <0.001

Time of day:    

 Before 10:00 am reference   

 10:00 – 11:59 am -0.021 -0.100 to 0.058 0.589

 12:00 – 13:59 pm -0.158 -0.250 to -0.066 0.001

 After 14:00 pm -0.069 -0.155 to 0.017 0.112

Season:    

 Spring reference   

 Summer -0.091 -0.182 to 0.001 0.053

 Autumn -0.152 -0.234 to -0.070 0.001

 Winter -0.072 -0.168 to 0.025 0.144

Follow-up:    

 Middle part reference   

 First part -0.226 -0.295 to -0.157 <0.001

 Third part -0.103 -0.191 to -0.016 0.021

Technician experience
Technician experience appeared to be important, independently of glaucoma stage 
(Table 1; Figure 2). Guidance by inexperienced technicians yielded MD values that were 
approximately 0.2 dB lower in comparison with their highly experienced colleagues 
(P<0.001); for intermediately experienced technicians this difference was negligible.

Time of day
Time of day had a significant influence on the MD. Approximately 0.2 dB lower MD 
values were found directly after lunch (P<0.001; Table 1). After stratification according 
to glaucoma stage, patients with early glaucoma performed significantly better in the 
early morning, with an approximately 0.4 dB better MD compared to the rest of the day. 
In moderate/severe glaucoma, the effect of time of day was less pronounced (Figure 2).
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Figure 2. Influence of the test reliability (top left), technicians experience (top right), time of day (bottom left) 
and season (bottom right) on the mean deviation (MD) after stratification according to glaucoma stage, being 
early (triangles; mean deviation at baseline -6 dB or better) versus moderate/severe glaucoma (diamonds). 
Results presented as average beta's with 95% confidence intervals (dB).

Season
Inter-seasonal differences also appeared to play a significant role in visual field testing. 
Approximately 0.2 dB lower MD values were found in the summer/autumn compared 
to winter/spring (P<0.001; Table 1). After stratification according to glaucoma stage, 
patients with early glaucoma appeared to have the highest sensitivity in the winter 
and patients with moderate/severe glaucoma in the spring (Figure 2).

Follow-up
As can be seen in Table 1, the MD was significantly lower both in the beginning and at 
the end of the follow-up, compared to the middle part of the follow-up. This indicates a 
systematic deviation from the assumed linear decay.
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Pattern standard deviation
Figure 3 shows the results of the multiple linear regression analysis with the PSD 
residuals as dependent variable, for patients with early glaucoma. Significant effects 
were found for the reliability indices (FP answers), time of day, and season. The effects 
were roughly opposite and generally smaller in comparison with the corresponding 
analysis with the MD residuals as dependent variable (Figure 2; triangles).

Figure 3. Influence of the test reliability (top left), technicians experience (top right), time of day (bottom left) 
and season (bottom right) on the pattern standard deviation (PSD) for patients with early glaucoma (mean 
deviation at baseline -6 dB or better). Results presented as average beta's with 95% confidence intervals (dB).

DISCUSSION

Technician experience, time of day and season have a clinically relevant influence 
on the MD of SAP test results - together they may cause differences between tests of 
typically 0.5 dB. Of the three reliability indices, an excess of FP answers is the only 
serious threat to the test result; the MD is overestimated by 1 dB per 10% of FP answers.
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Reliability indices
Lee et al. studied, in a clinical setting, the influence of the reliability indices on the mean 
sensitivity variable (MS) of the Octopus perimeter (Program G1 201; Interzeag, Schlieren, 
Switzerland).(Lee et al. 1994) They used multiple linear regression analysis with the 
inter-test difference of the MS as the dependent variable and the difference of FP or FN 
catch trials as independent variable (reliable visual field compared to unreliable visual 
field). They found an increase in MS of 1.5 dB for every 10% FP answers, while the MS 
decreased by 1.2 dB for every 10% FN answers. Their results are essentially in agreement 
with our findings, and this suggests that these findings are universal for SAP rather than 
specific to a single perimeter/strategy. Bengtsson examined the associations between 
the reliability indices and the reproducibility of the MD with multiple linear regression 
analysis, using the HFA SITA standard strategy in a clinical setting.(Bengtsson 2000) 
After disease stage, the percentage of FN answers had the highest, but non-significant, 
association. This result could be explained by the correlations between FN answers 
and disease stage and disease stage and reproducibility, which is in agreement with 
others studies and partially with our results.(Bengtsson 2000, Birt et al. 1997, Katz et al. 
1991) In our study, the percentage of FN answers was only of some clinical significance 
in early glaucoma, while in moderate/severe glaucoma its influence was negligible 
(Figure 2). Bengtsson did not find a significant influence of the percentage of FP 
answers. Two studies investigated the influence of FP answers by artificially adding 
random answers during full threshold(Cascairo et al. 1991) and SITA standard testing.
(Newkirk et al. 2006) In healthy subjects, the addition of 33% FP answers resulted in an 
increase in the Humphrey STATPAC mean defect of 2.9 dB and an increase in the MD of 
0.3 dB, respectively. In glaucoma patients, Newkirk et al. found an increase in MD of 2.4 
dB.(Newkirk et al. 2006) This agrees with our findings. Our findings also indicate that 
a FP answers cut-off point of 15%, as advocated for the SITA strategies,(Heijl, Patella & 
Bengtsson 2012) may be not strict enough.

Technician experience
The role of technicians cannot be underestimated. Proper instructions,(Kutzko et al. 
2000) correct refraction(Anderson et al. 2001, Mutlukan 1994) and ensuring optimal 
conditions contribute to reliable test results, while supervision plays only a minor role.
(Johnson et al. 1993, Kramer et al. 2012, Van Coevorden et al. 1999) As far as we know, 
no publications exist that examined the association between the degree of experience 
of technicians and the test result. Tables 1 and 2 and Figure 2 show that the test result 
was negatively influenced by inexperienced technicians, independently of glaucoma 
stage. Although the average influence of technician experience may be limited, it 
might be the case that the influence of individual technicians on the test results is 
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substantially larger. Theoretically, this could be analyzed by putting all technicians 
individually as a dummy in the technician experience variable. However, there are not 
enough tests/observations per technician for such a detailed analysis. Thus, all we can 
conclude is that – on average – inexperienced technicians perform worse. In addition, 
inexperienced technicians seemed to have performed a substantial number of tests, 
given that they also performed tests in patients not included in the study (see Methods 
section). In reality, those classified as inexperienced technicians are working in other 
parts of our department and visit the glaucoma service only incidentally whereas 
those classified as experienced technicians have the glaucoma service as their default 
shop floor.

Time of day
Circadian rhythm plays a major role in the daily life of humans. These rhythms are 
endogenously generated by the circadian pacemaker, located in the hypothalamus. 
Adjustments to the circadian pacemaker are made by exposure to environmental light 
through intrinsically photosensitive retinal ganglion cells containing melanopsin.
(Hanifin & Brainard 2007, Markwellet al. 2010) Effects of time of day are difficult to 
interpret as they are influenced by inter-individual differences in circadian period 
length, circadian phase, sleep duration and the duration of prior wakefulness, 
vulnerability to sleep loss, age, and personality.(Blatter & Cajochen 2007, Yoon et al. 
1999) Several researchers examined circadian rhythms in visual thresholds.(Bassi & 
Powers 1986, O’Keefe & Baker 1987, Roenneberg et al. 1992, Tassi et al. 2000, Tuunainen 
et al. 2001) Although the confidence intervals were wide, retinal sensitivity seemed 
to be the lowest in the early morning. We found the lowest sensitivity directly after 
lunch and – in a subgroup of patients with early glaucoma – the highest sensitivity 
in the early morning. Therefore, another explanation could be that, in perimetry, the 
influence of cognitive performance dominates that of retinal sensitivity. Cognitive 
performance seems to be best in the early morning at an age comparable to that of 
glaucoma patients, although this is influenced by many factors.(Blatter & Cajochen 
2007, Yoon et al. 1999) Lower performance in the afternoon is frequently observed and 
referred to as the “post lunch dip”.(Monk 2005) Especially in the elderly who suffer 
more often from a short and fragmented nocturnal sleep pattern, the severe post 
lunch dip is counteracted by daytime afternoon naps.(Buysse et al. 1992) The lack of 
possibility to take an afternoon nap in patients if they have to visit the ophthalmology 
department may worsen performance during the afternoon.(Takahashi et al. 1998) In 
patients with moderate/severe glaucoma, the influence of time of day appeared to be 
less pronounced. This might be explained by a threshold effect, performance is always 
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bad, or by glaucoma itself which may disturb circadian rhythms by lesioning the non-
image forming light-sensitive system.(Agorastoset al. 2011, Drouyer et al. 2008, Feigl et 
al. 2011, Jean-Louis et al. 2008, Lanzani et al. 2012)

Season
There is little information published on the influence of season on visual thresholds. 
Sweeney et al.(Bassi & Powers 1986, Sweeney et al. 1960) published in 1960 a paper 
showing that, in healthy subjects, scotopic sensitivities were lowest in summer and 
gradually increased until spring - roughly following daily exposure to sunlight or 
prior light history.(Hébert et al. 2002, Jasser et al. 2006, Smith et al. 2004) Bassi and 
Powers reported, in their study on circadian effects in healthy subjects, that subjects 
were slightly more sensitive during the winter.(Bassi & Powers 1986) We found the 
highest sensitivity in winter and spring – in agreement with the findings of Sweeney 
et al. (despite the fact that perimetry is not a scotopic task) and Bassi and Powers.
(Sweeneyet al. 1960) Very recently, a seasonal influence on the MD was reported in 
patients with ocular hypertension. Typically 0.1 dB higher MD values were found in 
the winter compared to summer.(Gardiner et al. 2013) This is in agreement with our 
findings in patients with early glaucoma.

Pattern standard deviation
As a secondary analysis, we repeated our analyses with the PSD residuals instead of 
the MD residuals as dependent variable. These analyses were limited to patients with 
early glaucoma, as only for early glaucoma the PSD is monotonically related to disease 
stage. The significant effects on the PSD residuals we found (Figure 3) were roughly 
opposite to and generally smaller than the corresponding effects on the MD residuals 
(Figure 2; triangles). The opposite direction suggests – at least in early glaucoma - 
that the effects of the studied factors are larger in the diseased parts of the visual field 
than in the healthy parts. Obviously, this may change in more advanced disease - as 
indicated in Figure 2. Clinically, the smaller effects on the PSD residuals (Figure 3) in 
comparison with the corresponding effects on the MD residuals (Figure 2; triangles) 
tentatively indicate that the PSD is a more robust global index than the MD in early 
glaucoma.

Other issues
To weigh the clinical relevance of our findings, the effects found in this study should be 
compared to the rate of change of the MD due to glaucoma and to the overall variability. 
As mentioned in the first paragraph results section, the median MD decline in our study 
population was -0.2 dB/year. This indicates that the effects found in this study (together 
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typically 0.5 dB) are in the order of magnitude of the MD loss due to glaucoma after 2 
to 3 years. Effects of typically 0.5 dB will generally not compromise the interpretation 
of a single test result. When a series of test results are analyzed as part of progression 
detection, however, the effects may play a significant role. After all, the effects are 
non negligible when compared to the mean (SD) overall variability, expressed as the 
square root of the residual mean square of the MD (dB), which was 1.1(0.7) dB in our 
study population (Chapter II).(Junoy Montolio et al. 2012) In the case of event detection, 
additional variability may result in mixing-up stability with suspected progression, 
or – after suspected progression has been observed – in mixing-up falsification with 
confirmation. In the case of trend analysis, additional variability will result in a longer 
period before a slope significantly different from zero can be detected,(Chauhan et al. 
2008) and a less precise estimate of the actual slope can be made for a given follow-
up.(Jansonius 2010) Another clinically useful message is that only the percentage of 
false-positive answers has to be taken into account.

In our clinical setting, we adopted the SITA fast strategy because it was considered 
a time-saving improvement of the SITA standard strategy at the time we designed 
the study (1999). Later, it became clear that the strategies performed slightly different. 
For example, more variability is found in SITA fast due to a higher error related factor 
(ERF) at the end of the test related to a shorter data acquisition time.(Artes et al. 2002, 
Jansonius 2010) Assuming that both SITA strategies reveal an unbiased estimate of 
the MD (albeit SITA fast with a higher variability), factors that influence the MD by 
influencing the physiological visual sensitivity should yield similar effects for both 
strategies. Here, it is interesting to note that Gardiner et al. found roughly similar 
seasonal effects, using the full threshold strategy, as we did with SITA fast (discussed 
above; Season subsection).(Gardiner et al. 2013) Factors that influence the MD through 
inattention or fatigue might have a more pronounced effect in longer strategies, 
like SITA standard. The effects of the reliability indices seem to be universal for SAP 
rather than specific to a single perimeter/strategy (discussed above; Reliability indices 
subsection).

The use of linear regression analysis is a common approach in glaucoma progression 
research.(Artes et al. 2002, Bengtsson & Heijl 2008, Bhandari et al. 1997) However, if a 
systematic deviation from a linear deterioration would exist, false-positive associations 
might pop-up in our analyses. This would occur for variables that are associated with 
the follow-up time point (for example, if the glaucoma service opening hours would 
change from AM to PM during the study). To adjust for this possible confounding, 
we added a variable named follow-up. We found a lower sensitivity during the first 
and third tertiles of the follow-up, indicating a systematic deviation from a linear 
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deterioration. This might be explained by prolonged learning(Gardiner et al. 2008, Wild 
et al. 1989) and/or the fact that glaucoma seems to have an accelerating character 
when using the MD as the outcome measure.(Wesselink et al. 2012) As a consequence, 
short series of visual fields might underestimate the rate of progression. We explored 
this possibility by comparing the first three years of follow-up to the entire follow-up 
in a subset of 104 patients with at least nine years of follow-up (mean [SD] follow-up 
10.4[0.8] years). Table 3 shows the results. As can be seen in this table, the most obvious 
difference between the first three years and the entire follow-up is not a difference in 
the median rate of progression but rather a greater variability related to the shorter 
follow-up duration.(Jansonius 2010, Nouri-Mahdavi et al. 2011) This suggests that both 
the phenomenon of “positive slopes” and the phenomenon of “rapid progressors” seem 
to be at least partially related to too short series of visual fields.

Table 3. Rate of progression of the mean deviation (dB/year) as a function of follow-up duration (based on a 
subset of 104 patients with at least nine years of follow-up)

First 3 years of follow-up Entire follow-up period

P10 0.71 0.16

P25 0.24 -0.04

median -0.17 -0.16

P75 -0.68 -0.40

P90 -1.29 -0.63

Another factor that might influence the MD is the development of cataract (or after 
cataract) or a cataract extraction (or capsulotomy) during follow-up. A change in 
MD slope due to a gradual development of cataract will not influence the residuals. 
Also, a deviation from a linear decay due to a faster development of cataract or a 
cataract extraction will not influence our findings. First, we adjusted also for these 
deviations with the variable named follow-up. Second, it is reasonable to assume that 
media opacity changes are not associated with the characteristics of the sampling 
(technician choice, time of day and season). Thus – albeit the development of cataract 
or a cataract extraction during follow-up may increase MD variability – they do not 
influence our findings.

Tests performed by a single patient cannot be considered independent observations. 
We addressed this issue by the use of a resampling method, by randomly taking one test 
result of each patient followed by the multiple linear regression analysis, and repeating 
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this 50 times. In multiple linear regression analysis, multiple hypothesis testing is 
already taken into account. It is not unequivocal if correction for multiple hypothesis 
testing would be needed with the resampling method applied in this study. However, 
the effects reported as being significant in this study all had P<0.001, indicating that 
they would remain significant even with very conservative corrections for multiple 
hypothesis testing. We also addressed the dependency issue by taking the reliability 
indices relative to their mean value in the concerning patient (see Methods section). 
Finally, effects can only be found if the independent variables display sufficient 
variability (for example, if all patients would visit the glaucoma service on a fixed time 
of day and year, no effects of time of day and year will be found). In a scientifically 
ideal situation, appointments would be allocated at random. As this is not the case in 
an observational study, the observed effects might be smaller than the true effects. In 
our department, especially time of day is prone to limited variability. Of all patients, 
65% had at least one test in all four time of day strata, 31% had no tests in one stratum, 
4% had no tests in two strata, and 0% had all tests in a single stratum. For season these 
percentages were 63, 34, 3 and 1%, respectively. These percentages suggest that there 
was sufficient within-subject variability for time of day and season to investigate their 
influences on perimetry test results.

Besides confounding, interactions between independent variables could also play a 
role. An interaction could be expected for example for time of day and season (there 
is little environmental light present in the early morning during the winter compared 
to summer). Interactions can be explored by stratification. If we stratified our analyses 
according to season instead of to stage (the latter was performed in Figure 2), we found 
essentially similar effects of time of day for all four seasons, indicating no obvious 
interaction between time of day and season. The power (number of included subjects) 
prohibited more thorough interaction analyses.

In conclusion, in a clinical setting where individual patients are tested at the same time 
of day while technicians pay attention to patient instruction and reassurance, monitor 
fixation and address apparent inattention, clinicians should only pay attention to the 
percentage of FP answers. Visual fields with more than 5% FP answers should be used 
for quantitative analyses only with caution. Compared to the MD, the PSD appeared to 
be less influenced by the studied factors and might thus be the preferred global index 
in early glaucoma.
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ABSTRACT

Purpose: To evaluate the influence of a multifocal intraocular lens (MFIOL) on standard 
automated perimetry (SAP) size III and size V test results

Methods: In this cross-sectional case-control study sixteen eyes of 16 patients with 
a diffractive MFIOL (median age, 64 years), 18 phakic eyes of 18 healthy individuals 
serving as controls (median age, 62 years), and 12 eyes of 12 patients with a monofocal 
IOL (median age, 64 years) were included. All participants underwent (1) SAP using 
a 30-2 grid and the Swedish Interactive Threshold Algorithm standard strategy with 
stimulus size III and (2) a full threshold test with stimulus size V. Comparisons between 
groups were corrected for age and pupil size.

Results: For SAP size III, the average difference in mean deviation (MD) between 
patients in the MFIOL group and phakic controls was -2.40 dB (P<0.001) and between 
patients in the monofocal IOL group and phakic controls was -0.32 dB (P=0.52). For SAP 
size V, the corresponding differences in mean sensitivity (MS) were -1.61 dB (P=0.002) 
and -0.80 (P=0.09), respectively. The differences were essentially independent of 
eccentricity for both SAP size III and SAP size V.

Conclusion: Patients with a diffractive MFIOL have a clinically relevant reduction of 
the visual sensitivity as assessed with SAP size III and size V. The reduction seems 
to be related to the multifocal design of the IOL rather than to pseudophakia. The 
reduction interferes with the assessment of common eye diseases such as glaucoma 
and comes on top of the decline of visual sensitivity due to normal aging or age-related 
eye diseases, thus potentially accelerating visual impairment.
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INTRODUCTION

Cataract surgery is one of the most established interventions in the realm of 
ophthalmology and is considered to be a safe procedure with good visual outcome. 
In pursuit of optimal postoperative lens performance, generations of innovative 
lens designs have led to the introduction of diffractive multifocal intraocular lenses 
(MFIOLs).(Hansen et al. 1990) These lenses allow the luxury of distance and near 
spectacle independence and are based on the optical principle of creating 2 focal 
planes, one for distance vision and the other for near vision. Several studies reported 
that these new-degeneration diffractive MFIOLs provide satisfactory vision for 
distance and near conditions and enhance the quality of life.(Cillino et al. 2008, Nowak 
& Jacobi 1990, Vries et al. 2008)

Nonetheless, MFIOLs appear to induce unwanted visual phenomena, including glare, 
flare, streaks, and halos.(de Vries et al. 2011, Leyland & Pringle 2006, Leyland & Zinicola 
2003) Reduced contrast sensitivity has also been reported in various studies as an 
important drawback of MFIOLs.(Allen et al. 1996, Haaskjold et al. 1998, Leyland & Pringle 
2006) Contrast sensitivity usually declines with age and may be further affected 
pathologically by different eye diseases.(Nio et al. 2000) Glaucoma, for example, is an 
insidious chronic progressive eye disease that affects the optic nerve with subsequent 
unnoticed retinal sensitivity loss. This loss in sensitivity is clinically measured by 
means of standard automated perimetry (SAP), which measures differential light 
sensitivity thresholds at various locations across the visual field and is a fundamental 
tool in the diagnosis and follow-up of glaucoma. Taking the various causes of reduced 
contrast sensitivity, as well as the possibility of MFIOL and glaucoma coexistence, 
into consideration, it is therefore justifiable to theorize that MFIOLs may hinder the 
assessment of glaucoma.(Kumar et al. 2007)

The influence of MFIOLs on perimetry has been addressed using matrix frequency-
doubling perimetry, Goldmann perimetry, the Esterman binocular visual field test, and 
the Octopus 101 (see “Discussion” section).(Bi et al. 2008, Bojikian et al. 2009, Kang & Lee 
1994, Stanojcic et al. 2010)

The aim of the present study was to determine the influence of MFIOLs on SAP test 
results. For this purpose, we performed a cross-sectional case-control study comparing 
patients with MFIOLs, patients with monofocal IOLs, and individuals with phakic 
eyes serving as controls. By comparing 3 groups, it should be possible to differentiate 
between effects due to pseudophakia and effects due to the multifocal design. In 
addition to SAP with the default size III stimulus, the participants performed a test with 
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stimulus size V.(Wall et al. 2010, Wilensky et al. 1986) Our rationale for this additional 
test was to explore the relationship between stimulus size and the effect of MFIOL 
implantation on the visual sensitivity as assessed with perimetry.

METHODS

Study population
The present study had a cross-sectional case-control design and included patients 
with MFIOLs (MFIOL group), patients with monofocal IOLs (monofocal IOL group), and 
healthy individuals with phakic eyes (phakic controls). This study conformed with 
the tenets of the Declaration of Helsinki and was approved by the medical ethics 
committee of the University Medical Center of Groningen, Groningen, the Netherlands. 
All participants gave written informed consent prior to participation.

Patients with MFIOLs and monofocal IOLs were recruited from the cataract databases 
of the departments of ophthalmology of the University Medical Center Groningen and 
of the Nij Smellinghe Hospital Drachten, both in the Netherlands. Healthy volunteers 
were recruited through advertisement. All participants underwent a complete eye 
examination, including best corrected visual acuity testing, near vision testing (Jaeger 
reading chart), slit lamp biomicroscopy, intraocular pressure measurement with 
noncontact tonometry (TCT80; Topcon Medical Systems Inc), and fundus examination 
with an ultra widefield retinal imaging device (200TX ultra-widefield retinal image; 
Optos). The pupil diameter was measured by means of the Auto Pupil function of the 
Humphrey Field Analyzer (see the “Perimetry” subsection).

Inclusion criteria for this study were age 18 to 75 years and, for the MFIOL and monofocal 
IOL groups, a postoperative period of at least 3 months. Exclusion criteria were an 
overall astigmatism exceeding 2.5 diopter (D), a spherical equivalent refractive error 
above 5 or below –5 D, a best-corrected visual acuity above 0.0 logMAR (in individuals 
50 years) or 0.1 logMAR (50 years), an intraocular pressure above 21 mmHg, a family 
history of glaucoma, a vertical cup-disc ratio exceeding 0.5 or any other fundus 
abnormality, significant lens opacities or after cataract on slit lamp examination, and 
a history of eye trauma or surgery other than cataract surgery or any other eye disease. 
All participants were inexperienced with regard to perimetry. If a participant was 
eligible with both eyes, 1 randomly chosen eye was included.
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IOL characteristics
The MFIOLs in this study comprised exclusively diffractive MFIOLs. Two types of 
diffractive MFIOLs were used in our study population (Tecnis ZM900; Abbott Medical 
Optics Inc [2 eyes]; and the Zeiss 809M, AT LISA; Carl Zeiss Meditec Inc [14 eyes]). The 
Tecnis MFIOL is a silicone 3-piece aspheric diffractive lens. The power of the add is 
4.00 D with a 50/50 distance/near light distribution. The Zeiss MFIOL is an acrylic 
single-piece aspheric diffractive lens. The power of the add is 3.75 D with a 65/35 light 
distribution. All the patients with monofocal IOLs had a monofocal Tecnis (ZA9003; 
Abbott Medical Optics Inc).

Perimetry
Perimetry was performed with the Humphrey Field Analyzer (Carl Zeiss Meditec 
Inc). First, all participants performed a shortened visual field test, consisting of 15 
test locations distributed over a 30-2 grid (Figure 1) using the 4-2-2 staircase strategy 
with size III stimulus (0.43 mm diameter; 4 mm2). This test was conducted so that 
participants could become accustomed to the perimeter but would not be tired before 
the onset of testing. Subsequently, participants performed a 30-2 Swedish Interactive 
Threshold Algorithm (SITA) standard test with stimulus size III. Finally, participants 
performed another shortened visual field test with 15 test locations twice, now with 
stimulus size V (1.72 mm diameter; 64 mm2). Regarding the 15 test locations, 7 were 
within 10o eccentricity (Figure 1). We used a shortened test because no SITA program 
is available for size V and we aimed to avoid fatigue effects resulting from the lengthy 
full-threshold testing. The SITA standard size III test and the second shortened test 
with stimulus size V were included in the analysis.

The recommendations of the Humphrey Field Analyzer’s manufacturer for using 
corrective lenses were followed. No corrective lenses were used in patients with 
MFIOLs unless the near-vision test showed a value below Jaeger 2, which could be 
improved with corrective lenses at the recommended testing distance of 33 cm. A 
test result was considered unreliable if false-positive classifications exceeded 10%, the 
technician reported poor fixation, or lens rim artifacts were observed. If this was the 
case, the test was repeated after additional explanation. At least 5 minutes of rest was 
scheduled between the different tests to lower the influence of fatigue.
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4 3 2 1

10 9 8 7 6 5

18 17 16 15 14 13 12 11
28 27 26 25 24 23 22 21 20 19

38 37 36 35 34 33 32 31 30 29

48 47 46 46 44 43 42 41 40 39

58 57 56 55 54 53 52 51 50 49

66 65 64 63 62 61 60 59

72 71 70 69 68 67

76 75 74 73

Figure 1. Subset of test locations used in the shortened tests (numbers in bold). Including the fovea (not shown), 
there were 7 locations within 10 degrees eccentricity (left eye representation)

Statistical analysis
The main outcome measures of the visual field tests were the mean deviation (MD) for 
size III and the mean sensitivity (MS) for size V. The MD is a measure commonly used 
in clinical practice; the MS can be considered a proxy of the MD. The MD is an age-
adjusted measure (a study participant is compared with age-matched peers) provided 
by the software of the Humphrey Field Analyzer. For size V, we used a customized grid 
(see the “Perimetry” section); therefore, no MD value was provided by the device. For 
that reason we calculated the MS by averaging the recorded raw sensitivities of the 
included test locations. We also used the MS to explore the effect of eccentricity for 
both size III and size V by calculating the MS for a subset of test locations within and 
outside 10o eccentricity (Figure 1). The blind spot and the fovea were excluded from the 
MS calculation.

Differences in characteristics between the MFIOL group, monofocal IOL group, 
and phakic controls were analyzed with 1-way analysis of variance for continuous 
variables and the 2 test for proportions. Because of our recruitment approach 
(advertisement), the median age of our originally recruited 45 phakic controls (49 
years) was considerably lower than that of the MFIOL group (64 years). To exclude 
any residual age-related confounding, we performed the analysis on an age-matched 
subset of phakic controls. This subset was formed by excluding controls, starting with 
the youngest, until the mean age of the controls equaled that of the MFIOL group. The 
MD and MS intergroup differences were assessed using multiple linear regression 
analysis including either the MD or the MS as the dependent variable and age, pupil 
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size, and group as independent variables. For group differences, we used 2 dummy 
variables for the MFIOL group and monofocal IOL group, with the phakic controls as 
the reference.

All analyses were performed using commercial software (SPSS, version 18.0.3; SPSS 
Inc). Statistical significance was set at P≤0.05.

RESULTS

The Table presents the participants’ characteristics. Sixteen patients with MFIOLs, 18 
phakic controls, and 12 patients with monofocal IOLs were enrolled in this study. No 
eyes showed relevant pathologic characteristics. There were significant univariate 
intergroup differences in pupil diameter, best-corrected visual acuity, MD, MS, and 
pattern standard deviation. There were no significant intergroup differences in age, 
sex, and intraocular pressure. As for near vision, all participants attained Jaeger 2 at 33 
cm, with or without correction. In the MFIOL group, 4 of 16 patients needed additional 
correction (0.75, 1.00, 2.00, and 2.50 D).

Figure 2 depicts the differences in unadjusted MD between the MFIOL group, the 
monofocal IOL group, and the phakic controls when conducting visual field testing 
with SAP size III. Adjusted for age and pupil size, the MD was, on average, 2.40 dB lower 
in the MFIOL group than in the phakic controls (P=0.001) and 0.32 dB lower in the 
monofocal IOL group than in the phakic controls (P=0.52).

Figure 3 illustrates the intergroup differences in un adjusted MS for size V. Adjusted for 
age and pupil size, the MS was, on average, 1.61 dB lower in the MFIOL group than in 
the phakic controls (P=0.002) and 0.80 dB lower in the monofocal IOL group than in the 
phakic controls (P=0.09).

For the subset of test locations within 10o eccentricity, the age- and pupil size–adjusted 
difference in MS between the MFIOL group and the phakic controls was –2.28 dB 
for size III (P=0.001) and –1.87 dB for size V (P=0.003). For the monofocal IOL group 
vs the phakic controls, these differences were 0.15 dB (P=0.77) and –0.39 dB (P=0.49), 
respectively. For the subset of test locations outside 10o eccentricity, the age and pupil 
size–adjusted differences in MS between the MFIOL group and phakic controls were 
–2.49 dB (P≤0.001) for size III and –1.27 dB (P=0.01) for size V. For the monofocal IOL 
group vs the phakic controls, these differences were –0.32 dB (P=0.59) and –1.29 dB 
(P=0.01), respectively. The age- and pupil size–adjusted foveal sensitivity of the SAP 
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Figure 2. Effect of lens status on the mean deviation (MD) of standard automated perimetry with size III 
stimulus. Box plots show median, interquartile range, and each outlier. IOL indicates intraocular lens; MFIOL, 
multifocal IOL.

Figure 3. Effect of lens status on the mean sensitivity (MS) of size V perimetry. Box plots show median, 
interquartile range, and each outlier. IOL indicates intraocular lens; MFIOL, multifocal IOL.
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test results was a mean of 2.05 dB lower in the MFIOL group than in the phakic controls 
(P=0.006) and 0.30 dB greater in the monofocal IOL group than in the phakic controls 
(P=0.65). The age- and pupil size–adjusted pattern standard deviation of the SAP test 
results did not differ significantly between the MFIOL group and the phakic controls 
(P=0.07) or between the monofocal IOL group and the phakic controls (P=0.70). These 
findings indicate that the effect of a MFIOL on visual sensitivity is essentially similar 
across the entire visual field; this agrees with a subjective assessment of the visual 
fields. Approximately 50% of the MFIOL visual fields showed normal total and pattern 
deviation probability plots; the other 50% showed a general reduction of sensitivity 
picture: diffuse abnormalities in the total deviation probability plot combined with an 
intact pattern deviation probability plot. Eleven of the 16 patients with MFIOLs had an 
MD value below normal, at the P<0.05 level according to the Humphrey Field Analyzer 
database.

DISCUSSION

Multifocal intraocular lenses reduce the visual sensitivity in SAP, by approximately 2 
dB. This reduction is roughly similar for size III and size V and regardless of eccentricity. 
The reduction seems to be related to the multifocal design of the IOLs rather than to 
pseudophakia.

To our knowledge, no previous study has evaluated the effect of diffractive MFIOLs 
on SAP compared with healthy controls. However, various studies have evaluated 
the influence of MFIOLs on other perimetric tests in comparison with monofocal 
IOLs. Bojikian et al. reported that diffractive MFIOLs have no influence on the MD of 
the Matrix frequency doubling perimeter compared with monofocal IOLs.(Bojikian 
et al. 2009) Their results do not contradict our findings because frequency doubling 
perimetry uses a stimulus with a very low spatial frequency and is, compared to SAP, 
less sensitive to optical blur.(Artes et al. 2003, Maddess et al. 1999) Interestingly, Kang 
and Lee found a significant difference between MFIOLs and monofocal IOLs using 
Goldmann kinetic perimetry.(Kang & Lee 1994) Stanojcic et al. assessed the difference 
in binocular visual fields in patients who underwent bilateral cataract surgery with 
either diffractive MFIOLs or monofocal IOLs by means of the Esterman binocular 
visual field test.(Stanojcic et al. 2010) They reported no significant difference between 
their 2 groups. However, it is not possible to compare our results with those of Stanojcic 
et al. because the Esterman test is based on suprathreshold testing, whereas we tested 
visual sensitivity at threshold. Bi et al. compared a group of patients who received the 
AcrySof ReSTOR MFIOL (SA60D3; Alcon Laboratories Inc) with a control group receiving 
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the AcrySof Natural (SN60AT) monofocal IOL following cataract surgery.(Bi et al. 2008) 
They performed comparisons in visual acuity, depth of focus, corneal astigmatism, 
contrast sensitivity, glare sensitivity, visual fields, and spherical aberration. Perimetry 
was performed using the Octopus 101. The investigators found no significant difference 
in the MD between groups. This result, which apparently conflicted with our study, 
might be explained by differences in threshold algorithm, which was not specified in 
their study.

As for the influence that monofocal IOLs may exhibit on SAP, Mutlu et al. found a 
significant negative effect of monofocal IOLs on the MD, namely, 1.34 dB lower compared 
with age-matched phakic subjects.(Mutlu et al. 2009) At first sight, this suggests that 
about half the negative effect on the MD we found in patients with MFIOLs could be 
an IOL effect not specific of the multifocal design. However, we found essentially no 
differences between the monofocal IOL group and the phakic controls. A possible 
explanation for this apparent contradiction is that the monofocal IOLs as assessed by 
Mutlu et al. were spherical, whereas the IOLs used in our study were aspheric. There 
are significant differences in modulation transfer between aspheric and spherical 
IOLs; the modulation transfer of an aspheric IOL is approximately equal to that of the 
human lens, whereas it is higher than that of a spherical IOL.(Jansonius 2010) A 1.34 dB 
difference in MD between eyes with a spherical monofocal IOL and phakic eyes is in 
line with the differences in modulation transfer as reported in the literature.(Jansonius 
2010) This tentatively suggests that the multifocal design degrades the MD by about 2 
dB, as we found in our study. Two studies evaluated the effect of cataract extraction 
on the visual fields of patients with glaucoma after monofocal IOL implantation.
(Carrillo 2005, Smith 1997) Both studies reported modest to negligible improvement 
in MD postoperatively. Obviously, the effects of the removal of the cataract and the 
implantation of a monofocal IOL on the MD are entangled here.

Intergroup differences in pupil size were encountered in our study, and this makes 
pupil size a potential confounder.(Artigas et al. 2007, Lindenmuth et al. 1989) To avoid 
confounding, our multiple linear regression analyses were adjusted for pupil size. In 
these analyses, pupil size was not significant. Thus, although our study included eyes 
with a significant intergroup difference in pupil size, this difference does not explain 
our findings.

Our study included 2 different types of diffractive MFIOLs: the Tecnis (ZM900; Abbott 
Medical Optics Inc; 2 eyes) and the Zeiss 809M, AT LISA; Carl Zeiss Meditec Inc, 14 
eyes). Despite the fact that there is a difference in distance/near light distribution 
between these 2 MFIOL types (50/50 for Tecnis and 65/35 for Zeiss), the MD values of 
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the 2 participants with a Tecnis lens (–1.44 and –3.05 dB) fall within the interquartile 
range of the MFIOL group as a whole. This tentatively suggests that the reduced visual 
sensitivity is a generic property of diffractive MFIOLs rather than specific for one type. 
Obviously, the sample size was too small for a decent subgroup analysis.

In conclusion, the results of this study suggest that eyes with MFIOLs will show 
reductions in visual sensitivity of approximately 2 dB. Therefore, we recommend 
a new perimetric baseline in patients with MFIOLs with (suspect) glaucoma and 
preferably in all patients with MFIOLs to guarantee a correct interpretation of any 
future abnormality. Moreover, patients should be preoperatively informed about 
MFIOL-related loss of visual sensitivity that may show a further decline with normal 
aging or age-related eye diseases. As a consequence, the originally highly appreciated 
spectacle independence might be regretted later.
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ABSTRACT

Purpose: To determine the cost (loss of visual function associated with the procedure) 
and benefit (long-term preservation of the visual field) of glaucoma surgery.

Methods: We included 100 patients who underwent glaucoma surgery (Baerveldt 
glaucoma implant [BGI], n=61; trabeculectomy [TE], n=39). Preoperatively, the median 
(interquartile range [IQR]) standard automated perimetry mean deviation (MD) was 
-12(-16 to -6) dB. We analysed the change in visual acuity (BCVA) and MD due to the 
procedure and, in a subset with at least 5 years of perimetric follow-up both pre- and 
postoperatively (n=20), the change in rate of progression (ROP; time rate of change 
of MD). For the surgery induced change in ROP we also performed a meta-analysis 
including the current and previously published studies. From the surgery induced 
decrease in MD and change in ROP, we calculated the average postoperative duration 
needed for the benefit to surpass the cost.

Results: Mean (standard deviation) MD decline was 1.3(2.7) and 1.0(2.3) dB for BGI 
(P<0.001) and TE (P=0.009), respectively; no significant surgery induced changes in 
BCVA were found (P=0.08 and P=0.12, respectively). In our study, surgery was associated 
with a non-significant deceleration of the ROP (from -0.37[0.52] to -0.15[0.48] dB/year; 
P=0.23). The meta-analysis, based on eight studies, showed an overall surgery-induced 
change in ROP of 0.44(95% confidence interval 0.25 to 0.64; P<0.001) dB/year.

Conclusions: Glaucoma surgery significantly reduces the progression velocity in 
glaucoma. On average, the benefit of glaucoma surgery surpasses the cost after 
approximately 1.5 years.
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INTRODUCTION

Glaucoma is one of the leading causes of avoidable blindness, characterized by a 
degeneration of the optic nerve and corresponding visual field loss. To slow down this 
chronic, progressive eye disease, treatment is focused on the lowering of the intraocular 
pressure (IOP) by restricting the production of aqueous or by increasing its outflow. The 
initial approach to achieve a lower IOP is the daily use of IOP-lowering drugs and/
or one or more laser treatments. Surgery is generally considered after impermissible 
progression of visual field loss despite maximal tolerable medical and laser treatment. 
Glaucoma surgery is not without risk and may in itself compromise visual function. It 
is a clinical challenge to weigh the risk and benefit in individual patients.

Within glaucoma surgery, the creation of a fistula (filtering surgery) or implanting 
a drainage system have earned their spurs. Although invented in the same time 
period, filtering surgery (trabeculectomy; TE) was the first surgical choice for decades. 
Nowadays, the popularity of glaucoma drainage devices is growing).(Arora et al. 2015, 
Gedde et al. 2012, Islamaj et al. 2018) The success of surgery might come with a cost, 
however, as patients often complain of a decrease in visual function after surgery. 
This observation gives the clinician the sense of a drawback of surgery. However, the 
literature showed all three possible outcomes: an improvement in visual function, 
a decline, and no effect.(Balekudaru et al. 2014, Caprioli et al. 2016, Hagiwara et al. 
2000, Sehi et al. 2010) The crucial question is, if there is a surgery-induced loss, if it 
counterbalances the loss avoided due to the IOP lowering. The IOP lowering aims to 
yield a lower rate of progression (ROP), that is, a less negative time rate of change of the 
standard automated perimetry (SAP) mean deviation (MD) – thus delaying blindness.

The aim of this study was to determine the cost and benefit of glaucoma surgery 
regarding visual function. For this purpose we analysed the change in visual acuity and 
SAP MD due to the procedure (the cost) and the presumed decline in rate of progression 
(ROP), that is, the time rate of change of the MD (the benefit). These analyses were 
performed primarily in the cohort of the Groningen Longitudinal Glaucoma Study 
(GLGS).(Heeg et al. 2005) For the surgery-induced change in ROP we also performed 
a meta-analysis including the current and previously published studies. From the 
surgery-induced decrease in MD and change in ROP, we calculated the average 
postoperative duration needed for the benefit to surpass the cost.
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METHODS

Study population
The present study is part of the GLGS, a prospective observational cohort study 
performed in a clinical setting. The GLGS started in 2000 and is still ongoing. The 
ethics board of the University Medical Center Groningen (UMCG) approved that for the 
current study no informed consent had to be obtained because the study comprised 
a retrospective anonymous analysis of ophthalmic examination and visual field 
data collected during regular glaucoma care. The study followed the tenets of the 
Declaration of Helsinki.

The subpopulation selected for the present study consisted of patients who were 
treated with a Baerveldt glaucoma implant (BGI) or TE and who had at least (1) two 
(not including the first visual field, which was discarded because of learning effects) 
reliable visual fields (measured with SAP [Humphrey Field Analyzer 30-2 SITA fast; 
Carl Zeiss, Jena, Germany]) both pre- and post-intervention and (2) a follow-up of at 
least one year after the intervention, in the operated eye. If both eyes met the inclusion 
criteria, a random eye was chosen (based on even or uneven case number in the 
database). For the analysis concerning the ROP, a perimetric follow-up of at least five 
years was required both pre- and post-intervention.(Jansonius 2010, Junoy Montolio 
et al. 2012) Visual fields had to be reliable. A test result was considered unreliable if 
false positives exceeded 10% or if both false negatives and fixation losses exceeded 10% 
and 20%, respectively. We pooled false negatives and fixation losses because they were 
reported to have a much smaller influence on the MD(Junoy Montolio et al. 2012) and 
especially the false negative are not informative in glaucoma.(Bengtsson & Heijl 2000) 
Both primary and secondary glaucoma was allowed. We included both phakic and 
pseudophakic patients; patients who underwent a cataract extraction simultaneously 
with the glaucoma surgery were excluded. We also excluded patients who underwent 
a second glaucoma operation during follow-up.

Surgical procedure
Indication for surgery and method (BGI or TE) was made by either of the two authors 
who also performed the operations (RM and NJ). In general, in our hospital surgery is 
delayed until we observe progression too rapid for the age of the patient,(Wesselink 
et al. 2011) with maximum tolerable medical treatment and after considering or 
performing laser surgery. Early surgery is considered in cases with high baseline IOP 
and limited IOP lowering on non-surgical treatment, especially in young patients with 
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already moderate or severe glaucoma at the time of diagnosis. TE is the first choice in 
primary glaucoma in phakic eyes with a clear lens; during the last decade we moved 
from TE to BGI in pseudophakic eyes. BGI is the first choice in secondary glaucoma.

Baerveldt glaucoma implant
A BGI with 350 mm2 plate was implanted in the superior-temporal quadrant. The tube 
was closed with a Vicryl 7-0 suture to restrict short term excessive drainage before 
encapsulation. The tube was placed in the anterior chamber through a peripheral 
iridotomy made with the 23G needle used to create a scleral entry for the tube, aiming 
at a position of the tube as close to the iris as possible to prevent endothelial cell loss.
(Tan et al. 2017) For this, the anterior chamber was temporarily deepened with an air 
bubble and the needle entered the eye 3 mm posterior to the limbus, in parallel with the 
iris plane. The tube entrance was covered with a patch of donor sclera. IOP-lowering 
drugs were continued unchanged until tube opening (typically six weeks after the 
intervention) and then tapered depending on the IOP. As of 2009, some patients got a 
drainage suture for early IOP reduction.(Rietveld et al. 2009, van Hoefen Wijsard et al. 
2018) Antibiotic drops were given for two weeks (chloramphenicol 0.4% three times 
a day); steroids for 10 weeks (dexamethasone 0.1% three times a day for eight weeks 
followed by two times a day for two weeks).

Trabeculectomy
A TE with fornix-based conjunctival flap and limbus-based scleral flap was performed 
superiorly with the application of mitomycin C (0.2 mg/ml during 2-4 minutes; applied 
before making the scleral flap). The scleral flap was sutured with two or three Nylon 
10-0 sutures, with the possibility for laser suture lysis afterwards. Conjunctiva was 
closed with two or three Vicryl 7-0 sutures. Antibiotic drops were given for two weeks 
(chloramphenicol 0.4% three times a day); steroids for 12 weeks (dexamethasone 0.1% 
six times a day for six weeks followed by four times a day for four weeks and finally 
two times a day for two weeks; oral prednisone 30 mg for 10 days was added if the 
inflammation was above average in the early postoperative phase).

Statistical analysis
As most of the characteristics of the study population were not normally distributed 
(according to the Shapiro-Wilk test), we used nonparametric descriptive statistics 
(median with interquartile range [IQR]) to describe the study population. Groups 
were compared using a Mann-Whitney test; for paired data we used a Wilcoxon test. 
Proportions were compared with a chi-square test. For pre-intervention and post-
intervention visual acuity, IOP, and the number of IOP-lowering medications, we took 
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the last value before the intervention and a value measured as close as possible to 1 
year after the operation; for MD we took the average value of the last two tests before 
the intervention and the first two tests after the intervention. Inevitably, a perimetric 
gap exists because of a waiting list before the intervention and delayed testing after 
the intervention (until full recovery or a situation deemed stable was reached). Hence, 
the observed MD decline is a composite of a surgery induced decline and a decline due 
to intrinsic disease progression during this perimetric gap (see Discussion section). 
ROP was determined using linear regression. Changes (post-intervention minus pre-
intervention) were evaluated with a paired t-test or Wilcoxon test, depending on the 
distribution of the paired changes. Similarly, we used Pearson or Spearman correlation 
coefficients depending on the distribution of the concerning variables. A P value of 
0.05 or less was considered statistically significant.

Meta-analysis
For the meta-analysis, we included glaucoma surgery studies regarding either BGI 
or TE that reported on preoperative and postoperative ROP of MD based on a mean 
follow-up of at least 3 years with SAP. Studies had to report a paired comparison of the 
change in ROP with standard error (SE), confidence interval (CI), standard deviation 
(SD) or P value. We searched for literature in PubMed with search string “(glaucom*) 
AND ((shunt OR tube) OR (trabeculect*) OR surgery) AND ((Visual field OR HFA OR 
perimetr*)) AND (progression OR (Rate of progression))” and in Embase. Additionally, 
we searched through the reference list of the identified articles. The search was 
performed in June 2017.

We calculated the mean of the change in ROP using a random-effects model.
(DerSimonian & Laird 1986) If the SE of the change (or CI or SD) was not provided, it 
was calculated from the reported P value; if no exact P value was given, we used the 
upper limit (for example, 0.05 in case of P<0.05), yielding a conservative estimate of the 
SE.(Fu et al. 2013) We used a random-effects model because we expected significant 
heterogeneity amongst the included studies (indication of surgery, type of surgery, 
cataract extraction during follow-up, disease stage, postoperative care, ethnicity, 
etc.). Heterogeneity was evaluated using the I2 statistic.(Higgins et al. 2003) I2 is the 
percentage of the total variation across the studies, that is due to heterogeneity. Values 
up to 25%, 25-49%, 50-74%, and 75% and above are considered no, low, moderate, and 
high heterogeneity, respectively.(Higgins & Thompson 2002, Higgins et al. 2003) 
We performed a sensitivity analysis to evaluate the contribution of each individual 
study to the heterogeneity by sequentially leaving out one study and re-analysing the 
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pooled estimate for the remaining studies.(Tobias 1999) Publication bias was assessed 
with Egger’s regression asymmetry test(Egger et al. 1997) and Begg’s adjusted rank 
correlation test.(Begg & Mazumdar 1994)

RESULTS

Table 1 presents the general characteristics of the study population. As can be seen 
in this Table, 61 patients received a BGI and 39 a TE. For only 20 (11 BGI and 9 TE) 
patients, we had a sufficiently long follow-up duration (at least 5 years both pre- and 
postoperatively) to compare ROP pre- versus postoperatively, and for that reason, we 
pooled BGI and TE for this analysis. BGI and TE patients were comparable in age at 
surgery and gender. Preoperatively, the BGI patients had a lower BCVA (P=0.043), a 
slightly higher IOP (P=0.027), and a similar MD (P=0.92), compared to the TE patients. 
Pre- compared to postoperatively, both the BGI and the TE patients had a significantly 
lower IOP with less medication (P<0.001).

Table 1. General characteristics of the study population

BGI (n=61) TE (n=39) P-value†

Age (year; median [IQR]) 70 (57 to 75) 68 (59 to 73) 0.60

Gender (% female) 53 51 0.91

Visual acuity pre-op (logMAR, median [IQR]) 0.14 (0.02 to 0.28) 0.10 (0.00 to 0.17) 0.043

IOP pre-op (mmHg; median [IQR]) 21 (17 to 25) 18 (15 to 21) 0.027

IOP post-op (mmHg; median [IQR]) 13 (11 to 16) 13 (9 to 15) 0.40

Pre-op number of IOP-lowering medications
(median [IQR])

3 (2 to 4) 3 (2 to 4) 0.68

Post-op number of IOP-lowering medications
(median [IQR])

2 (1 to 3) 0 (0 to 0) <0.001

Pre-op mean deviation (dB; median [IQR]) -12 (-16 to -6) -11 (-16 to -7) 0.92

Pseudophakic (%)* 54.1 10.3 <0.001

Secondary glaucoma (%) 23.0 5.1 0.035

BGI = Baerveldt glaucoma implant; TE = trabeculectomy; IQR = interquartile range; IOP = intraocular pressure; dB 
= decibels; * = before surgery; † = Mann-Whitney test for medians, chi-square test for proportions.



92

CHAPTER V

Figure 1 shows the change in BCVA as a function of preoperative visual field loss. No 
significant correlations were found (P=0.92 and P=0.55 for BGI and TE, respectively). A 
non-significant mean (SD) increase in logMAR BCVA (i.e., a decrease in decimal BCVA) 
of 0.03(0.14) was found for BGI (P=0.08) and of 0.04(0.14) for TE (P=0.12).

Figure 1. Surgery-induced change in best-corrected visual acuity (BCVA) as a function of preoperative visual 
field loss.

Figure 2 illustrates the surgery-induced visual field change as a function of preoperative 
visual field loss. Again, no significant correlations were found (P=0.19 and P=0.57 for 
BGI and TE, respectively). A significant mean(SD) MD decline of 1.3 (2.7) dB was found 
for BGI (P<0.001) and of 1.0(2.3) dB for TE (P=0.009). Of the 61 patients with a BGI, 18 had 
received a drainage suture for early IOP reduction. MD decline was 1.4 dB (P=0.004) 
without drainage suture and 1.1 dB (P=0.025) with drainage suture. The decline did not 
differ between the subgroups (P=0.73). The midpoint of the last two preoperative visual 
fields was 6 months before surgery; the midpoint of the first two postoperative visual 
fields was 1.5 years after surgery.
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Figure 2. Surgery-induced change in visual field mean deviation (MD) as a function of preoperative visual field 
loss.

For the longitudinal analysis, the median (IQR) follow-up was 7.0(5.7 to 8.8) years 
preoperatively and 7.6(6.3 to 9.3) years postoperatively. The mean(SD) preoperative 
rate of progression was -0.37(0.52) dB/year. After surgery this was -0.15(0.48) dB/year; 
the paired difference (SE) was 0.22(0.18) dB/year (P=0.23). Of the 20 patients with a 
longitudinal follow-up, 4 (3 BGI, 1 TE) underwent a cataract extraction before the 
glaucoma surgery and 4 (2 BGI, 2 TE) after the surgery. Exclusion of these patients 
would result in a mean pre-op ROP of -0.37 dB/year and a mean post-op ROP of -0.24 
dB/year (to be compared to -0.37 and -0.15 dB/year in Table 2). Hence, the bias seems 
limited.

Complications for patients receiving BGI (n=61) included ptosis (n=2), persistent 
(i.e., orthoptic consultation was warranted) diplopia (n=1), and additional surgery 
(cyclodiode laser therapy; n=1). TE (n=39) associated complications were persistent 
bleb leakage (that is, bleb leakage requiring surgical repair; n=2), failure (i.e., no visible 
bleb in combination with a higher than desired IOP; n=2), hypotony with choroidal 
detachment closer than two disc diameters from the optic disc (n=1), and hypotony 
associated maculopathy (n=1).(Abbas et al. 2018)
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Table 2 shows the characteristics of the studies included in the meta-analysis. Eight 
studies were included, of which one (Bhardwaj et al.) reported two subgroups.(Bhardwaj 
et al. 2013) All but two (Folgar et al.; this study)(Folgar et al. 2010) included only TE. 
Figure 3 shows the preoperative and postoperative ROP with SE. As can be seen in 
this figure, there was a wide variety in ROP preoperatively but not postoperatively 
(see Discussion section). The weighted mean (95% CI) surgery-induced change in 
ROP was 0.44(0.25 to 0.64; P<0.001) dB/year, indicating that glaucoma surgery results 
in a significant deceleration of ROP. I2 was 47%, that is, the studies showed a low 
heterogeneity. Sensitivity analysis showed that one of the subgroups of the study of 
Bhardwaj et al. substantially influenced the pooled estimate.(Bhardwaj et al. 2013) 
After excluding this study, the overall effect size was 0.45(95% CI 0.32 to 0.57; P<0.001) 
dB/year with a remaining I2 34%. There was no evidence of publication bias (Egger’s 
test: P=0.48; Begg’s test: P=0.30).

Figure 3. Forest plot of effect sizes of the surgery-induced change in rate of visual field progression.
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DISCUSSION

In our study, both TE and BGI were associated with a small but significant MD loss; 
no surgery-induced changes in BCVA were found. Surgery was associated with a 
non-significant deceleration of the ROP. In the meta-analysis, based on eight studies, 
the overall effect size indicated that glaucoma surgery significantly reduces the 
progression velocity in glaucoma.

Several studies reported an unchanged BCVA after glaucoma surgery, for both 
TE(Balekudaru et al. 2014, Bertrand et al. 2014, Bevin et al. 2008, Bhardwaj et al. 2013, 
Iverson et al. 2016) and BGI,(Namavari et al. 2016) and in a recent randomized clinical 
trial (RCT) comparing primary BGI with TE.(Islamaj et al. 2018) This is in agreement 
with our results. Only a few studies described BCVA loss after surgery.(Christakis et 
al. 2017, Gedde et al. 2007, Stead & King 2011) Stead & King(Stead & King 2011) found, 
in patients with very severe glaucoma (mean[SD] MD -25.3[3.5] dB) who underwent a 
TE, that nine of 104 patients lost two lines of Snellen or more - deemed to be related 
to glaucoma - at the end of the follow-up (i.e., on average three years postoperatively). 
In the multicentre RCT of Gedde et al.(Gedde et al. 2007) comparing BGI with TE, the 
BCVA decreased significantly, on average (SD) from 0.43(0.54) and 0.37(0.38) logMAR 
preoperatively to 0.61(0.75) and 0.49(0.56) after one year for the BGI and TE patients, 
respectively. The authors described that the main reasons for the loss of BCVA were 
cataract and other, not glaucoma-related. Christakis et al.(Christakis et al. 2017) found 
in their multicenter RCT comparing Ahmed drainage devices with BGI a mean(SD) 
decrease in BCVA from 1.1(1.0) to 1.3(1.2) logMAR in BGI patients after one year. They 
described that 34% of the patients lost two or more lines of Snellen, of which 18% was 
caused by glaucoma, 15% by cataract, and 68% by macular disease or other causes. Harju 
et al.(Harju et al. 2018) studied the long-term results of deep sclerectomy. Four of 37 
patients had a VA loss of two lines or more; in two cases this was attributed to cataract 
formation. The main difference between these four studies and our study is the much 
higher preoperative BCVA in our study (Table 1). This suggests that a low preoperative 
visual acuity is an indicator of further surgery-induced loss, a plausible hypothesis 
from a clinical point of view. The limited variability in our preoperative BCVA preludes 
a detailed check of this hypothesis in our data. Development of cataract could be an 
issue, as progression of cataract is found within 1 year after surgery, particularly in 
eyes with post-operative complications.(Gedde et al. 2007) However, this seemed not to 
be the case in our data. Subgroup analysis comparing patients who were pseudophakic 
before surgery with patients who were phakic did not reveal any difference in visual 
acuity change, neither in the BGI group nor in the TE group.
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Only a few earlier studies reported on a surgery-induced MD decline. Most studies 
found no influence on the MD;(Balekudaru et al. 2014, Islamaj et al. 2018, Sehi et al. 
2010, Tavares et al. 2006, Wright et al. 2015, Yamazaki & Hayamizu 2012) one study 
found a deterioration of the MD after a TE.(Hagiwara et al. 2000) In the latter study, the 
postoperative MD was assessed at the end of the follow-up (mean follow-up duration 
was 4.75 years). In most of the studies that found no effect, the authors compared the 
first visual field after the operation to the last visual field before the operation; in two 
studies they performed two visual fields at the same time point. We reported a mean 
surgery-induced MD decline of 1.3 and 1.0 dB for BGI and TE, respectively. This decline 
was based on the last two tests before the intervention and the first two tests after the 
intervention. This method was chosen to reduce variability and to compensate for a 
possible regression to the mean effect: a poor VF could trigger the clinician to initiate 
surgery and considering only this field could thus mask surgery-induced damage. By 
using four visual fields, however, a part of the observed decline will actually be caused 
by progression that would have occurred anyway – the fields were not clustered 
(as would have been done in a trial) but made as part routine clinical care. This is 
illustrated in Figure 4. If we assume an observed surgery-induced MD decline of 1.2 dB, 
an interval of two years between the time point halfway the last two tests before the 
intervention and the time point halfway the first two tests after the intervention (0.5 
years before the intervention and 1.5 years after the intervention; based on our 61+39 
interventions), and a ROP of -0.63 dB/year before the intervention and -0.19 dB/year 
after the intervention (inverse-variance estimates based on the meta-analysis), then 
50% (0.5*0.63+1.5+0.19 = 0.6 of 1.2 dB) of the observed decline could be attributed to the 
perioperative perimetric gap and the other 50% to the surgery itself.

In our study, glaucoma surgery yielded a non-significant deceleration of the ROP. The 
non-significance could be related to the small sample size and/or remaining variability 
in the ROP estimate in individual patients - despite a relatively long follow-up duration, 
or may actually denote no effect. The small sample size was related to the exclusion 
of combined surgery (glaucoma surgery and cataract extraction simultaneously; see 
next paragraph) and the required long follow-up duration; in our tertiary referral center, 
most glaucoma surgeries are performed on patients with secondary glaucoma(de Vries 
et al. 2016) and on referred patients. Both groups often lack an uninterrupted perimetric 
follow-up. We confined the current study to the regular visitors of our department, for 
whom we collect observational data prospectively as of 2000 - as part of the GLGS. 
Interestingly, all identified published studies that reported on ROP before and after 
glaucoma surgery pointed in the same - beneficial - direction, but the change in ROP 
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was not always statistically significant. The overall effect size of the meta-analysis, 
however, was highly significant, indicating the value of meta-analysis as a statistical 
tool to provide a solid ground for performing surgery.

Figure 4. Schematic time course of the visual field mean deviation (MD) with (continuous line) and without 
(dashed line) surgery. The surgery itself is performed at time point 0 years. The surgery-induced drop in MD is 
counterbalanced by the slower rate of progression, on average 1.5 years after surgery (crossing of continuous 
and dashed line). The grey bar depicts the period in which no perimetry is performed (from 6 months before to 
1.5 years after surgery; see Results section). The observed drop in MD, that is, the difference in MD between the 
beginning and the end of the grey bar, is about twice as large as the actual drop in MD, because of autonomous 
disease progression in the period without perimetry.

We excluded patients who underwent a cataract extraction simultaneously with the 
glaucoma surgery but we did not exclude those who underwent a cataract extraction 
during the longitudinal follow-up. Both inclusion and exclusion of patients who 
underwent a cataract extraction during the longitudinal follow-up could induce bias. 
As shown in the Results section, this bias seems limited in this population.

Before the operation, the mean ROP varied largely between the studies. This might 
reflect, amongst others, differences in policy regarding indicating surgery. After the 
operation, the mean ROP was close to -0.2 dB/year in most of the studies (Table 2 and 
Figure 3). Interestingly, a value of -0.2 dB/year is the typical mean value as reported in 
several glaucoma cohorts.(De Moraes et al. 2012, Heijl 2002, Wesselink et al. 2012) This 
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indicates that glaucoma surgery is indeed able to bring rapid progressors back into 
the normal ROP range. Despite the preoperative variability in ROP, the studies in the 
meta-analysis showed a low heterogeneity. The majority of the heterogeneity could 
be attributed to the subgroup of the study of Bhardwaj et al. in which patients were 
included without preoperative progression.(Bhardwaj et al. 2013)

Limitations of this study were the observational design of the GLGS and the limited 
sample size in especially the longitudinal part of the current study. Reasons for the 
limited sample size were given above; we addressed this by performing a meta-
analysis. By combining many studies that showed not always significant results 
on their own, we were able to determine the highly significant benefit of glaucoma 
surgery. The observational nature of the GLGS implies that the patients included in 
the current study may form a biased sample. In case of a real disaster, post-op visual 
fields may be lacking, resulting in exclusion and bias towards good outcomes. On 
the other hand, visual fields may also be taken less frequently in cases with a well-
regulated IOP (as they are less urgent for clinical decision making), yielding bias 
towards poor outcomes. Clearly, an observational study, and even not a meta-analysis 
of observational studies, can beat a large RCT. However, RCTs performed in the field 
of glaucoma surgery thus far reported only on IOP and visual field change defined as 
a post-op progression event;(Anderson et al. 2003, Ederer et al. 1994, Gedde et al. 2012, 
Musch et al. 1999) no RCT data regarding change in ROP are available. We required a 
follow-up of at least 5 years pre- and postoperatively for our own longitudinal analysis 
(see Methods section); we had to weaken this to 3 years for the meta-analysis (Table 2). 
With 3 years, ROP assessment in individual patients is still very noisy, as was argued 
by modelling(Jansonius 2010) and shown in patient data (Table 3 of the study of Junoy 
Montolio et al. shows that a short follow-up causes a spurious widening of the ROP 
distribution).(Junoy Montolio et al. 2012)

Glaucoma surgery could be an ungrateful intervention to perform as most patients 
have little complaints preoperatively, while experiencing the perioperative and 
postoperative hassle and possible visual acuity and visual field loss. Therefore, it is 
very important to understand what patients relinquish to prevent future blindness. 
Figure 4 illustrates the cost and benefit of glaucoma surgery, compiled from our cost 
data (surgery-induced MD decline) and the ROP results from the studies included in the 
meta-analysis. It shows that, on average 1.5 years after the operation (depicted as time 
point 0 years in Figure 4), patients that were operated are better off than patients who 
declined surgery (crossing of continuous and dashed line in Figure 4). Note that the 
end of the perimetric gap (right side of grey bar) and the crossing of the lines coincide 
coincidentally; this may give the clinician, when restarting perimetry after surgery, 
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the spurious impression that the surgery did not have any effect. Figure 4 may also 
be used to inform the patient properly, and it illustrates that the decision to operate is 
not always an easy one, but should involve the weighing of, amongst others, current 
damage, ROP, IOP, and life expectancy.(Wesselink et al. 2011)

In conclusion, the cost of glaucoma surgery is the loss of visual function associated 
with the procedure; the benefit is the long-term preservation of the visual field due 
to the reduced rate of progression. Both are significant. On average, the benefit of 
glaucoma surgery surpasses the cost after approximately 1.5 years.
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ABSTRACT

Purpose: To determine the influence of the psychophysical method on the variability 
of static perimetry: continuous light increment perimetry (CLIP) versus the staircase 
procedure (SP).

Methods: Twenty-eight eyes of twenty-eight glaucoma patients of varying disease 
stages were included in a cross-sectional comparative study. All patients performed 
two CLIP tests and two SP tests using the Twinfield perimeter. We compared the mean 
sensitivity (MS) within and between the two psychophysical methods.

Results: Mean sensitivity coefficient of repeatability was 3.2 dB for CLIP and 2.4 dB for 
SP (P=0.08). The limits of agreement for SP compared to CLIP were between -4.0 and 
+2.6 dB with a lower sensitivity for SP (mean difference -0.7 dB; P=0.03). Test-time was 
significantly shorter in CLIP compared to SP (mean[SD]: 04:42[01:10] versus 09:14[00:46] 
min:sec; P<0.001).

Conclusion: Test-retest variability in perimetry is not explained by the psychophysical 
method used, which strengthens the idea that glaucoma itself is the major factor 
contributing to variability.



107

INFLUENCE OF PSYCHOPHYSICAL METHOD ON VARIABILITY

INTRODUCTION

Visual field (VF) testing, or perimetry, is essential to assess the effectiveness of glaucoma 
management. Glaucoma patients are familiar with a half-yearly to yearly cadence 
of testing. This frequency is increased to validate test results, when test results are 
unreliable or disease progression is suspected. Particularly disease progression has to 
be confirmed or falsified to distinguish genuine progression from test-retest variability. 
Until recently, glaucoma itself was the best known factor causing this variability.(Heijl 
et al. 1989) However, additional factors (e.g., time of day, season, technician experience) 
have been found to influence perimetry by adding noise to the main outcome measure 
(i.e., the Mean Deviation [MD]).(Junoy Montolio et al. 2012, Gardiner et al. 2013) Despite 
this knowledge, these factors explain only a fraction of the variability found. This 
leaves the question unanswered if the perimetric variability as seen in glaucoma 
patients indeed is an intrinsic disease property, or that we are still overlooking other, 
yet unknown factors.

A factor that may cause noise in perimetry is the applied psychophysical method. 
Perimetry essentially is a systematic determination of the sensitivity to a visual 
stimulus at different locations in space, and this sensitivity can be assessed in various 
ways (psychophysical methods). The classical method is the staircase procedure (SP). 
In this method, a stimulus is presented for a short period of time (typically 200 ms), 
and, depending on the response of the subject (seen or not seen), the next stimulus 
has a higher or lower intensity. This is repeated until the threshold can be determined 
(typically after one to three crossings). About a decade ago, a new strategy was 
developed to decrease test time and to increase patient compliance: the Continuous 
Light Increment Perimetry (CLIP) strategy (Twinfield perimeter; Oculus Inc., Wetzlar, 
Germany). After calculation of the reaction time in four threshold trials, a continuous 
increase in light intensity is given for each test location. Starting with a 5 dB dimmer 
intensity than expected to be the threshold based on age, central threshold, and 
neighboring values if already collected, the intensity intensifies (continuously) with 
1 dB per reaction time (typically 100 ms), over 8 dB in total. Thereafter, the intensity 
increases with 2 dB per reaction time over 6 dB, followed by 4 dB per reaction time 
until the stimulus is seen or the maximum intensity is reached (318 cd/m2). According 
to several studies, CLIP would perform better than the classical SP and its variants 
like the Swedish Interactive Thresholding Algorithm (SITA).(Wabbels et al. 2001) CLIP 
showed promising results in glaucoma patients as well.(Wabbels et al. 2005, Capris et 
al. 2008)
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The comparison between psychophysical methods performed by Wabbels et al. and 
Capris et al. were partially performed in different brands of perimeters (Humphrey 
Field Analyzer [HFA] vs Twinfield perimeter), which makes inter-test comparisons 
difficult.(Wabbels et al. 2005, Capris et al. 2008) In addition, the objectives in these 
studies were to compare the inter-test visual field indices (i.e. mean sensitivity) rather 
than comparison of intra-test variability.

The aim of this study was to determine the influence of the psychophysical method 
on the variability of static perimetry in glaucoma by comparing CLIP with SP in 
glaucoma patients. As a secondary aim we also compared the agreement between 
both methods and test time. For this purpose, patients were tested twice per strategy, 
while a suprathreshold strategy was performed before and after each session to 
introduce patients to the new perimeter and to monitor any learning effects and the 
influence of fatigue. Stimulus size V was chosen because it has been reported to have 
less variability than the commonly used size III stimulus,(Wall et al. 1997, Wall et al. 
2013) thus making it more likely to uncover differences in variability caused by the 
psychophysical method.

METHODS

Study population
The present study was performed in the Department of Ophthalmology of the 
University Medical Center Groningen in the Netherlands. Glaucoma patients who 
were scheduled for a regular appointment at our outpatient department in August 2010 
received an invitation for this institutional review board–approved cross-sectional 
comparative study (METc2010.183). Only patients with known glaucoma were 
included, after providing informed consent. Glaucoma was defined as a characteristic 
optic nerve head appearance and a VF defect compatible with glaucoma and without 
any other explanation. Patients had to have experience with standard automated 
perimetry (SAP). The selected patients performed, prior to their regular appointment, 
six consecutive VF tests with the Twinfield perimeter. The study followed the tenets of 
the Declaration of Helsinki.

Perimetry
Perimetry was performed using the Oculus Twinfield 24-2 CLIP and SP strategy. The CLIP 
strategy is described above (see INTRODUCION), and in more detail by others,(Wabbels 
et al. 2001) while the SP is comparable with the HFA version (see INTRODUCTION). 
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All tests included a 54-point grid covering the central VF with a radius of 24 degrees 
and were performed using a stimulus size V. Each patient subsequently performed 
six consecutive VFs with a five-minute pause in between: two suprathreshold (ST), 
two CLIP and two SP tests, divided into two sections. The first section always started 
with a suprathreshold test (ST test) while the second section always ended with a ST 
test. In between, two CLIP and two SP tests which were performed in random order, 
giving four possible sequences. The first ST test was added so patients could get used 
to the Twinfield perimeter and greater stimulus size; the second ST test to investigate 
possible fatigue effects.

Data analysis
Patients were stratified in three groups, determined by the MD of the latest clinical VF 
test (HFA, SITA fast), being up to -6 dB (early glaucoma), from -6 to -12 dB (moderate), 
and beyond -12 dB (severe). When both eyes were eligible for the study, one eye was 
randomly selected. To describe the study population, parametric or nonparametric 
descriptive statistics was performed, depending on the concerning distributions.

Pointwise comparisons of raw thresholds were presented in scatterplots, showing 
the results for the first versus the second test, for both strategies. We plotted <0 dB 
thresholds as -1 dB to make a distinction between perimetrically blind thresholds (<0 
dB) and a near blind threshold (0 dB; i.e., only the maximum light intensity is seen 
by the patient). Subsequently, the intra- and inter-strategy variability were analysed 
using the mean sensitivity (MS; i.e., the average of the pointwise sensitivities across 
the VF). First, the comparisons (first versus second CLIP test, first versus second SP 
test, and SP versus CLIP test) were illustrated in Bland-Altman plots.(Bland & Altman 
1986) Secondly, analyses were quantified using the coefficient of repeatability (CoR) 
and limits of agreement (LoA), being 1.96 times the standard deviation of differences 
and mean difference +/- 1.96 times the standard deviation of differences, respectively. 
Thirdly, we compared the repeatability of the MS between the strategies by applying 
a paired t-test to the absolute differences between the first and second MS of each 
strategy. Calculations were performed in SPSS statistics 18.0.3 (SPSS Inc. Chicago, IL, 
USA) and WinPepi (11.65; http://www.brixtonhealth.com/pepi4windows.html).
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RESULTS

Twenty-nine out of 36 invited patients (81%) agreed to participate in this study; data 
from one patient had to be excluded because of wrong perimeter settings during the 
test. Table 1 presents the baseline characteristics of the remaining 28 participants. 
Early, moderate, and severe glaucoma consisted of 10, 7, and 11 patients, respectively.

Table 1. Baseline characteristics for early, moderate and severe glaucoma (mean with standard deviation 
between brackets unless stated otherwise)

Baseline Early Moderate Severe Total

Number of patients 10 7 11 28

Age (years) 70.2 (7.7) 67.6 (8.3) 66.8 (13.3) 68.3 (10.0)

Gender (% male) 40.0 71.4 45.5 48.3

Right eye (%) 60.0 71.4 36.4 51.7

Mean Deviation
(latest clinical VF test; dB)

-2.8 (1.9) -9.7 (1.6) -17.3 (3.6) -10.3 (6.8)

Table 2 presents the number of black dots for the ST test and the mean sensitivity 
(MS), reliability indices (fixation losses [FL] and false positives [FP]), and test time for 
the CLIP and SP strategy, stratified according to glaucoma stage. After Bonferroni 
correction, there were no significant differences between test one and test two for ST, 
CLIP, or SP. CLIP in particular showed high percentages of FL, while FP answers were 
reasonably consistent between strategies. Test time differed significantly between the 
test strategies (P<0.001; Friedman Test), with CLIP being the shorter test. The ST test 
showed no evidence of fatigue (P=0.43).

Figure 1 shows scatterplots of the raw threshold values within the strategies. 
Both strategies showed a reasonably similar trend of low variability for the higher 
sensitivities and high variability for the lower sensitivities. Figure 2 presents Bland-
Altman plots of the MS for the two CLIP tests (A), the two SP tests (B), and for the 
second CLIP versus the second SP test (C). Coefficients of repeatability were 3.2 and 
2.4 dB for CLIP and SP, respectively. The apparent difference in repeatability of the MS 
between the strategies was not significant (P=0.08). The MS of the second CLIP test 
was significantly higher compared to the first test (mean [SD] difference 0.7 [1.6] dB; 
P=0.03), indicating that learning was more important than fatigue. The two SP tests did 



111

INFLUENCE OF PSYCHOPHYSICAL METHOD ON VARIABILITY

Ta
bl

e 
2.

 R
es

ul
ts

 (m
ea

n 
w

it
h 

st
an

da
rd

 d
ev

ia
ti

on
 b

et
w

ee
n 

br
ac

ke
ts

 u
nl

es
s 

st
at

ed
 o

th
er

w
is

e 
an

d 
P-

va
lu

e 
if

 re
le

va
nt

)

Su
bg

ro
up

Ea
rl

y 
(n

=1
0)

M
od

er
at

e 
(n

=7
)

Se
ve

re
 (n

=1
1)

To
ta

l (
n=

28
)

FL
 (%

)
FP

 (%
)

te
st

 ti
m

e 
(m

m
:s

s)

La
te

st
 c

lin
ic

al
 te

st
 (M

D,
 d

B)
-2

.7
 (1

.9
)

-9
.7

 (1
.6

)
-1

7.
3 

(3
.6

)
-

-
-

ST
1 (

N
o.

 ■
)

 3
.8

 (3
.7

)
 6

.4
 (5

.2
)

 2
1.6

 (9
.0

)
 6

.6
 (1

2.
5)

2.
4 

(5
.2

)
02

:3
9 

(0
0:

29
)

ST
2 

(N
o.

 ■
)

 2
.4

 (3
.5

)
 6

.3
 (5

.8
)

 2
1.8

 (8
.6

)
 5

.9
 (1

1.5
)

0.
0 

(0
.0

)
02

:3
9 

(0
0:

32
)

Pa
ir

ed
 d

if
fe

re
nc

es
 S

T1
-S

T2
1.4

 (4
.1)

 P
=0

.3
0

0.
14

 (2
.7

) P
=0

.8
9

-0
.18

 (2
.2

) P
=0

.7
9

CL
IP

1 (
M

S,
 d

B)
22

.0
 (1

.6
)

17
.5

 (2
.4

)
 12

.6
 (3

.6
)

11
.9

 (2
2.

6)
1.5

 (4
.5

)
04

:4
6 

(0
1:0

7)

CL
IP

2 
(M

S,
 d

B)
22

.3
 (1

.8
)

19
.2

 (1
.5

)
 13

.0
 (2

.7
)

20
.5

 (2
3.

9)
2.

8 
(6

.1)
04

:4
2 

(0
1:1

0)

Pa
ir

ed
 d

if
fe

re
nc

es
 C

LI
P1

-C
LI

P2
 (M

S,
 d

B)
-0

.2
9 

(1
.1)

 P
=0

.4
2

-1
.7

0 
(1

.6
) P

=0
.0

3
-0

.4
4 

(1
.9

) P
=0

.4
6)

SP
1 (

M
S,

 d
B)

21
.4

 (1
.8

)
17

.7
 (2

.3
)

 12
.5

 (3
.4

)
 6

.4
 (8

.3
)

3.
1 (

5.
3)

09
:13

 (0
0:

49
)

SP
2 

(M
S,

 d
B)

21
.9

 (2
.0

)
18

.2
 (1

.7
)

 12
.2

 (2
.9

)
 8

.5
 (1

3.
0)

2.
4 

(4
.3

)
09

:14
 (0

0:
46

)

Pa
ir

ed
 d

if
fe

re
nc

es
 S

P1
-S

P2
 (M

S,
 d

B)
-0

.4
9 

(1
.2

) P
=0

.2
2

-0
.4

9 
(1

.1)
 P

=0
.2

7
0.

33
 (1

.3
) P

=0
.4

4

A
bb

re
vi

at
io

ns
: S

T 
= 

Su
pr

at
hr

es
ho

ld
; C

LI
P 

= 
Co

nt
in

uo
us

 L
ig

ht
 In

cr
em

en
t P

er
im

et
ry

; S
P 

= 
St

ai
rc

as
e 

Pr
oc

ed
ur

e;
 F

L 
= 

Fi
xa

tio
n 

lo
ss

es
; F

P 
= 

Fa
ls

e 
po

si
tiv

es
.



112

CHAPTER VI

not differ significantly (mean [SD] difference 0.2 [1.2] dB; P=0.48). Limits of agreement 
were between -4.0 and +2.6 dB for the second SP test versus the second CLIP test; there 
was a bias of -0.7 dB with SP showing a significantly lower mean MS (P=0.03).
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Figure 1. Scatter plots showing intra-strategy, pointwise raw thresholds. Lines show y=x.
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DISCUSSION

The use of an alternative psychophysical method for static perimetry, CLIP, did not 
result in a decrease in variability when compared to the 'gold standard' SP despite a 
shorter test time. In addition, CLIP showed a clear learning effect.

Wabbels et al. investigated variability in CLIP in ten healthy subjects.(Wabbels et al. 
2001) After averaging the SD of each test location of each subject of each VF performed 
(10 repetitions), they found an averaged SD of 1.18 dB, which was comparable to that 
of the SITA Standard strategy (1.19 dB), but statistically lower compared to that of the 
SP strategy (1.44 dB). Our study population did not include healthy subjects. In our 
population of early glaucoma, as illustrated in Table 2, the variability seems lower in 
CLIP, but this difference was not significant (P=0.65 for CoR CLIP versus CoR SP in early 
glaucoma). Capris et al. compared the CLIP with the SITA fast (SITAf) strategy in 21 
static perimetrically experienced glaucoma patients.(Capris et al. 2008) Interestingly, 
they found a higher learning effect in SITAf compared to CLIP (0.67 dB higher MS in the 
second SITAf test versus 0.39 dB in CLIP). BA-analyses were performed with pointwise 
sensitivity differences for both strategies and they appeared to be comparable. All 
these results are in line with our results.

We found a similar variability for both strategies, suggesting that the psychophysical 
method is not critical, which, in turn, could suggest that variability might be an 
intrinsic property of glaucoma. However, the strategies differed in at least two aspects 
that could influence variability: (1) test duration differed significantly between the 
strategies and (2) CLIP showed, unlike SP, a clear learning effect. A shorter test duration 
should have resulted in less variability; a learning effect, on the other hand, should 
have resulted in more variability.

The use of stimulus size V is currently reserved for advanced glaucoma only. Although 
this stimulus is standard available on the HFA, the advantage of a larger stimulus is 
lost because of the longer test duration of the FT strategy (compared to a faster SP 
procedure, SITA, only available for size III). Especially M. Wall investigated size V in 
SAP and found a smaller test-retest variability, the same sensitivity to detect abnormal 
test locations, and a greater effective dynamic range.(Wall et al. 1997, Wall et al. 2008, 
Wall et al. 2009, Wall et al. 2010) Despite stimulus size V is available in every strategy 
of the Twinfield perimeter, age-corrected thresholds are artificially determined as five 
decibels higher compared to size III thresholds. Therefore, no age-related deviation 
calculations could be performed. In addition, the starting intensity does not correspond 
with the actual hill of vision. As a consequence, test time increases as thresholds are 
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too close to the estimated threshold and are repeated, or too far and patients have to 
wait unnecessarily. Finally, in CLIP fixation losses were determined by a short foveal 
suprathreshold stimulus which was recommended by the manufacturer. As patients 
suspect a continuous stimulus somewhere in the VF, they often reacted too slowly on 
the catch trial. This explains the high percentages of 'fixation losses'.

In conclusion, test-retest variability was large and essentially identical for two, very 
different psychophysical methods. This favors the hypothesis that glaucoma itself is a 
major factor contributing to variability.
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ABSTRACT

Purpose: In glaucoma, the density of retinal ganglion cells is reduced. It is largely 
unknown how this influences retinal information processing. An increase in spatial 
summation and a decrease in contrast gain control and contrast adaptation have 
been reported. A decrease in lateral inhibition might also arise. This could result in a 
larger than expected response to some stimuli, which could mask ganglion cell loss 
on functional testing (structure-function discrepancy). The aim of this study was to 
compare lateral inhibition between glaucoma patients and healthy subjects; we used 
a case-control design.

Methods: Cases (n=18) were selected to have advanced visual field loss in combination 
with a normal visual acuity. Controls (n=50) were not allowed to have symptoms 
or signs of any eye disease. Lateral inhibition was measured psychophysically 
on a computer screen, with (1) a modified illusory movement experiment and (2) a 
contrast sensitivity (CS) test. Illusory movement was quantified by nulling it with a 
real movement; measure of lateral inhibition was the amount of illusory movement. 
CS was measured at 1 and 4 cycles per degree (cpd); measure of lateral inhibition was 
the difference between log CS at 4 and 1 cpd. Both measures were compared between 
cases and controls; analyses were adjusted for age and gender.

Results: There was no difference between cases and controls for these two measures 
of lateral inhibition (P=0.58 for illusory movement; P=0.20 for CS). The movement 
threshold was higher in cases than in controls (P=0.008) and log CS was lower, at both 
1(-0.20; P=0.008) and 4(‑0.28; P=0.001) cpd.

Conclusion: Our results indicate that spatially antagonistic mechanisms are not 
specifically affected in glaucoma, at least not in the intact center of a severely damaged 
visual field. This suggests that the structure-function discrepancy in glaucoma is not 
related to a decrease in lateral inhibition.
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INTRODUCTION

Glaucoma is a chronic and progressive eye disease characterized by loss of retinal 
ganglion cells (RGCs) and subsequent visual field loss. It is largely unknown how 
the loss of RGCs influences information processing within the retina. An increase 
in Ricco's area has been described as well as changes in contrast gain control and 
contrast adaptation (see Discussion section).(Redmond et al. 2010) A decrease in 
lateral inhibition might also arise.(Sunga & Enoch 1970) This could result in a larger 
than expected response to some stimuli, which could mask RGC loss on functional 
glaucoma testing. A decrease in lateral inhibition may thus play a role in the presumed 
observation that structural loss precedes functional loss in glaucoma (structure-
function discrepancy).

The aim of this study was to compare lateral inhibition in the visual system between 
glaucoma patients and healthy subjects. For this purpose we developed a new 
psychophysical method and applied this method to glaucoma patients and controls. 
We also performed contrast sensitivity (CS) measurements at 1 and 4 cycles per degree 
(cpd). The difference between the CS at 4 and 1 cpd is presumed to be a measure of 
lateral inhibition as well (the inhibition makes the visual system optimally tuned for 
spatial frequencies around 4 cpd - for photopic vision in the center of the visual field).
(Kelly 1964, Levinson 1964)

METHODS

Study population
The present study was a case-control study and comprised 18 glaucoma patients 
(cases) and 50 healthy subjects (controls). The ethics board of the University Medical 
Center Groningen (UMCG) approved the study protocol. All participants provided 
written informed consent. The study followed the tenets of the Declaration of Helsinki.

Glaucoma patients were selected from visitors of the outpatient department of the 
department of Ophthalmology, UMCG, using the visual field database of the Groningen 
Longitudinal Glaucoma Study (GLGS), a prospective observational cohort study 
performed in a clinical setting.(Heeg et al. 2005) The subpopulation selected for the 
present study comprised open angle glaucoma patients (primary n=16, pigment 
dispersion n=1, pseudoexfoliation n=1) with (1) a visual field mean deviation (MD) of 
-12 dB or worse (as measured with standard automated perimetry [Humphrey Field 
Analyzer 30-2 SITA fast; Carl Zeiss, Jena, Germany]) and (2) a best-corrected visual 
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acuity (BCVA) of 0.0 logMAR or better (up to 50 years of age) or 0.1 logMAR or better 
(above 50 years), in at least one eye. If both eyes met the inclusion criteria, the eye with 
the lowest MD value was chosen.

Healthy subjects were recruited by advertisement. We aimed for subjects between 
40 and 70 years of age, at least 15 subjects per decade, with a ratio of approximately 
3 controls per case. First, healthy volunteers who responded to the advertisement 
were asked to complete a questionnaire to screen for any known eye abnormality 
and a positive family history of glaucoma (exclusion criteria). After this preselection, 
the subjects completed an eye examination, including a BCVA measurement, a non-
contact intraocular pressure (IOP) measurement (TCT80; Topcon Medical Systems, 
Oakland, USA), and a fundus examination with the Optos ultra-widefield retinal 
imaging device (200TX; Optos, Marlborough, USA). Exclusion criteria consisted of any 
known eye abnormality, a positive family history of glaucoma, a BCVA worse than 0.0 
logMAR (up to 50 years of age) or 0.1 logMAR (above 50 years), an IOP above 21 mmHg, a 
vertical cup-to-disc ratio above 0.7(Wolfs et al. 2000) or any other fundus abnormality 
(as observed by an ophthalmologist [NJ] who evaluated the Optos images and all other 
available data; in case of doubt, the subject was re-invited and a full eye exam was 
performed including fundoscopy in mydriasis as well as laser polarimetry of the optic 
nerve head (GDx ECC; Carl Zeiss, Jena, Germany) and a frequency doubling technology 
visual field test (FDT C20-1 screening mode; Carl Zeiss, Jena, Germany). A GDx VFI 
above 35 or any reproducibly abnormal test location at P<0.01 on the FDT test result 
implied exclusion. If both eyes were eligible, the dominant eye was chosen according 
to the Dolman method.(Jansonius et al. 2014)

Lateral inhibition
Two different psychophysical experiments were performed. Both experiments target 
spatially antagonistic mechanisms, of which the physiological equivalent is presumed 
to be lateral inhibition (see Discussion section). The experiments were carried out 
monocularly, in a sparsely illuminated room (luminance of the wall typically 10 cd/
m2; luminance of the screen (see below) if switched off < 1 cd/m2). No cycloplegia, 
mydriasis, or artificial pupil was used. All experiments were performed with optimal 
correction for the viewing distance. Pupil diameter was measured with a ruler, while 
the subject was looking at the stimulus with the contralateral eye occluded (as was the 
case during the experiments).
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Illusory movement
The first experiment is based on a psychophysical phenomenon called illusory 
movement. Illusory movement has been described in detail by Jansonius et al..
(Jansonius et al. 2014) In short, a narrow bar or line (width around 1 arcminute) between 
two fields of which the luminances are sinusoidally and in counterphase modulated in 
time (Figure 1A) appears to make an oscillatory movement. It is possible to annihilate 
this illusory movement with a real movement and thus to analyze this phenomenon 
quantitatively. The phenomenon can be explained by a model that includes low-
pass spatial filtering in the visual system. With some modification, that is, replacing 
the modulated fields by modulated stripes positioned at a certain distance from the 
line (Figure 1B), a 180 degree phase shift occurs and this shift is presumed to reflect 
lateral inhibition.(Kooi & Kuiper 1986; Jansonius & Kuiper 1989) Following Kooi and 
Kuiper(Kooi & Kuiper 1986) and Jansonius and Kuiper,(Jansonius & Kuiper 1989) we 
used a line width of 1.2 arcminute and a distance between the line and the border of 
the stripes of 6 arcminute. Modulation depth was 0.08; modulation frequency 2.5 Hz.

The stimulus was generated on an LCD monitor (Samsung SyncMaster 2243WM). The 
refresh rate was 75 Hz; the mean luminance of the screen 150 cd/m2 as measured with 
a Minolta luminance meter with built-in photometric filter (LS-110; Minolta Camera 
Co. Ltd., Japan). The refresh rate is far beyond the critical fusion frequency, which is 
about 40 Hz at this luminance.(de Lange Dzn 1954, Hecht & Verrijp 1933) The stimulus 
was generated and the data were collected using Octave (version 3.2.4; www.gnu.org/
software/octave/) for Linux (Ubuntu 10.10) in combination with the Psychophysics 
Toolbox (PTB-3).(Brainard 1997, Pelli 1997) The distance between subject and screen 
was 6 m. The screen size was about 4 degrees (0.4 m at 6 m); the stimulus size was 
limited by a digital mask to 1 by 1 degree. The luminances of the area outside the mask, 
the areas between the line and the stripes, and the mean luminances of the modulated 
stripes were equal (150 cd/m2).
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Figure 1A & B. Original (A) and modified (B) illusory movement stimulus. 2α is the line width, Lm the mean 
luminance, LL the luminance of the line, m the modulation depth, ω/2π the modulation frequency, and γ the 
distance between the line and the border of the stripes.
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We measured the illusory movement by compensating it with a real movement, 
using a staircase method. Figure 2 illustrates this method. The stimulus is presented 
during 4 seconds and the subject has to report yes/no movement observed. In the 
beginning, no real movement is added (in this situation, no movement is observed 
because the threshold for seeing movement is larger than the illusory movement 
itself). Subsequently, real movement is added in steps of 5 arcsecond (amplitude of the 
oscillatory movement) until movement is observed, subsequently removed in steps 
of 2 arcsecond until no movement is observed, added in steps of 2 arcsecond until 
movement is observed, and so on. In this way, six reversals are collected. Another six 
reversals are collected by making the initial 5 arcsecond steps in the opposite direction. 
These two series of reversals are collected alternately (Figure 2). From these two series 
of reversals, we calculated two thresholds: an overcompensation threshold and an 
undercompensation threshold. For each threshold we calculated two median values 
from the corresponding reversals (see Figure 2: median of 1,3,5 and median of 2,4,6 
for the upper threshold; median of 1',3',5' and median of 2',4',6' for the lower threshold) 
and averaged the two medians. Two outcome measures were subsequently calculated: 
(1) the amount of illusory movement (the measure of lateral inhibition), which is the 
average of the overcompensation threshold and the undercompensation threshold 
and (2) the movement threshold (the difference threshold between illusory movement 
and real movement), which is the difference between the overcompensation and 
undercompensation threshold divided by two.

Figure 2. Staircase method applied to the illusory movement experiment.
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The experiment was performed three times, preceded by a short try-out. The median 
test results of these three experiments was the final test result.

Contrast sensitivity
The second experiment consisted of a sine-wave grating CS test, using two spatial 
frequencies: 1 and 4 cpd. Here, the psychophysical method was a tracking method 
according to von Békésy.(Von Békésy 1975, Jansonius & Kooijman 1997) At the beginning 
of the experiment, contrast is negligible and gradually increases. If the subject observes 
the sine-wave grating, a button is pushed and held, resulting in a gradual decrease in 
contrast. If the grating disappears, the button is released and the contrast increases 
again, and so on. Contrast changed with a speed of 0.3 log/s and a contrast threshold 
was calculated from 12 (6 upper and 6 lower) reversals. For details see Nio et al..(Nio 
et al. 2005) Contrast sensitivity is the reciprocal of the contrast threshold. Contrast is 
defined as (Lmax‑Lmin)/(Lmax+Lmin), where Lmax and Lmin are the maximum and minimum 
luminance on the screen, respectively. Hardware and software were identical to that 
of the illusory movement experiment; the mean luminance of the screen was 150 cd/
m2. Testing distance was 4m. The sine-wave gratings, which were oriented vertically, 
filled the entire screen, resulting in a stimulus size of approximately 6 (horizontally) by 
4 (vertically) degrees.

The experiment was performed two times per spatial frequency, preceded by a short 
try-out. The mean value per spatial frequency was the final CS test result.

Statistical analysis
Nonparametric descriptive statistics (median with interquartile range [IQR]) was used 
to describe the study population; the corresponding univariable comparisons between 
cases and controls were made with a Mann-Whitney test. Proportions were compared 
with the Chi-square test. Yates (continuity) correction was applied if applicable. 
Multiple linear regression was used to compare the outcome measures between cases 
and controls adjusted for age and gender. All analyses were performed using R (version 
2.11.1; R Foundation for Statistical Computing, Vienna, Austria). A P-value of 0.05 or less 
was considered statistically significant.
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RESULTS

Table 1 presents the general characteristics of the study population. Glaucoma patients 
were older (p<0.001) and more often male (p=0.012) compared to the healthy subjects. 
Visual acuity was statistically lower (logMAR higher) in the glaucoma patients (median 
[IQR] logMAR 0.00[0.00 to 0.05]) than in the healthy subjects (-0.08[-0.08 to 0.00]; P<0.001). 
The mean difference was 0.07. The difference became smaller after adjustment for 
age (0.05; P=0.02; a logMAR difference of 0.05 corresponds to half a Snellen line). The 
glaucoma patients had a median (IQR) visual field MD of -23.5(‑26.9 to ‑17.2) dB. The 
pupil diameter did not differ between the groups (P=0.16; P=0.41 when adjusted for age; 
based on 14 cases and 17 controls for whom pupil diameter data were available).

Table 1. General characteristics of the study population

Cases (n=18) Controls (n=50) P-value

Age (year; median [IQR]) 70 (67 to 72) 55 (47 to 62) <0.001

Gender (% female) 28 66  0.012

Pupil diameter (mm; median [IQR])* 4.3 (4.0 to 5.3) 5.0 (4.0 to 6.0)  0.16

Visual acuity (logMAR; median [IQR]) 0.00 (0.00 to 0.05 -0.08 (-0.08 to 0.00) <0.001

* = based on a subset of 14 cases and 17 controls with pupil-diameter data; IQR = interquartile range.

Figure 3 presents the results of the illusory movement experiment. There was no 
significant difference between cases and controls in a univariable analysis (P=0.61) 
with a median (IQR) of -3.0(-4.4 to -1.0) and -2.6(-4.3 to -1.0) arcsecond for the cases 
and controls, respectively. Table 2 shows the results of the multivariable analysis. No 
significant difference between cases and controls was found when adjusted for age 
and gender (P=0.58).

Figure 4 presents the results of the second experiment, the difference between the CS 
at 4 and 1 cpd. This experiment showed - in the univariable analysis - a significantly 
lower lateral inhibition in the glaucoma patients compared to the healthy subjects 
(median [IQR] 0.27[0.20 to 0.32] versus 0.36[0.29 - 0.44]; P=0.006). Table 2 shows the 
results of the corresponding multivariable analysis. No significant difference between 
cases and controls was found when adjusted for age and gender (P=0.20).
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Figure 3. Amount of illusory movement as a function of age, for cases (◊) and controls (+). Regression line refers 
to the controls.

Figure 4. Difference in contrast sensitivity between 4 and 1 cpd as a function of age, for cases (◊) and controls 
(+). Regression line refers to the controls.
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Table 2. Multivariable regression analysis showing the lateral inhibition outcome measures (amount of illusory 
movement and contrast sensitivity difference between 4 and 1 cpd), the movement threshold, and the contrast 
sensitivity test results, adjusted for age and gender

Beta P-value

Illusory movement* Glaucoma -0.740 0.58

Age  0.005 0.93

Gender  0.093 0.92

Movement threshold* Glaucoma 13.820  0.008

Age  0.208 0.33

Gender  8.037 0.03

CS4-CS1 Glaucoma -0.079 0.20

Age -0.004 0.11

Gender -0.045 0.31

CS1 Glaucoma -0.204  0.008

Age  0.002 0.60

Gender -0.023 0.67

CS4 Glaucoma -0.283  0.001

Age -0.003 0.48

Gender -0.068 0.27

* = based on 18 cases and 46 controls (not all participants were able to perform this test); CS1 = contrast 
sensitivity measured at 1 cpd; CS4 = contrast sensitivity measured at 4 cpd.

Figure 5 presents the underlying CS measurements at 1 and 4 cpd, for the cases and 
controls. Cases had a statistically significantly lower CS compared to controls, both at 
1 (P=0.008) and at 4 (P<0.001) cpd. These differences remained equally significant when 
adjusted for age and gender (Table 2).

The movement threshold (that is, the difference threshold between illusory movement 
and real movement) was larger in the glaucoma patients (median [IQR] 46[31–60] 
arcsecond) than in the controls (30[23–39] arcsecond; P=0.003). A significant difference 
was also found in the multivariable analysis (Table 2).
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Figure 5. Contrast sensitivity at 1 and 4 cpd, for cases and controls (percentiles: 5, 10, 25, 50, 75, 90, and 95).

DISCUSSION

Spatially antagonistic mechanisms are not specifically affected in glaucoma, at least 
not in the center of the visual field of patients with severe glaucoma and a normal 
visual acuity. The CS of the included patients was approximately half as high as the CS 
of the controls. Their movement threshold was significantly increased.

We found a single description of a decrease in lateral inhibition in glaucoma in the 
literature.(Sunga & Enoch 1970) Sunga and Enoch used an experimental method as 
described by Westheimer(Westheimer 1967).(Sunga & Enoch 1970, Westheimer 1967) 
They performed measurements both within relative scotoma and in apparently 
normal areas of the visual field (at an eccentricity of at least 5 degrees), in four 
patients with glaucomatous visual field loss. They found more lateral inhibition 
in the unaffected parts of the visual field than in the scotoma and hypothesized a 
retrograde damage of the synapses involved in lateral inhibition. We performed the 
measurements exclusively in an apparently unaffected area of the visual field. As 
such, our findings are in agreement with that of Sunga and Enoch. We focused on an 
unaffected area because our hypothesis (see Introduction section) was that the visual 
field would appear normal because an actual decrease in sensitivity was masked by 
a decrease in lateral inhibition. Given the glaucoma stage of the included patients, a 
significant thinning of the RGC layer is to be expected in the investigated area of the 
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retina - despite the apparently unaffected function. Twelve of the 18 cases had had an 
assessment of the combined RGC layer/retinal nerve fiber layer/inner plexiform layer 
thickness in the macular area (6x6 mm scan centered around the fovea) with optical 
coherence tomography (OCT) as part of their regular glaucoma care. In 10 (83%) of them 
the thickness was outside normal limits according to the built-in normative database 
of the clinical device (Canon OCT HS-100; software version 1.0).

In his review paper on the control of sensitivity in the retina, Werblin described two 
types of lateral interactions: antagonistic effects in stationary patterns mediated 
by horizontal cells (lateral inhibition in a narrow sense) and antagonistic effects in 
changing patterns mediated by amacrine cells.(Werblin 1973) The former is related 
to predictive coding;(Srinivasan et al. 1982) the latter to contrast gain control(Meister 
& Berry 1999, Shapley & Victor 1978) and contrast adaptation.(Blakemore & Campbell 
1969, Meister & Berry 1999) Our stimuli were presumably targeting the former. For 
the - static - stimuli used to assess contrast sensitivity this is clear. The modulation 
used in the illusory movement experiment could theoretically trigger the contrast 
gain control mechanism as this mechanism already starts below our modulation 
frequency of 2.5 Hz; the applied modulation depth of 0.08, however, is much lower 
than used in psychophysical experiments targeting contrast gain control.(Hood et al. 
1997, Snippe et al. 2000) Moreover, as the illusory movement was assessed by nulling 
it with a real movement, contrast gain control should not influence it.(Jansonius et al. 
2014) Contrast gain control and contrast adaptation have been shown to be affected 
in glaucoma.(Dul et al. 2015, McKendrick et al. 2004, Sun et al. 2008) Together with our 
results this suggests that glaucoma affects the inner retina more than the outer retina. 
However, there is some electrophysiological evidence for a generalized outer retina 
involvement in glaucoma(Vaegan et al. 1995) and histological changes in horizontal 
cells in humans with glaucoma have been described as well.(Janssen et al. 1996) More 
recently, loss of horizontal cells has been described in mice.(Fernández-Sánchez et al. 
2014) This apparently contradicts earlier studies in the same animal.(Fuchs et al. 2012, 
Moon et al. 2005)

The significant decrease in CS as found in this study is in line with earlier 
reports,(Lustgarten et al. 1990, Ross et al. 1984, Wood 1992) although less clear effects 
have been published as well.(Lundh 1985, Shabana et al. 2003) The observed decrease 
of 0.2 to 0.3 log units corresponds to almost a halving of the CS. Further, the movement 
threshold displayed a significant increase of approximately 50% (0.2 log units) in the 
glaucoma patients compared to the healthy subjects. A decrease in motion sensitivity 
has been described earlier, also in apparently normal areas of the visual field of 
glaucoma patients and in patients with ocular hypertension.(Shabana et al. 2003)
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A normal lateral inhibition in glaucoma is not conflicting with an enlargement of 
the area of complete summation, also known as Ricco’s area, as recently described 
by Redmond et al..(Redmond et al. 2010) Due to lateral inhibition, mainly the RGCs at 
the edge of the stimulus contribute to the signal. This signal is reduced in glaucoma 
because of the loss of RGCs – the increase in Ricco's area, which implies an increase in 
the circumference (edge), compensates for this. If lateral inhibition would have been 
reduced, the RGCs in the center of the stimulus would contribute to the signal as well, 
which could initially mask glaucomatous RGC loss: our – falsified – hypothesis.

A limitation of this study is the difference in age distribution between the cases and 
the controls. Especially the illusory movement test is a subjective measurement and 
not easy to perform. For that reason we originally aimed to include subjects between 
40 and 70 years of age. However, glaucoma is a disease of the elderly, and, as a 
consequence, the vast majority of the patients with severe glaucoma in our database 
was between 60 and 80 years old. This resulted in different age distributions in cases 
and controls, which hampered a direct comparison of the groups. However, the groups 
showed a considerable overlap in age and we adjusted all analyses for age. Also, none 
of the lateral inhibition measures showed a significant age dependency (Table 2). All 
this indicates that the different age distributions will not have influenced our major 
findings.

In conclusion, patients with severe glaucoma and a normal visual acuity and healthy 
controls display similar spatially antagonistic mechanisms in the central part of the 
visual field. Future research may focus on eccentric visual field areas, areas with a 
reduced sensitivity, and changing patterns.
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SUMMARY AND CONCLUSIONS

1. Summary of findings
The main objective of this thesis is to improve glaucoma care by optimizing the 
information that can be obtained from visual field (VF) testing. Therefore a glimpse 
of light is shed on VF testing to better understand how perimetry works and which 
factors influence the test results. By this, we hopefully contribute to preventing patients 
from blindness and preserving quality of life. After introducing the topic of this thesis 
in Chapter I, we focus on a better understanding of VF testing in healthy subjects and/
or patients with glaucoma: Chapter II, III and IV describe how different intrinsic and 
extrinsic factors influence VF testing. In Chapter V, we compare the cost of glaucoma 
surgery on visual field function (loss of visual functioning due to the surgery) with 
the long term benefit (slowing down disease progression). We go back to basics in 
Chapter VI and conclude that an alternative psychophysical method for measuring 
the sensitivity of the eye does not perform better compared to the current standard, 
despite a shorter testing time. This favors the hypothesis that glaucoma itself is a major 
factor contributing to variability. Lastly, in Chapter VII, we challenge the hypothesis of 
decreased lateral inhibition in glaucoma patients (a possible explanation for normal 
VF test results in patients with a glaucomatous optic nerve). We will explicate the 
main findings in the following section.

Chapter II - The glaucomatous VF is characterised by healthy parts, parts that are 
affected but still have function, and parts that are (perimetrically) blind. This chapter 
shows that particularly the affected areas of the VF can give two totally different 
values if tested twice (high test-retest variability). In addition, this chapter shows 
that the blind parts of the VF can be omitted without loss of information - they do 
not contribute to distinguishing stable from progressive disease. Employment of this 
knowledge could result in a shorter test time and less fatigue for the patient.

Chapter III - Many different factors can influence test results, particularly in a 
subjective test like perimetry. This chapter proves and quantifies to what extent factors 
like technician experience, season, and time of the day influence perimetry results. 
In addition, of the three reliability indices displayed by the perimeter, false positive 
answers are the only true indication of unreliability. False negative answers indicate 
unreliability to a lesser extent and only in early glaucoma, while fixation losses seem 
unrelated to the test result.
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Chapter IV - Spectacle independence is a prospect every presbyopic or ametropic 
patient would wish for after (clear) lens extraction. The benefit of multifocal intraocular 
lenses (MFIOLs) should be weighed against the drawback of decreased visual function, 
as is shown in this chapter. The diffractive property of MFIOLs causes a decrease in 
sensitivity of 2 dB (if tested with perimetry), which might be a negligible decrease in 
daily practice. For a patient with well regulated glaucoma however, a 2 dB sensitivity 
loss gives the patient a ten year leap of VF loss after implanting an MFIOL - added 
upon an already compromised visual sensitivity. The additional necessity of a new 
VF baseline is only a minor issue compared to the visual implications. Lastly, in the 
case of patients with other ophthalmic comorbidities like macular degeneration, any 
extra loss of retinal sensitivity will have clinical relevance. Therefore, patients with 
glaucoma or macular degeneration should be discouraged having MFIOL implants.

Chapter V - From the patients perspective, glaucoma surgery can be an ungrateful 
solution as patients might develop complaints after the intervention. Indeed, this 
chapter shows a decrease in VF sensitivity after the intervention, without a significant 
loss of visual acuity. Not performing surgery and accepting a high rate of progression, 
however, catches up with the surgery-induced damage already after 1.5 years. From 
that moment on patients with a Baerveldt glaucoma implant or trabeculectomy benefit 
from surgery compared to patients without intervention.

Chapter VI - Only a few methods are used in standard daily practice to measure the VF. 
This chapter evaluated an alternative commercially available psychophysical method: 
the Continuous Light Increment Perimetry (CLIP). This method shows comparable 
test-retest variability compared to the gold standard, the full threshold strategy, despite 
a shorter time to perform the test.

Chapter VII - Different psychophysical laws interact with each other to register 
incoming light and transform it to electric pulses that are sent to the brain. This 
equilibrium of psychophysical laws, including lateral inhibition, work well in a 
healthy eye, but might be deflected during glaucoma. The loss of lateral inhibition 
might contribute to the structure-function discrepancy (i.e., structural loss apparently 
precedes functional loss). In this chapter, however, no evidence is found that lateral 
inhibition is decreased in patients with severe glaucoma and an intact central VF.
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2. Clinical implications
A large part of this thesis was performed with the clinicians in mind and the findings 
can be used for everyday practice. The next section will further explicate these findings.

Firstly, the subjective nature of perimetry makes the results susceptible to the influence 
of several different factors. Any clinician should be aware of these factors and how 
they affect the perimetrical end point for both the diagnosis and progression detection 
of glaucoma: Mean Deviation (MD). The first section will explain these factors in more 
detail and how to cope with them. The second part will explicate other issues that 
concern perimetry.

•	 Glaucoma - The disease glaucoma itself is an intrinsic factor that contributes to a 
high test-retest variability, probably related to ganglion cell saturation.(Swanson 
et al. 2011) Therefore, a clinician should be aware that varying test results might 
be a sign of glaucoma, rather than a patient’s lack of concentration. The increase 
in test time in severe glaucoma could be another explanation for the increase in 
test-retest variability, and is a weakness of the SITA strategy (even for the recently 
published SITA faster (SFR)(Heijl et al. 2019)).

•	 Season, time of day and technician experience - Although these three factors have 
a small overall influence on perimetry of 0.5 dB, it can influence both event and 
trend based progression detection. Seasonal and diurnal influences are difficult 
to take into account in daily practice however, but investment in (experienced) 
technicians can decrease the variability reasonably. The decreased variability 
gives the clinician the possibility to distinct progression from stable disease 
earlier and more reliable.

•	 Multifocal intraocular lenses (MFIOLs) - The decline of retinal sensitivity of 2 dB 
caused by implantation of a MFIOL has different clinical implications for different 
patient categories. First, for a patient with cataract as the only ophthalmic 
condition, the influence might be negligible in daily practice. For a patient with 
glaucoma, however, a 2 dB sensitivity loss gives the patient a ten year leap of VF 
sensitivity loss after implanting a MFIOL - added upon an already compromised 
visual sensitivity. The additional necessity of a new VF baseline is only a minor 
issue compared to the visual implications. Lastly, in the case of patients with other 
ophthalmic comorbidities like macular degeneration, any extra loss of retinal 
sensitivity will have clinical relevance. Therefore, patients with glaucoma or 
retinal diseases should be discouraged having MFIOL implants.
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•	 Psychophysical methods - The staircase method is the strategy usually used 
for the detection and follow up of glaucoma in clinical practice. The degree of 
variability is comparable in alternative methods that are commercially available, 
like CLIP, shown in Chapter VI. Mainly because a follow up of 5 years is required 
to reliably distinguish progression from stable disease state, the current used 
method remains the best option in glaucoma care for the time being; interchanging 
between strategies means starting a new trajectory that lasts 5 years before the 
glaucoma state can be reevaluated and therefore not recommended.(Jansonius 
2010)

Besides these factors, other topics have to be assessed when VFs are reviewed by 
clinicians:

•	 Reliability indices - Of the three indices, only the percentage of false positive 
answers appeared to be a true and important measure of (un)reliability. More 
specifically, a high percentage of false positives answers indicates overestimation 
of the true sensitivity, and the commonly used upper limit of 10% (or sometimes 
15%) corresponds to an overestimation of 1 dB. Hence, every clinician should 
particularly take this factor into account analysing a VF. Finally, partly because 
of these shortcomings, the new SFR strategy replaced two reliability indices and 
removed the third (i.e. the catch trial to measure false negative answers).

•	 30-2 to 10-2 switch - In advanced glaucoma, only a small part of the VF contributes 
to perimetry, containing little but essential clinical information. To regain 
information, the grid can be changed from a 30-2 (or 24-2) to a 10-2 grid, although 
this thesis shows that there is no clear MD cut-off point defined to make this 
transition. A residual VF might present as a classic central island, but a residual 
temporal island which lies outside the 10-2 grid also occurs, or even a combination 
of both. Therefore, the clinician should take the residual VF location into account 
while making the choice to switch to a 10-2 grid.

•	 Surgery - The prevention of blindness is a common goal for both the patient 
and clinician. When the clinician foresees blindness - a rate of progression that 
corresponds with blindness before a patient departs from life - the eye pressure 
needs to be lower than the current pressure. For this purpose, surgery is sometimes 
required despite the development of surgery induced complaints. Figure 4 (page 
181) in Chapter V is illustrative and therefore useful to explain the necessity of 
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surgery to patients; the short term loss of visual field function (MD; drop in MD 
at time point 0, moment of surgery) and the long term benefit of a lower rate of 
progression after surgery (crossing of continuous and dashed line).

•	 Lateral Inhibition - The reason for structure-function discrepancy in glaucoma 
assessments is unknown and can be caused by the variation in measurement 
of either structure or function. A clinical example is a glaucomatous optic nerve 
combined with a normal VF or vice versa. Lateral inhibition might have been the 
missing link to explain this discrepancy, and could have led to the development 
of new perimetrical tests. However, this thesis shows that lateral inhibition does 
not play a significant role in this discrepancy. Therefore, it can be disputed that the 
answer for the above mentioned discrepancy (only) lies in perimetry.
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3. Future directions
As stated in this thesis, perimetry is essential in glaucoma care, but has its limitations. 
There are several issues that should be addressed to improve glaucoma care and help 
clinicians to treat patients properly.

Several chapters of this thesis show the subjective nature of perimetry. This might give 
the clinician the impression that perimetry is not very helpful to diagnose glaucoma or 
to detect glaucoma progression. A correctional algorithm to give an overall MD taking 
many factors into account would be the ideal solution, but is an utopia in the short 
term. Every clinician needs to keep in mind the clinical relevant factors that might 
influence the MD and therefore influence the progression analysis, as mentioned in 
the previous section. Keeping these factors in mind, perimetry is still a valuable test, 
clearly illustrated in Chapter IV and V showing the effect of MFIOL and glaucoma 
surgery on the VF.

The first recommendation to optimize VF testing is to give less attention to unreliable 
parts of the VF; parts with low sensitivity. These parts show high test-retest variability 
that is part of glaucoma rather than a weakness of perimetry. Turpin et al. recently 
published the ARREST method, where sensitivities below 17 dB are marked either 
as ‘defect’ or ‘blind’, ignoring the parts which give noise to the MD.(Turpin et al. 2018) 
With the additional benefit of a shorter test time, another opportunity arises. As parts 
with low sensitivities give less information for the clinician, these parts can be (re-)
measured with a larger stimulus, as proposed by Wall et al. increasing the dynamic 
range of perimetry.(Wall et al. 1997) Gardiner et al. suggested an alternative approach 
with the use of different stimuli in different locations, as eccentricity plays a role 
in variability as well.(Gardiner 2018) In addition, test locations can be added in the 
residual, and therefore, precious parts of the VF in case of severe glaucoma (i.e. central 
and/or temporal part of the VF).

The incorporation of intrapatient VF data is the second recommendation. Both eye 
structure (like refraction, for example) and disease state could be taken into account 
in positioning test points. Therefore, we should leave the idea of perimetry based 
on normative data that should fit the whole population and develop custom made 
VFs. Implementing individual anatomical characteristics is already investigated by 
Lamparter et al..(Lamparter et al. 2013) They used mapping of retinal locations to the 
retinal nerve fiber layer and optic nerve head compared to the VF test grid. Although 
the measurement of structures is still imperfect (amongst other things under the 
influence of glaucoma stage(Bowd et al. 2017) and refraction(Qiu et al. 2015)), a combined 
result could give a more specific and sensitive result and might be the missing link 
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in the structure-function discrepancy.(Yohannan & Boland 2017) The use of previous 
performed VFs of each patient is another example of incorporation of intrapatient data 
(see Chapter II). The implementation of these improvements require the development 
of software that is able to handle longitudinal data not only during analysis, but also 
during data acquisition.

A third possibility to optimize VF testing is a relatively new topic within ophthalmology, 
namely machine learning (ML): Automated algorithms that extract complex 
information of different modalities. A recent comprehensive review published by Li et 
al. describes ML in different ophthalmic fields like diabetic retinopathy and age related 
macular degeneration.(Li et al. 2020) Also in glaucoma, ML shows promising results 
in both VF(Yousefi et al. 2020) and OCT data.(Christopher et al. 2018, Ran et al. 2019) 
However, the degree of variability in VF testing and structural nerve fiber layer needs 
to be lower before implementation of ML in glaucomatous progression analysis is 
possible. The establishment of these improvements will lead to higher sensitivity and 
specificity to detect glaucoma progression in the future.(Thompson et al. 2020)

In conclusion, a modern style glaucoma care needs to be developed, and perimetry has 
a part in that future. A multimodal strategy should be developed whereby perimetry 
should evolve and combined with objective measurements. Using these different 
modalities together with the (existing) modern computer technologies in one device 
solution every clinician is waiting for.
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Glaucoom is een oogaandoening waarbij de oogzenuw is aangedaan met irreversibel 
gezichtsveldverlies tot gevolg. Met verschillende behandelingen die zijn gericht op het 
verlagen van de oogdruk is het mogelijk om de progressie van gezichtsveldverlies te 
voorkomen, danwel te vertragen. Om te beoordelen of glaucoom stabiel is (oftewel de 
behandeling zorgt voor een voldoende verlaging van de oogdruk) of progressief (oftewel 
onderbehandeling) heeft het gezichtsveldonderzoek een essentiële rol. Ondanks dat 
dit onderzoek de gouden standaard is in de glaucoom zorg, is test-hertest variabiliteit 
een belangrijke tekortkoming waar in dit proefschrift aandacht aan wordt besteed.

Het belangrijkste doel van dit proefschrift is het verbeteren van glaucoomzorg door 
het optimaliseren van informatie die verkregen wordt uit gezichtsveldonderzoek. 
In het eerste deel van dit proefschrift heb ik onderzocht hoe gezichtsveldonderzoek 
werkt bij gezonde proefpersonen en patiënten met glaucoom. In hoofdstukken II, 
III en IV heb ik de verschillende intrinsieke en extrinsieke factoren beschreven die 
gezichtsveldonderzoek beïnvloeden en variabiliteit veroorzaken, zoals moment van 
meten (moment van de dag of jaar), degene die het gezichtsveldonderzoek begeleid 
en staaroperaties. In hoofdstuk V, heb ik deze kennis toegepast om de nadelen 
van glaucoom chirurgie (verlies van visueel functioneren door deze ingrepen) te 
vergelijken met het langetermijnvoordeel (vertragen van ziekte progressie). Ik ben 
teruggegaan naar de basis van visueel onderzoek in hoofdstuk VI en concludeerde 
dat een alternatieve psychofysische methode om de retinale sensitiviteit te meten 
niet beter werkte dan de huidige standaard, ondanks een kortere testtijd. Tot slot, in 
hoofdstuk VII heb ik laterale inhibitie onderzocht, een proces in de retina om contrast 
tussen beelden te vergroten. Een verlaging van laterale inhibitie zou een antwoord 
kunnen zijn op de discrepantie tussen een relatief normaal gezichtsveld onderzoek bij 
patiënten een glaucomateuze oogzenuw. Laterale inhibitie leek echter niet aangedaan 
te zijn bij patiënten met ernstig glaucoom met een intact centraal gezichtsveld.
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El glaucoma es una afección ocular en la que el nervio óptico se ve afectado, lo 
que resulta en una pérdida irreversible del campo visual. Con varios tratamientos 
destinados a reducir la presión ocular, es posible prevenir o ralentizar la progresión de 
la pérdida del campo visual. El examen del campo visual juega un papel esencial en 
la evaluación de si el glaucoma es estable (el tratamiento proporciona una reducción 
suficiente de la presión intraocular) o progresivo (es decir, tratamiento insuficiente). 
Aunque este estudio es el estándar de oro en la atención del glaucoma, la variabilidad 
test-retest es una deficiencia importante que se aborda en esta tesis.

El principal objetivo de esta tesis es mejorar la atención del glaucoma optimizando la 
información obtenida de los estudios del campo visual. En la primera parte de esta tesis, 
investigué cómo funcionan las pruebas de campo visual en sujetos sanos y pacientes 
con glaucoma. En los capítulos II, III y IV describí los diferentes factores intrínsecos y 
extrínsecos que influyen en el examen del campo visual y causan variabilidad, como 
el tiempo de medición (hora del día o año), quién supervisa el examen del campo visual 
y la cirugía de cataratas. En el capítulo V, apliqué este conocimiento para comparar 
las desventajas de la cirugía de glaucoma (pérdida de la función visual debido a estos 
procedimientos) con el beneficio a largo plazo (desaceleración de la progresión de 
la enfermedad). Volví a los conceptos básicos del examen visual en el Capítulo VI y 
concluí que un método psicofísico alternativo para medir la sensibilidad de la retina 
no funcionaba mejor que el estándar actual, a pesar de un tiempo de prueba más corto. 
Finalmente, en el capítulo VII investigué la inhibición lateral, un proceso en la retina 
para mejorar el contraste entre imágenes. Una reducción de la inhibición lateral podría 
ser una respuesta a la discrepancia entre un examen del campo visual relativamente 
normal en pacientes con un nervio óptico glaucomatoso. Sin embargo, la inhibición 
lateral no pareció verse afectada en pacientes con glaucoma severo con campo visual 
central intacto.
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AGIS	 Advanced Glaucoma Intervention Study

BCVA	 best-corrected visual acuity

BGI	 Baerveldt glaucoma implant

cd/m2	 candela per square metre

CI	 confidence interval

CIs	 confidence intervals

CLIP	 Continuous light increment perimetry

CoR	 coefficient of repeatability

cpd	 cycles per degree

CS	 contrast sensitivity

D	 diopters

dB	 decibels

ERF	 error related factor

FDT	 Frequency doubling perimeter

FL	 fixation loss

FN	 false-negative

FP	 false-positive

FT	 Full Threshold

GATE	 German Adaptive Threshold Estimation

GDx	 laser polarimetry

GLGS	 Groningen Longitudinal Glaucoma Study

GPA	 Glaucoma Progression Analysis

HFA	 Humphrey Field Analyzer

IOL	 intraocular lens

IOP	 intraocular pressure
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IQR	 interquartile range

MD	 mean deviation

MFIOL	 multifocal intraocular lens

ML	 machine learning

MS	 mean sensitivity

ms	 millisecond

NPA	 Non-parametric Progression Analysis

PACG	 primary angle closure glaucoma

POAG	 primary open angle glaucoma

PSD	 pattern standard deviation

RCT	 randomized clinical trial

RGC	 retinal ganglion cell

RONI	 Regions of no interest

ROP	 rate of progression

SACG	 secondary angle closure glaucoma

SAP	 standard automated perimetry

SD	 standard deviation

SE	 standard error

SITA	 Swedish Interactive Threshold Algorithms

SLT	 selective laser trabeculoplasty

SP	 staircase procedure

ST	 suprathreshold

TE	 trabeculectomy

UMCG	 University Medical Center Groningen

VF	 visual field
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