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Abstract
The aim of this study was to create a mathematical model of the retinal nerve fiber layer and of the
entire hill of vision, and to compare different perimetric methods and test grids in the detection of
visual field loss in glaucoma and optic neuritis.

A mathematical model of the retinal nerve fiber layer was developed, based on traced nerve
fiber bundle trajectories extracted from 55 fundus photographs of 55 human subjects. The model
resembled the typical retinal nerve fiber layer course within 20° eccentricity from the foveola. The
standard deviation of the calculated corresponding angular location at the optic nerve head
circumference ranged from less than 1° up to 18° (mean 8.8°).

A smooth mathematical model of the hill of vision was created, based on 81
ophthalmologically healthy subjects. The model fit R2 was 0.72.

Applying individually condensed test grids in 41 glaucomatous eyes of 41 patients enhanced
remarkably the detection of progression. Seven out of 11 (64%) of the progressive scotomata
detected by spatially condensed grids would have been missed by the conventional 6° × 6° grid.

In 20 eyes of 20 patients with advanced glaucoma, the comparability of visual field areas
obtained with semi-automated kinetic perimetry and automated static perimetry was satisfactory
and within the range of the test-retest reliability of automated static perimetry.

Using a standardized grid of 191 static targets within the central 30° visual field, the most
common finding in 100 eyes of 99 patients with acute optic neuritis were central scotomas,
accounting for 41% of all visual field defects in affected eyes.

In conclusion, a model of the retinal nerve fiber layer was developed, which provided a detailed
location specific estimate of the magnitude of the variability on the courses of retinal nerve fiber
bundle trajectories in the human retina. A smooth mathematical model of the hill of vision with a
satisfactory model fit was described for the 80° visual field. Individually condensed grids enabled
the detection of a glaucomatous visual field progression more frequently and also earlier than
conventional grids. Semi-automated kinetic perimetry was found to be a valuable alternative to
automated static perimetry in monitoring advanced glaucomatous visual field loss. Using a grid
with a higher spatial resolution may enhance the detection of small central visual field loss in optic
neuritis.

Keywords: condensation, disease progression, glaucoma, hill of vision, models -
structural, nerve fibers - unmyelinated, optic neuritis, perimetry, retinal ganglion cells,
scotoma, visual fields
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TAP Tübingen automated perimeter 
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TLV total loss volume 
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1 Introduction 

Perimetry is currently the standard test for evaluating visual function in 

ophthalmology and neurology. By evaluating the defects in the visual field (VF), 

the localization, the cause and the stage of different diseases affecting the 

patient’s visual function can be determined. Another important examination 

technique in ophthalmology is retinal nerve fiber layer (RNFL) photography. For 

example, in glaucoma, the RNFL defect can be detected up to 6 years before VF 

loss is observed in conventional perimetry (Sommer et al. 1991). However, there 

is still little information of the inter-individual variability of the RNFL course. 

The amount and the location of test points in different perimeters affects the 

detection of VF loss (Airaksinen et al. 1983, Tuulonen et al. 1993, Westcott et al. 
1997, 2002, Orzalesi et al. 1998). Schiefer et al. (2001, 2003) found that by 

linking the information obtained with RNFL photography to perimetry by 

increasing locally the test point condensation it was possible to enhance the 

detection rate of VF loss. 

Individual modification of the perimetric test grid presumes knowledge of 

normal differential luminance sensitivity (DLS) values and their variability in 

every location of the VF. However, it is not possible to test every potential 

location of the VF, because for example, this would increase the test duration 

unacceptably at the same time reducing the test reliability. Specification of the 

computational normal values in every possible VF location can be achieved by 

creating a mathematical model of the hill of vision (Lorch et al. 2001, Schwabe et 
al. 2001). Enlarging the model over the entire visual field (80 degree) can be 

highly desirable if one wishes to characterize benefit/side-effects of new 

therapeutic approaches and/or quality of life-related parameters. 

A detailed knowledge of nerve fiber bundle trajectories is a prerequisite for 

obtaining a topographically precise prediction of circumscribed VF loss from 

localized optic nerve head or peripapillary RNFL damage, and vice versa, which 

in turn is essential for devising new diagnostic techniques like fundus oriented 

perimetry (Schiefer et al. 2001, 2003). Several attempts have been made to 

describe these nerve fiber bundle trajectories (Weber & Ulrich, 1991, Garway-

Heath et al. 2000, Wigelius 2001, Airaksinen et al. 2008). At present, none of 

these approaches is detailed enough to enable accurate individual test point 

condensation in morphologically suspicious regions.  

In case of advanced VF loss with steep borders, kinetic perimetry is still the 

method of choice. A moving stimulus detects the edges of scotoma more precisely 
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than static grid perimetry, where the position of the test locations is fixed. When a 

small relative scotoma is suspected, in turn, a condensed test grid is needed 

(Tuulonen et al. 1993). 

The combination of the structural findings with perimetry by individual test 

grid modification and individual selection of the used perimetric method is 

expected to increase the sensitivity of perimetry and to decrease test duration. 

Early detection of VF loss and progression enables better diagnostics and a 

prompt response, for example in monitoring the progression of glaucoma. 
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2 Review of the literature 

2.1 Summary of the literature search 

A systematic search of the literature covering the major topics of the present study 

was performed on the 30th of June 2009 without defining the publication date as 

shown in Table 1. In the first phase, the titles concerning any of the major topics 

of the present study were accepted. In the second phase, the articles were 

evaluated on the grounds of the abstracts; articles not concerning the major topics 

were excluded. In the third phase, the remaining articles were critically evaluated, 

a few articles were excluded due to the presence of some other clearly better 

article concerning the same topic, and due to the small number of remaining 

articles, all remaining articles concerning any of the major topics were decided to 

be accepted. The references of the articles found in the search were further 

analyzed and utilized according to the same principles. 

Table 1. Summary of the literature search covering the major topics of the present 

study. Limits were set as human, English and NOT review. 

PubMed search terms Total amount of 

articles 

Accepted based 

on title 

Accepted based 

on abstract 

Accepted 

articles 

map AND ”nerve fiber layer” 

OR map AND ”visual field” 

133 20 13 9 

map AND ”optic disc” 

AND ”visual field” 

7 4 4 2 

map AND ”nerve fiber layer” 

AND ”optic disc” 

5 2 2 2 

correlation AND ”optic disc” 

AND ”nerve fiber layer” 

42 5 2 2 

correlation AND ”optic disc” 

AND ”visual field” 

102 25 14 9 

correlation AND ”nerve fiber layer” 

AND ”visual field” 

108 24 14 6 

model AND ”visual field” 542 16 8 8 

model AND ”nerve fiber layer” 61 13 8 4 

”high resolution” AND perimetry 

OR resolution AND perimetry 

239 11 7 4 

hill of vision 10 6 3 3 

Total amount of articles 1249 126 75 49 
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2.2 Hill of vision 

2.2.1 Visual field and island of vision 

The portion of space in which objects are simultaneously visible to the steadily 

fixating eye is called the visual field. The visual field can be described as a three 

dimensional “island of vision surrounded by a sea of blindness”, as stated by 

Harry M. Traquair (Traquair 1938). The shape of the island or the hill of vision 

depends on the retinal sensitivity, which is greatest in the foveal area and 

decreases as one moves towards the periphery. The information obtained with 

both manual kinetic and automated static perimetry has shown that the hill of 

vision has a pointed summit at its centre, followed by a gentle slope or even a 

plateau, which is larger towards temporal and inferior hemispheres, subsequently 

increasing steepness towards the periphery as shown in Fig. 1 (Katz et al. 1986, 

Lorch et al. 2001, Schwabe et al. 2001).  

 

Fig. 1. A schematic drawing and the normal boundaries of the hill of the vision.  

2.2.2 Asymmetry of the hill of vision 

Radial cross-sections have revealed the asymmetry of the hill of vision; there is a 

steeper slope towards the superior than the inferior periphery, and at first a gentler 

slope towards the nasal than the temporal periphery, reversing in eccentricity of 

 
Blind spot 
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20° towards increasing steepening of the slope towards the nasal periphery 

(Brenton et al. 1986, Katz et al. 1986, Schwabe et al. 2001, Hermann et al. 2008). 

The variability in the slope increases towards the periphery (Parrish et al. 1984, 

Lewis et al. 1986, Katz et al. 1986, Heijl et al. 1987, Schwabe et al. 2001, 

Hermann et al. 2008). 

2.2.3 Ageing and the hill of vision 

The effect of ageing on the shape of the hill of vision is still somewhat 

controversial. Some investigators have claimed that there is a fairly uniform 

decline in differential luminance sensitivities (DLS) throughout the whole visual 

field with aging, thus affecting only marginally the shape of the hill of vision 

(Bebie 1985, Brenton et al. 1986). However, the majority of the studies support 

other conclusions, that ageing affects the hill of vision in a variable manner, 

resulting in a greater decline with increasing eccentricity (Haas et al. 1986, Jaffe 

et al. 1986, Katz et al. 1986, Heijl et al. 1987, Zulauf et al. 1994, Schwabe et al. 
2001, Hermann et al. 2008). Furthermore, ageing affects the hemispheres 

differently, having a greater influence on the superior and the temporal 

hemispheres (Haas et al. 1986, Katz et al. 1986, Dietrich et al. 1999, Schwabe et 
al. 2001, Hermann et al. 2008). Some studies assume that there is a linear decline 

of the hill of vision with age (Drance et al. 1967, Egge 1984, Brenton et al. 1986, 
Haas et al. 1986, Jaffe et al. 1986, Heijl et al. 1987, Zulauf et al. 1994), while 

others have found an increasing decline after the age of 40 or so, when in addition 

to uniform sinking, the hill of vision begins to shift its configuration, similarly to 

the incomplete closure of an umbrella (Lachenmayr et al. 1994, Lorch et al. 2001, 

Schwabe et al. 2001, Hermann et al. 2008).  

2.2.4 Model of the hill of vision 

The need for visual field testing with the possibility of individual test point 

arrangement has stimulated the development of a mathematical model for the hill 

of vision, which would permit the calculation of the local DLS values and the 

normal variability for any location in the VF (Schiefer et al. 2003a). The first 

models were introduced by Schwabe et al. (2001) and Lorch et al. (2001). For the 

prediction formula used in their model, Schwabe et al. (2001) collected DLS 

values from 83 normal volunteers aged from 10 to 80 years with Tübingen 

computer campimeter using a centripetally condensed grid of the 30 × 20°central 
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visual field. They used age and test location in the polar coordinates (eccentricity 

and angle of the meridian) as well as their interactions as variables when 

constructing the model. Lorch et al. (2001) collected the DLS values from 72 

healthy volunteers aged 10 to 69. Their prediction formula was based on the same 

variables as those of Schwabe’s, except that instead of using the exact age of the 

examinees, they used age-classes. Later the same principles were used by 

Hermann et al. (2008). These models cover the visual field up to 30 degree 

eccentrity, with a model fit from 0.50 (Lorch) to 0.74 (Hermann).  

2.3 Visual field test 

2.3.1 History of perimetry 

The history of the knowledge of normal and defective visual fields can be traced 

to classical Greece of around 300 B.C. (Lauber 1944). First Euclid (300 B.C.) and 

later in more detail Ptolemy (150 B.C.) defined the visual field as a rectangular 

cone with its summit at the pupil (Smith 1996). However, it took over 2000 years, 

until Albrecht von Graefe described his method for evaluation of the visual field 

in 1856 (Graefe 1856). This publication is considered to be the cornerstone of the 

systematic evaluation of the physiology and pathology of the visual field (Lauber 

1944). The first perimetric devices were based on manually controlled moving 

stimulus on a uniform background, which restricted the range of the perimetry to 

only the central visual field (Harms 1971). Soon after Von Graefe’s perimetric 

inventions, Hermann Aubert and Richard Förster noted the importance of keeping 

the stimulus at a constant distance from the eye during the visual field 

examination, and they developed a simple arc perimeter in 1869 for clinical use 

(Lloyd 1936). The arc-shaped device enabled investigation of the full limits of the 

visual field. In 1889, Bjerrum introduced the use of a small stimulus in the central 

visual field, and mapped typical glaucomatous arcuate scotoma (Bjerrum 1889). 

Kinetic perimetry developed into its present form in 1945, when Hans 

Goldmann introduced a hemispheric bowl perimeter, in which fixation, retinal 

adaptation, and stimulus size and intensity could be precisely controlled 

(Goldmann 1945). In the Goldmann perimeter, the perimetrist selects the stimulus 

size and intensity to be used, and moves the selected stimulus from an area where 

it is not seen toward an area where it can be detected. This process is repeated 

from all directions toward the center or fixation or toward an intact visual field 
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until the so- called “isopter” can be drawn by connecting the points where the 

stimulus becomes visible. The larger and the brighter stimulus that is used, the 

larger the isopter that can be achieved. In clinical routine, three different stimulus 

are selected to achieve a distribution of the isopters in an almost equidistant 

manner on the individual hill of vision, with at least one isopter being located 

within the eccentricity of 30°. The Goldmann perimeter has maintained its 

position in clinical practise until present, especially in neuro-ophthalmological 

diagnostics and follow-up.  

2.3.2 Automated static perimetry 

After the description of a prototype (Spahr 1973), the first fully automated static 

perimeter (Octopus) became commercially available in 1977 (Spahr et al. 1978, 

Schmied 1980). The superiority of automated static perimetry over manual kinetic 

perimetry especially in detecting glaucomatous visual field loss has been 

demonstrated in many clinical studies (Heijl et al. 1980, Beck et al. 1985, 

Hotchkiss et al. 1985, Katz et al. 1995). At present, the most widely used 

automated static perimeter is the Humphrey Field Analyzer (Carl Zeiss Meditec 

Inc, Dublin, California, USA and Jena, Germany), which became commercially 

available in the early 1980s (Beck et al. 1985, Brenton et al. 1986). The static 

perimeter determines the individual DLS values, i.e. the minimum stimulus 

intensity that can be seen, at a fixed set of test locations using sophisticated 

computer algorithms. The commonly used stimulus size is 0.43° equating to the 

Goldmann stimulus size III. 

Most perimeters have different available methods, so called “test strategies”, 

to determine the DLS values. The standard test strategy is based on a technique 

where the stimulus luminance is varied up and down in steps (the so called 

staircasing or bracketing procedure) to define the DLS value, that is perceived by 

the patient with a probability of 50%, also known as the threshold (Weijland et al. 
2004). The standard test strategy of the Octopus (Haag-Streit Inc, Köniz, 

Switzerland) perimeter uses 4–2–1 strategy, where the threshold value is crossed 

three times, at first in 4 dB stimulus luminance steps, and thereafter in 2 dB steps, 

whereas the standard strategy of the Humphrey perimeter uses 4–2 strategy, 

where the threshold value is crossed twice. (Haley 1987, Weijland et al. 2004). 

Increasing the number of questions to obtain the threshold estimate could 

theoretically increase the accuracy of the threshold definition. However, increased 

test times simultaneously introduce fatigue artifacts, thus decreasing the quality of 
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threshold estimates (Heijl 1977, Johnson et al. 1988, Wildberger et al. 1988, 

Searle et al. 1991, Hudson et al. 1994). In order to decrease the test duration, 

equipment manufacturers offer different, faster, strategies, such as dynamic, 

GATE (German Adaptive Thresholding Estimation) and TOP (Tendency Oriented 

Perimetry) strategies of the Octopus perimeter and FASTPACK, SITA (Swedish 

Interactive Threshold Algorithm) and SITA fast strategies for the Humphrey 

perimeter (Bengsson et al. 1997, Heijl & Patella 2002, Weijland et al. 2004, 

Schiefer et al. 2009). The dynamic test strategy decreases the test time by 

adapting the stimulus luminance step size to the patient’s visual field defect depth, 

and the threshold value is crossed only once (Weijland et al. 2004). The GATE 

strategy uses a modified two reversal 4–2 staircase strategy, allowing exceptions 

in areas of deep or absolute defects, and takes the results from previous 

examinations into account (Schiefer et al. 2009). The TOP strategy tests each test 

location only once and extrapolates the local DLS values by utilizing the 

information obtained from the surrounding test locations with a mathematical 

algorithm using a five-step global thresholding technique (Weijland et al. 2004). 

The FASTPACK strategy uses a fixed 3 dB staircase step size and crosses the 

threshold only once, similar to the dynamic strategy (Schaumberger et al. 1995) 

The SITA strategies utilize a model of the visual field in determining the initial 

stimulus brightness and uses available information when calculating the threshold 

sensitivity (Bengtsson et al. 1997, Heijl & Patella 2002). The SITA strategy 

changes the test pace according to the patient’s responses and the stimulus 

presenting stops, when a predetermined level of testing certainty is reached, based 

upon the statistical consistency of the patient’s responses (Bengtsson et al. 1997, 

Heijl & Patella 2002). The SITA fast strategy accepts a lower level of testing 

certainty than the SITA strategy, thus reducing even more test duration than can 

be achieved with the SITA strategy (Bengtsson & Heijl 1998). 

2.3.3 Perimetric test grid 

Perimetry has several major clinical uses i.e. diagnostics and follow up of 

glaucoma, a disease which causes an irreversible visual field deterioration. It is 

therefore important to detect the visual field loss in the early course of the 

disease. Many studies have shown that increasing the test point condensation 

improves the detection rate of the visual field loss in glaucoma (Airaksinen et al. 
1983, Tuulonen et al. 1993, Westcott et al. 1997, Westcott et al. 2002), whereas 

some authors have doubted that the variation preceding glaucomatous visual field 
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loss can delay the confirmation of defect until the disturbed area is sufficient to be 

detected also with conventional 6 × 6 grid. (Heijl 1993). High spatial resolution 

perimetry has been used also in a number of other diseases (Chuang et al. 1987, 

Chen et al. 1990, 1992). However, condensing the test grids increases 

simultaneously the test duration, which furthermore extends the fatigue effect 

(Heijl 1977, Johnson et al. 1988, Wildberger et al. 1988, Searle et al. 1991, 

Hudson et al. 1994). With faster algorithms, the fatigue effect is shown to be 

weaker (Barkana et al. 2006). Standard automated perimetry, such as Humphrey 

24–2 and 30–2 grids, is usually based on a 6° × 6° rectangular grid with 50–80 

test points within 24–27° eccentricity from fixation, covering only about 1.5% of 

the visual field area being examined (Schiefer et al. 2007). The Octopus perimeter 

allows the selection of a 6° × 6° rectangular grid or for example a so called 

“G grid”, where the test point locations are arranged star-shaped, condensing 

towards the centre, corresponding to the topography of the retina and in particular 

to the retinal nerve fiber layer (Weijland et al. 2004)  

2.3.4 Individual test grids 

Due to above mentioned limitations, it is reasonable to condense the test points in 

the areas of interest. In 1996, Schiefer and Witte patented the method of 

individual test point condensation based on morphological landmarks of fundus 

photographs using the Tübingen computer campimeter (Schiefer et al. 1996a, 

Schiefer et al. 1996b, Schiefer et al. 1999). They called this method “Fundus-

Oriented Perimetry”. 

Glaucomatous visual field loss tends to progress in the vicinity of already 

damaged areas (Mikelberg et al. 1984, Mikelberg et al. 1986, Boden et al. 2004, 

Pascual et al. 2007). Condensing test grid individually on morphologically 

suspected areas increases the detection rate of glaucomatous visual field defects 

(Schiefer et al. 2001a, Schiefer et al. 2001b). By combining faster strategies with 

individually condensed grids it is believed that this will further improve the 

usefulness of this new method (Schiefer et al. 2009).  

Exact fixation control is emphasized when using higher spatial resolution 

(Sunness et al. 1995). Eccentric and unstable fixation is an important problem in 

cases of macular disorders with compromised foveal vision, as shown in studies 

concerning “fundus perimetry” or “microperimetry”, where the fixation is 

continuously controlled with simultaneous visualization of the retinal area being 

tested (Timberlake et al. 1982, Sunness et al. 1995, Midena et al. 2004). The 
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technique used in microperimetry differs fundamentally from the standard 

perimetry. The basic principle of microperimetry is continuously to maintain 

visibility to the fundus and simultaneously to test retinal sensitivity in selected 

areas (Trantas 1955, Meyers 1959). Earlier attempts of simultaneous use of 

visible light to fundus control and visual field testing have failed due to the high 

illumination levels required for accurate visualization of fundus details. The 

introduction of infrared retinal illumination during perimetry (Kani et al. 1977), 

enabled the development of microperimetry. Timberlake et al. (1982) described 

the method of using the scanning laser ophthalmoscope (SLO) to direct retinal 

perimetry in 1982. However, the SLO microperimeter is no longer commercially 

available, and new LCD microperimeters have been introduced (Rohrschneider et 
al. 2005). Orzalesi et al. (1998) used microperimetry in RNFL defects due to 

glaucoma or ocular hypertension. These workers found that microperimetry 

detected visual field loss in all cases of RNFL defects, whereas conventional 

perimetry detected the visual field loss in only about half of the cases. 

2.3.5 Kinetic perimetry today 

The clinician has to choose the most suitable type of perimetry for individual 

patient, taking into account both patient and disease characteristics. Goldmann 

kinetic perimetry (Goldmann 1945) has remained as the method of choice for the 

edge detection of advanced steeply bordered absolute scotomas. Since it permits 

analysis of the entire visual field within a moderate time, it is still widely used in 

monitoring patients with concentric constriction of the VF (Grover et al. 1998), 

hemianopia (Bruce et al. 2006) and in topics of social ophthalmological 

relevance, such as determining driving ability and in confirming visual disability 

or blindness. The Goldmann perimetry can show the real shape of a visual field 

defect extending outside the central 30°, as for example in optic neuritis and 

anterior ischemic optic neuropathy (Gerling et al. 1998). According to the Finnish 

evidence-based guideline for open-angle glaucoma (Tuulonen et al. 2003), kinetic 

perimetry is a useful tool in advanced glaucoma, and the guideline recommends 

using kinetic perimetry in determining the driving ability of glaucoma patients 

and in case of poor co-operation. Nonetheless, manual kinetic perimetry suffers 

many limitations including need for skilled perimetrist (Trobe et al. 1980), lack of 

standardization and auto-calibration procedures and impossibility of digital 

storage. Recently introduced computer-driven kinetic perimetry using Octopus-

perimeter has eliminated those limitations (Schiefer et al. 2001b, Rauscher et al. 
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2002, Schiefer et al. 2003b). This method has been shown to be very comparable 

to conventional Goldmann manual kinetic perimetry in advanced glaucoma, 

hemianopia and concentric constriction of the VF (Nowomiejska et al. 2005, 

Ramirez et al. 2008). If one combines the central static and peripheral computer-

driven kinetic perimetry one can gain the advantages of both methods without 

requiring examiner expertise (Pineles et al. 2006).  

2.4 Retinal nerve fiber layer 

2.4.1 Retinal nerve fiber bundle pattern 

The RNFL is comprised of the axons of the retinal ganglion cells projecting to the 

optic disc, where they form the optic nerve. The red-free light ophthalmoscopic 

appearance of the RNFL was first introduced by Vogt in 1913 and 1917 (Vogt 

1913, 1917). The axons of the ganglion cells positioned nasally to the optic disc 

take a direct course toward the optic disc while those of the ganglion cells 

temporally pass curvilinearily around the fovea. The superior temporal and the 

inferior temporal axons converge at the temporal raphe extending from the 

foveola to the temporal periphery of the retina. The RNFL thickness increases 

from the periphery to the optic disc being thickest inferiorly and superiorly 

(Radius 1980, Quigley et al. 1982a). The visibility of the RNFL increases 

simultaneously with the thickness. (Radius 1980, Quigley et al. 1982a) Optical 

coherence tomography (OCT) measurements have exhibited significant 

variability in the thickness of normal peripapillary RNFL according to age, 

ethnicity, axial length and optic disc area (Budenz et al. 2007).  

2.4.2 Imaging the RNFL 

Bright and fine striations in the retinal reflex by ophthalmoscopy or on red-free 

wide-angle fundus photographs, the inner layer of the RNFL, is most visible in 

inferior temporal region related to the optic disc, followed by superior temporal 

region, superior nasal region and finally the inferior nasal region (Jonas et al. 
1989). Photography of the RNFL was first introduced by Behrendt and Wilson in 

1965 (Behrendt et al. 1965). The visibility of the RNFL can be enhanced using 

short wawelength light, such as blue light, which is mainly scattered and reflected 

in the superficial retinal layers (Behrendt et al. 1966). Recent advances in 
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imaging technique have partially superseded the clinical use of RNFL 

photography, which is still complicated by difficulties to constantly obtain high 

quality images, in relation to the skillfulness of the photographer. Modern 

computer-based imaging devices, such as confocal scanning laser 

ophthalmoscopy (CSLO), scanning laser polarimetry (SLP), optical coherence 

tomography (OCT) and retinal thickness analyzer (RTA) can provide quantitative 

assessments of structural damage of the RNFL. CSLO uses 670 nm diode laser 

beam to scan the retinal surface in horizontal and vertical directions in up to 64 

coronal planes, each with 384 × 384 pixels. (Weinreb et al. 1989). The most 

widely used commercially available CSLO is the Heidelberg retinal tomograph 

(HRT) (Heidelberg Engineering, Heidelberg, Germany), which provides 

3-dimensional topographic images of the optic disc and adjacent RNFL with 

15° × 15° measurement area. HRT measures the RNFL thickness indirectly by 

quantifying retinal height along a contour surrounding the optic disc and 

subtracting the height of the reference plane (Trick et al. 2006). The most current 

commercial version of the SLP, the GDx ECC (Carl Zeiss Meditec Inc, Dublin, 

California, USA) uses a polarized 780 nm diode laser beam, which passes through 

the birefringent RNFL, creating a measurable phase shift which can be correlated 

to the RNFL thickness (Reus et al. 2006, Sehi et al. 2007). It is designed to 

provide a measure of RNFL thickness within a 20° × 20° measurement area at 

once. OCT produces cross-sectional images of the posterior ocular structures, 

including the RNFL and optic disc using a near infrared 820 nm diode laser beam. 

The examined structure is assessed by measuring the temporal delay of the back-

scattered infrared light (Huang et al. 1991). The current commercially available 

ophthalmic time domain OCT (Stratus OCT; Carl Zeiss Meditec Inc) takes 128 to 

768 axial samples with a 29° × 23° measurement area in a single scan. RTA uses 

540 nm green helium-neon laser, which is projected obliquely on the retina, and 

the reflections from the different retinal layers are collected to measure the retinal 

thickness (Zeimer et al. 1989, 1996). The first three devices detect a localized 

RNFL loss or structural change of the optic nerve head rather similarly (Medeiros 

et al. 2004, DeLeón-Ortega et al. 2006, Badalà et al. 2007, Windisch et al. 2009). 

DeLeo´n-Ortega et al. (2006) compared the ability of the first three devices and 

optic disc stereophotographs to detect early glaucoma, and found that the 

qualitative evaluation of optic disc stereophotographs performed slightly better 

than CSLO, SLP or OCT. Later, Badalà et al. (2007) reported no difference 

between the stereophotographs and these three devices. A recent study comparing 

the ability of the first three devices and stereoscopic colour fundus photographs 
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showed that approximately 20–40% of localized RNFL defects identified by 

photographs were not detected by CLSO, SLP or OCT (Windisch et al. 2009). Ma 

et al. (2008) compared RTA with the first three devices (Ma et al. 2008). This was 

the only study in the literature which has compared all four devices. Ma et al. 
examined a small group of glaucoma patients and found a significant correlation 

in many of the parameters between the RTA and the other devices. However, the 

numeric values were slightly different, which might have been attributable to the 

difference in the laser light source used or in the analysis methods. (Ma et al. 
2008.) The benefit of the new imaging devices in addition to or as a substitute for 

the older methods has not yet been reliabily evaluated.  

2.4.3 RNFL loss during ageing 

Histological studies have reported a linear decay of ganglion cell axons with an 

increase in age (Dolman et al. 1980, Balazsi et al. 1984). Studies with the newer 

imaging devices, which enable thickness measurements of the RNFL, have 

confirmed that ageing does induce a reduction of the RNFL thickness (Chi et al. 
1995, Schuman et al. 1995, Weinreb et al. 1995, Poinoosawmy et al. 1997, 

Alamouti et al. 2003, Kanamori et al. 2003, Budenz et al. 2007, Parikh et al. 
2007, Harwerth et al. 2008), which is not uniform in all quadrants, but according 

to Poinoosawmy et al. (1997) and Parikh et al. (2007), it affects most severely the 

superior quadrant. Weinreb et al. (1995) defined almost equal reduction of the 

RNFL thickness in the superior and inferior quadrant, whereas Kanamori et al. 
(2003) found the highest thickness reduction in the temporal quadrant. The 

amount of age-related thinning of total RNFL thickness in normal, healthy eyes 

has been reported to vary from 0.2%/year (Budenz et al. 2007) to 0.27%/year 

(Harwerth et al. 2008) as measured with OCT. 

2.4.4 RNFL loss in glaucoma 

RNFL evaluation in glaucoma was first introduced by Hoyt and Newman in 1972, 

when they suggested that slit-like defects in the inner retinal layer may represent 

early manifestations of glaucoma (Hoyt et al. 1972). One year later Hoyt et al. 
(1973) reported the association of RNFL defects with optic disc notching and 

visual field defects. Sommer et al. (1977) confirmed that RNFL defects are more 

commonly found in patients with evident visual field loss. Quigley et al. (1980) 

reported that in early glaucoma, localized defects predominate, while 
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subsequently a diffuse loss is more characteristic. Later, it has been reported that 

diffuse RNFL loss is more common than localized wedge-shaped defects 

(Tuulonen et al. 1991, Chihara et al. 1992, Jonas et al. 1993a, Jonas et al. 1994). 

Jonas and Schiro (1994) reported that in low tension glaucoma, however, about 

half of the patients show localized defects. Glaucomatous RNFL loss progress 

both diffusely and locally (Tuulonen et al. 1991). 

2.4.5 Correlation of the RNFL, optic disc and the visual field 

There is strong evidence for a correlation between the results of the examination 

of the RNFL and morphological variables of the optic disc and perimetric indices 

in both earlier studies based on fundus photographs and newer studies with 

modern computer-based diagnosing tools (Hoyt et al. 1972, 1973, Hitchings et al. 
1977, Airaksinen et al. 1983, Airaksinen et al. 1985a, 1985b, Drance et al. 1986, 

Airaksinen et al. 1990, Baun et al. 1990, Lachenmayr et al. 1991, Chihara et al. 
1992, Lee et al. 1997, Eid et al. 1997, Tole et al. 1998, Jonas et al. 1999, Garway-

Heath et al. 2002, Reus et al. 2004, Wollstein et al. 2004, Magacho et al. 2005, 

Danesh-Meyer et al. 2006, Strouthidis et al. 2006, Ajtony et al. 2007, DeLeón-

Ortega et al. 2007, Kanamori et al. 2008, Nagai-Kusuhara et al. 2009). The 

correlation between the changes detected by automated perimetry and the 

structural changes in glaucoma (RNFL defects and optic nerve head cupping) is 

on average 35% (from 22 to 59%) mainly because the structural changes and the 

perimetric changes do not appear simultaneously (Tuulonen et al. 2003). RNFL 

changes have been shown to precede permanent optic disc morphological 

damage, such as notching of the neural rim and/or concentric enlargement of the 

cup in the region, where the RNFL defect confronts the optic disc margin (Hoyt 

1973, Airaksinen et al. 1981, Tuulonen et al. 1990, Quigley et al. 1994, Katz et 
al. 1997). RNFL changes have been shown to precede also visual field loss. 

Sommer et al. showed first that the RNFL changes preceded visual field loss by 

up to 5 years (mean 1.5 years) as measured by standard automated perimetry 

(SAP) (Sommer et al. 1977), and later Sommer et al. (1991) reported of as much 

as 6 years’ delay between the appearance of the RNFL defect and detection of 

visual field loss. This delay has been confirmed also in many other studies 

(Quigley et al. 1980, 1982a, Airaksinen et al. 1983, Quigley 1986, Tuulonen et al. 
1993). The delay between RNFL defect and detection of visual field loss is, 

however, highly dependent on the used perimetric test method. This can be seen 

for example in two works of Quigley et al. (1982b, 1989), where the workers 
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demonstrated that up to 50% of retinal ganglion cells could be lost before defects 

were visible on Goldmann manual perimetry (Quigley et al. 1982b). In contrast, a 

20% loss of retinal ganglion cells could be detected with a 5dB defect in 

automated perimetry (Quigley et al. 1989). The delay can be further shortened 

using individually condensed grids in regions of RNFL defects as described 

earlier in chapter 2.3.4 (Individual test grids).  

Hood et al. (2007, 2008) reported a linear relationship between the local 

RNFL thickness and the corresponding visual field sensitivity with the 

conclusion, that structural and functional damage occur simultaneously. 

Nonetheless they did agree with the statement that structure precedes function if 

that means that a structural test can detect a statistically significant change before 

any functional test. (Hood et al. 2007, 2008.) 

2.4.6 Modeling the RNFL 

Several studies have produced different anatomical maps by combining the optic 

nerve head, RNFL and the visual field using RNFL photographs (Wirtschafter et 
al. 1982, Weber et al. 1990, 1991, Garway-Heath et al. 2000) or newer imaging 

devices (Gardiner et al. 2005, Harwerth et al. 2007, Ferreras et al. 2008, 

Kanamori et al. 2008) in attempts to clarify the relationship between structural 

and functional changes in glaucoma. Wirtschafter et al. (1982) divided the optic 

nerve head into 15 sectors, and specified the corresponding visual field test points 

and Weber et al. (1990, 1991) claimed that they could achieve a close 

correspondence to the anatomical course of the RNFL, but in the year 2000 the 

first complete map showing the asymmetry between the superior and inferior part 

of the visual field reflecting the position of the optic nerve head above the 

horizontal meridian was produced by Garway-Heath et al. (2000). A quantitative 

structure-function association between the RNFL and the visual field was 

assessed by Gardiner et al. (2005) using HRT and SAP measurements, and by 

Harwerth et al. (2007), Ferreras et al. (2008) and Kanamori et al. (2008) using 

OCT and SAP. Kanamori et al. (2008) represented a new topographic visual field 

map showing the same asymmetry in the visual field test locations and RNFL 

sectors between the upper and lower hemifields. Their map was somewhat 

different from the map produced by Garway-Heath et al. (2000). This difference 

could mainly be explained by the different location of the measurements; 

Garway-Heath and colleagues used the optic disc margin, whereas the OCT used 

by Kanamori et al. measured the RNFL thickness away from the optic disc 
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margin. Wigelius (2001) was first try to construct a mathematical model of the 

RNFL to estimate local RNFL thickness. A recent RNFL model by Airaksinen et 
al. (2008) describes the whole RNFL with discrepancies between their theory and 

the measurement of about 4–7° with a standard deviation ranging from 5° to 10°. 
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3 Purpose of the present study 

This study was carried out to investigate the inter-individual variability in the 

structure of the human retinal nerve fiber layer and in the structure of the hill of 

vision, and to utilize the knowledge of nerve fiber course and the possibility of 

individual test point arrangements and different test strategies in visual field 

examination.  

The specific topics of the present study were: 

1. To develop a mathematical model of the average course and variability of 

human retinal nerve fiber bundle trajectories (I) 

2. To analyze the inter-individual variability in the nerve fiber bundle course (I) 

3. To create a smooth mathematical model describing age-corrected hills of 

vision for the 80° visual field using the Octopus 900 perimeter (II) 

4. To utilize the knowledge of the RNFL and of the hill of vision in visual field 

examination by comparing the detection rate of glaucomatous progression 

between individually condensed stimulus arrangements and a conventional 6° 

× 6° grid (III) 

5. To compare the characteristics of different visual field test strategies in the 

detection of visual field defects and in the follow up of advanced glaucoma 

(IV, V) 
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4 Materials and Methods 

4.1 Subjects 

4.1.1 Mathematical model of the human RNFL (I) 

Digitized fundus images of 65 eyes of 65 subjects from the glaucoma services of 

five centers (University Eye Hospital Oulu, Finland; University Eye Hospital 

Mannheim, Germany; Hamilton Glaucoma Center, University of California, San 

Diego, USA; University Eye Hospital Freiburg, Germany; Centre for 

Ophthalmology, University of Tübingen, Germany) were evaluated. Images of 10 

eyes were excluded because the foveola could not be located precisely. One 

randomly chosen eye of each subject was included in the study. Thus, fundus 

images of 55 eyes of 55 subjects were analyzed.  

4.1.2 Model of the hill of vision (II) 

Eighty-eight volunteers went through a detailed ophthalmological examination by 

an ophthalmologist. Criteria for subject eligibility consisted of normal ocular 

history without any kind of eye surgery (except cataract surgery), amblyopia, 

strabismus, ocular motility disorders, retinal pathologies, glaucoma, suspicion of 

glaucoma, ocular hypertension or any other optic neuropathies or other neuro-

ophthalmological diseases, and of normal ocular findings including color vision 

(Ishihara Standard Pseudoisochromatic Plates), intraocular pressure, pupil 

diameter, refractive media, optic disc and retinal appearance. The maximum 

spherical ametropia was ± 6.00 diopters and the maximum cylindrical ametropia 

was ± 2 diopters. The best corrected distance and near visual acuities were equal 

to, or better than 20/20 and 1.0, respectively, for those aged up to 60 years; better 

than 16/20 and 0.8 for those aged between 60 and 70 years; and better than, or 

equal to, 12/20 and 0.6 for those aged more than 70 years. Patients with mental or 

neurological diseases; acute infections; diabetes mellitus, diabetic retinopathy; 

history of coronary heart disease, stroke, migraine, vasospasm/ Raynaud`s 

disease; miotic drugs; drugs indicating severe general diseases (e.g. anti-diabetic 

or anti-hypertensive medication for subjects up to 70 years) drugs influencing 

reaction time; pregnancy, nursing; heavy smoking (> 10 cigarettes per day), 

alcohol abuse; suspected lack of co-operation were excluded. The examined eye 
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was randomized to be either the dominant or the non-dominant eye as determined 

by the Rosenbach`s fixation test (Rosenbach 1903). Two subjects did not fulfill 

the criteria and were excluded, and thus 86 eyes of 86 subjects were examined 

with three different test strategies (normal, dynamic and GATE-i) in a random 

order.  

4.1.3 Detection of glaucomatous progression applying locally 
condensed stimulus arrangements (III) 

The visual function of 41 glaucomatous eyes of 41 patients (16 females, 25 

males) aged from 37 to 75 years with adequately treated glaucoma stage 1 or 

higher according to Mills classification as shown in Table 2 (Mills et al. 2006) 

was analyzed retrospectively. The diagnoses included 34 primary open angle 

glaucoma, 4 low tension glaucoma, 1 pigmentary glaucoma and 2 not defined 

glaucoma. All patients fulfilled the European Glaucoma Society (EGS) criteria 

(European Glaucoma Society 2003) with unequivocal glaucomatous alterations of 

optic nerve head morphology and / or retinal nerve fibre layer (RNFL), and 

manifest visual field defects. 
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Table 2. Mills glaucoma staging system based on Humphrey visual field printouts. 

dB=Decibels; MD=mean deviation;PD=pattern deviation (Mills et al. 2006). 

Glaucoma Staging System Stage Definitions and Severity Criteria (Stages 0 Through 5) 

Stage 0: No or minimal defect/ocular hypertension. Does not meet any criteria for stage 1. 

Stage 1: Early defect 

MD ≤ −6.00 dB 

+ at least one of the 

following 

On PD plot, a cluster of 3 

or more points in an 

expected location of the 

visual field depressed 

< 5% level, at least  

1 of which is < 1% level 

Corrected pattern standard 

deviation/pattern standard 

deviation significant at 

P < 0.05 

Glaucoma hemifield 

test “Outside Normal 

Limits” 

Stage 2: Moderate 

defect  

MD of −6.01 to −12.00 

dB 

+ at least one of the 

following 

On PD plot 25–50% of 

points depressed < 5% 

level, and  

15–25% of points < 1% 

level 

≥ 1 point within central 5° 

with sensitivity of < 15 dB 

but, no point within central 

5° with sensitivity of < 0 dB 

Only in 1 hemifield a 

point with sensitivity 

< 15 dB within 5° of 

fixation 

Stage 3: Advanced 

defect 

MD of −12.01 dB to 

−20.00 dB  

+ at least one of the 

following 

On PD plot 50–75% of 

points depressed < 5% 

level and  

25–50% of points < 1% 

level 

Any point within central 5° 

with sensitivity of < 0 dB 

In both hemifields a 

point(s) with sensitivity 

< 15 dB within 5° of 

fixation 

Stage 4: Severe defect 

MD of −20.00 dB  

+ at least one of the 

following 

On PD plot ≥ 75% of 

points depressed < 5% 

level and  

≥ 50% of points < 1% 

level 

At least 50% of points within 

central 5° with sensitivity of 

< 0 dB 

In both hemifields 

> 50% of points with 

sensitivity < 15 dB 

within 5 degrees of 

fixation 

Stage 5: End-stage disease 

Unable to perform Humphrey visual fields in “worst eye” attributable to central scotoma or “worst eye” 

visual acuity of 20/200 or worse attributable to primary open-angle glaucoma. “Best eye” may be any 

stage. 

If a patient meets the MD criteria for a particular stage (stages I to IV) but fails to meet one of the 

additional criteria for that stage, then the patient is categorized in the preceding stage. 

If a patient meets the MD criteria for a particular stage (stages I to IV), and meets one of the additional 

criteria for a succeeding stage, then the patient is categorized in the succeeding stage 

If a patient meets the MD criteria for a particular stage (stages I to IV), and meets one or more of the 

additional criteria for a preceding stage as well as one or more of the criteria for a succeeding stage, then 

the patient is categorized in the original stage on the basis of MD criteria. 
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4.1.4 Semi-automated kinetic perimetry in advanced glaucoma (IV) 

Twenty patients (11 male, 9 female) aged 38 to 83 years with advanced visual 

field loss (Aulhorn stage III–IV, see chapter 4.25, Aulhorn et al. 1977) from the 

daily outpatient glaucoma clinic over a time period from 2/04 to 8/04 in 

Tuebingen University Eye Hospital were examined. Each patient underwent a 

routine ophthalmologic examination, and had to meet the following inclusion 

criteria: at least 18 years of age, |spherical ametropia| < 8 D; |cylindrical 

ametropia| < 3 D; best refracted central visual acuity > 10/20; isocoria; pupil 

diameter > 3 mm; no squint, amblyopia, nystagmus, albinism or other diseases 

additionally affecting the VF (e.g., macular degeneration, retinal detachment, 

retinal vein or artery occlusion, optic nerve head drusen, diabetic retinopathy) 

except for glaucoma with Aulhorn stage III to IV. If both eyes fulfilled the 

inclusion criteria, the eye with more advanced defects in the VF was examined. 

4.1.5 Visual field changes in optic neuritis (V) 

The local database of Tübingen University Hospital’s Department of 

Ophthalmology included 500 patients with suspected or diagnosed optic neuritis 

between August 1997 and October 2006. From those, 99 (26 men [26%], 73 

women [74%]) fulfilled all the inclusion criteria: clinically diagnosed, untreated 

optic neuritis with a relative afferent pupillary defect (RAPD, not quantified) 

assessed with the swinging flash light (SFL) test in association with either a 

visual field defect or reduced visual acuity in the affected eye, an appropriate age, 

≤8 days of (commonly) one-sided visual symptoms and no other 

ophthalmological diseases. At least one VF examination with the Tübingen 

Automatic perimeter (TAP) (Oculus Inc, Dudenhofen, Germany) or the Octopus 

101 perimeter (Haag-Streit Inc, Köniz, Switzerland) had to have been recorded. 

Patients without visual field examination data and patients with insufficient 

documentation were excluded from the study. Fifty-two patients had right opic 

neuritis, 48 had left optic neuritis, both including one bilateral optic neuritis. All 

100 affected eyes were included in the analysis. The definite diagnosis behind the 

optic neuritis was not found or not documented in 62% (61/99) of the patients. 

Multiple sclerosis was diagnosed in 24% (24/99) and was suspected in three of 99 

patients. There were nine of 99 patients whose condition was caused by 

systematic infection, and two of 99 had other causes (side-effects from hepatitis 

AB-vaccination and oral antihistamines). Fifty-two of 99 patients received 
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corticosteroid megadose therapy (one patient had an additional immuno-

modulatory treatment). One patient was treated with non-steroidal anti-

inflammatory drugs only. Thirty-six patients received no treatment. Treatment 

was not documented in ten cases. 

4.2 Methods 

4.2.1 Mathematical model of the human RNFL (I) 

All visible retinal nerve fiber bundles were electronically traced as far as visible. 

Twenty seven of 55 fundus images were used to fit the nerve fiber trajectories by 

a mathematical model. The remaining 28 images were reserved as a test sample in 

order to provide an independent check of the model. The position of the foveola 

and the center of the optic disc were marked on each image. The images were 

superimposed by translation in order to center the foveola, followed by rotation 

and zooming to align the centers of the optic discs, using graphic software 

(CorelDraw 10.0, Corel Inc, Ottawa, Canada), (see Fig. 2A). Tracings from the 

left eyes were mirrored along the vertical axis to match tracings from the right 

eyes. The trajectories of the fibers were fitted in a modified polar coordinate 

system (r= the distance from the center of the disc, and φ= the corresponding 

angle), with its center located in the center of the optic disc at an eccentricity of 

15°, 2° above the horizontal meridian (see Fig. 2B). The basic assumption was 

that a nerve fiber trajectory can be described in the above mentioned polar 

coordinate system (r,φ) by (1): 

 ( ) 0( )

0 0 0 0( , )  ( ) ,
cr b r r ϕϕ ϕ ϕ ϕ= + ⋅ −  (1) 

where φ0 = φ(r = r0) is the angular position of the trajectory at its starting point at 

a circle with radius r0 around the center of the disc, b is a real number and c is a 

positive real number. In this study, the analyses were limited to the superior (with 

180 ≥ φ0 > 60°) and inferior (with −60 ≥ φ0 > −180°) regions. The fitting process 

consisted of three phases. First, all individual fibers were fitted by Eq. (1). In this 

fitting, c was quantified to (0.5, 1.0, 1.5, ...) and for each value of c, root mean 

square (RMS) values were calculated for each fiber according to (2): 
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where n is the number of sampled data points in the fiber, φi the measured value 

of φ for the i-th data point and ˆiϕ  the corresponding fitted value. The c value 

yielding the lowest RMS value was recorded. Next, c was plotted as a function of 

φ0 for all fibers together and the resulting relationship was substituted in Eq. (1). 

Finally, all fibers were fitted again to evaluate b as a function of φ0, including 

95% limits (the range of b covering 95% of the included fibers). The variability of 

ln(b) was assumed to be independent of φ0 and the 95% limits were calculated as 

plus or minus two times the standard deviation of the residuals, assuming a 

normal distribution of the data. Normality was checked using a Shapiro-Francia 

W' test (Altman, 1991). All fits were performed with ASYST 3.10 (Asyst 

Software Technologies, Rochester, New York, USA), using the curve.fit and 

gauss-newton.fit routines. As an independent check, b values were determined for 

a test sample of fibers from a second, independent group of 28 fundus images, 

using c as a function of φ0 as determined before. The resulting b values were 

compared to the 95% limits of b as found using the original sample. An inverse of 

the model was evaluated numerically. For each point of the 30–2 6×6° grid of the 

Humphrey field analyzer (Carl Zeiss Meditec Inc, Dublin, California, USA), the 

average value and the 95% limits of the corresponding angular location at the 

optic nerve head circumference were determined. These angular locations were 

transformed from our modified polar coordinate system to regular clock hours 

(with 0o corresponding to 3 o’clock in the right eye, and so on), to enable an 

easier interpretation. For the inverse model, Mathematica 4.0.1.0 (Wolfram 

Research Inc, Champaign, Illinois, USA) was used. 
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Fig. 2. Illustration of the superimposition process. First, the images are translated in 

order to center the foveolae. Next, the images are zoomed and rotated in order to 

center the optic disks (A). Illustration of the modified polar coordinate system (B). 

4.2.2 Model of the hill of vision (II) 

VFs were examined with the Octopus 900 perimeter, using three different 

strategies (normal, dynamic and GATE-i), but for this study, only VFs examined 

with the GATE-i strategy were used in the further analyses. GATE-i (“i“ stands 

for initial) uses an algorithm which is based on an altered “4–2 dB” staircase 

strategy. After testing pre-defined seed locations and comparing them to the age 

corrected normal hill of vision, the seed location with the smallest absolute 

deviation from the normal hill of vision is used to translate the values of the entire 

hill of vision. For the remaining locations, testing starts slightly above the 

expected normal threshold. Resulting in a positive answer, a 4–2 staircase strategy 

is performed until two reversals. Resulting in a negative answer, a stimulus of 

maximum brightness is presented. The interrogation is terminated if this stimulus 

cannot be seen. In the case of a positive answer to the maximal stimulus intensity, 

BA
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the 4-2 staircase procedure starts from 4 dB brighter than initial stimulus at that 

location. The value between the dimmest stimulus seen and the brightest stimulus 

not seen is designated as the local threshold. The GATE algorithm, which is 

applied in subsequent sessions, reverts to previously determined local thresholds 

instead of referring to age related normal values as is the case in GATE-i 

(Schiefer et al. 2009). The test grid extending up to 80° in the temporal periphery 

consisted of 86 stimuli which were condensed towards the centre. White stimuli 

with the size of Goldmann III (0.43°) were used. Stimulus duration was 200 ms 

and the inter-stimulus interval was 1200 ms. The maximum stimulus luminance 

was approximately 1 280 cd/m2 (4 000 asb). Accordingly, a stimulus luminance of 

1 280 cd/m2 is equivalent to 0 dB. The background luminance was set to10 cd/m2. 

False-positive (FP, positive response without any stimulus presented) and false-

negative (FN, no response to brightest possible stimulus in a given location with a 

documented response to a previously presented dimmer stimulus) catch trials 

were presented for quality control. The results of the left eyes were mirrored 

along the vertical axis. Local DLS values below 1 dB were excluded from the 

analyses. Points inside the blind spot were also excluded for modelling the hill of 

vision. The known factors (i.e. stimulus location and age of the subject) which 

affect local DLS values of healthy people in the variables were included for 

modelling the hill of vision (Goldmann 1945, Drance et al. 1967, Brenton et al. 
1986, Haas et al. 1986, Schwabe et al. 2001). We exploited the earlier knowledge 

of the profile of the hill of vision and how it is influenced by ageing (Katz et al. 
1986, Lorch et al. 2001, Schwabe et al. 2001): a pointed summit in the centre, 

followed by a gentle slope or even a plateau, which is larger towards the temporal 

and inferior hemispheres and subsequently increasing steepness towards the 

periphery. Ageing reduces local DLS values to a greater extent in the mid-

periphery and periphery than in the central VF, resulting in an overall steeper 

profile of the hill of vision in older subjects (Schwabe et al. 2001). The model for 

the hill of vision in the Octopus 900 was defined using the responses in all 86 test 

locations, obtained with the conventional strategy, which was conducted on the 

same day. This model was then fitted to the DLS values, obtained with the GATE-

i strategy to estimate DLS values at any VF location. The modelling procedure 

has been described by Schwabe et al. (2001). We modified the model to better fit 

the normative data set, using the JMP software (version 5.1, SAS Institute Inc, 

Cary, North Carolina, USA, 2003) including only those interaction terms that 

increased the adjusted R2 (coefficient of determination). R2 was used to evaluate 

the fit of the model with respect to the measured values. 
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The volume of the hill of vision was calculated by computational integration 

of the triangulated surface defined by the DLS values of the visual field. This 

procedure was carried out on the real data measured in the examination of a 

subject and on the data suggested by the above mentioned model for the subject. 

The mean volume of the hill of vision (MVHOV) was calculated as dB × deg2 and 

served as an analogue to mean sensitivity (MS). MVHOV was assessed separately 

for the entire (80° eccentricity) hill of vision (MV80-HOV) and its central 30° 

eccentricity sub-region (MV30-HOV).  

4.2.3 Detection of glaucomatous progression applying locally 
condensed stimulus arrangements (III) 

Examinations were conducted with the Tübingen Computer Campimeter (TCC, 

manufactured at the Tübingen University Eye Hospital) or with the Octopus 101 

perimeter (Haag-Streit Inc., Koeniz, Switzerland). For both perimeters, a grid 

similar to the Humphrey pattern 30–2 (6°× 6° grid) with 72 locations was used. In 

all visual field examinations, additional test points were inserted between the 

original “coarse” stimulus arrangements. Regions of interest (ROI) were defined 

by the examiner to locally enhance spatial resolution in visual field areas related 

to anatomically suspicious regions such as notches, haemorrhages, and 

circumscribed RFNL defects or in areas related functionally to circumscribed 

visual field defects according to the established relationship between the RNFL, 

the optic disc and the visual field (Airaksinen et al. 1985a, 1985b, Westcott et al. 
1997, Orzalesi et al. 1998, Garway-Heath et al. 2000). Test point condensation 

was increased within the ROI, such that the total number of test points did not 

exceed 160. The individually specified locally condensed grids remained the 

same during the whole study in all patients. The follow-up period varied from 1.3 

to 8.6 years with the interval between the examinations varying from 2 to 29 

months.  

Scotomata in baseline exams were defined as clusters of at least three 

contiguous visual field locations (total deviation (TD) p < 0.05, with at least one 

p < 0.01) (Mills et al. 2006). Any two visual field locations were considered as 

contiguous if they were neighboured in vertical, horizontal or oblique directions 

within the 6° × 6° distance. A progressing visual field series was defined by the 

presence of a cluster of at least three contiguous, progressive, non-edge testpoints 

(Katz et al. 1991, The Advanced Glaucoma Intervention Study Investigators 

1994) not crossing the horizontal midline (Vonthein et al. 2004) in two 
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consecutive examinations in at least two of the same test locations according to 

the criteria defined in the European Glaucoma Prevention Study (Miglior et al. 
2002) using modified pointwise linear regression (Gardiner et al. 2002) with trend 

analyses. Pointwise linear regression is a method used to detect alterations at each 

individual test location by arranging the achieved DLS values of an individual test 

location over a patient’s examination series in a chronological order, and then 

fitting a line through those values. If the slope of the achieved line is significantly 

below zero, the test location is classified as progressive. (Holmin & Krakau 1982, 

Fitzke et al. 1996.) Subsequently trend analyses fit linear regression to DLS 

values and compare the obtained slope to the distribution of slopes from 

hypothetically non-progressing thresholds. In the Advanced Glaucoma 

Intervention Study (AGIS), a nasal defect was considered to be a group of three 

or more contiguous depressed points that may cross the horizontal midline, and 

progression was not directly defined by progressive changes in clusters of 

depressed points, but by a scoring system as an increase in the score by 4 units or 

more in three consecutive follow-up fields (The Advanced Glaucoma Intervention 

Study Investigators 1994).  

Progressing visual fields series were assessed for the patterns in which their 

locations progressed relative to the initial scotomata. Progression of existing 

scotoma could occur in depth, size, or both depth and size. In addition to changes 

to existing scotomata, the occurrence of a new scotoma was assumed if there 

appeared a cluster of at least three pathological test points (TD p < 0.05 with at 

least one p < 0.01) (Mills et al. 2006) within an initially normal area not adjacent 

to a previously identified scotoma in two consecutive examinations in at least two 

of the same test locations. The detection rate of progression in locally condensed 

grids was compared to the 6° × 6° grid. The median time to confirmed detection 

of progression with the spatially condensed grids was compared to that with the 

6° × 6° grid. 

Event analyses were additionally employed to detect abrupt changes of local 

DLS at any test location during the follow up sessions. Event analyses compare 

thresholds in prior exams to those in subsequent exams and compare the observed 

threshold changes to empiric distributions of threshold changes from stable 

glaucoma patients. An event was defined as an abrupt local deterioration of DLS 

by more than –10dB between any two examinations. Additionally, clusters of 

three or more contiguous test locations representing an “event” were evaluated. 

Furthermore, we assessed the events inside a region of interest, inside a cluster 

and the distribution depending on the eccentricity. 
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4.2.4 Semi-automated kinetic perimetry in advanced glaucoma (IV) 

The VFs of 20 eyes of 20 patients were examined using the Octopus 101 

perimeter (Haag-Streit Inc., Koeniz, Switzerland) within four consecutive 

sessions every 3 months. The recently developed semi-automated kinetic 

perimetry (SKP) method and automated static perimetry (ASP) were applied in a 

random order, both being conducted at a background luminance of 10 cd/m2. ASP 

was performed using a threshold-oriented, slightly supraliminal strategy using the 

size of the Goldmann stimulus III, and a grid with 191 test locations within the 

central 30°. Stimuli were arranged in a circular, near symmetrically-rotated order 

with the test point density increased towards the centre, most of the points were 

located on radial lines at every 15 degrees. Stimulus duration was 200 ms, 

maximum luminance was 320 cd/m2. The cut-off points of all reliability 

parameters (false positive and false-negative catch trials and fixation loss) were 

33%. 

For the SKP examination procedure, the examiner chooses and defines the 

origin and direction of kinetic targets with the help of so-called vectors, which are 

defined manually interactively using a computer mouse or an electronic pen on 

the computer touch screen. The stimulus appears and moves under computer-

control along these vectors with pre-selected angular velocity of 3°/s (2°/s for the 

I4e stimulus for detecting the blind spot) until the movement is terminated by the 

response of the patient. Angular velocity of 3°/s was used, to minimize variance 

(Johnson et al. 1987, Wabbels et al. 2001). The vectors were always directed from 

the blind areas, at least 3° outside the presumed visual field border, towards intact 

areas of the visual field in a randomized order. The vectors were positioned with a 

distance of 15 degrees, i.e. 24 vectors for each isopter. Individual reaction time 

was recorded by presenting eight reaction time vectors within the intact area of 

the VF and as near as possible to the centre of the VF. The Goldmann stimuli 

III4e, I4e and at least one dimmer stimulus (I3e or I2e) chosen by the examiner 

was used to achieve distribution of the isopters in an almost equidistant manner 

on the individual hill of vision, with at least one isopter being located within the 

eccentricity of 15°. After completion of both examinations, the patients were 

asked to complete a questionnaire about their subjective preference for either SKP 

or ASP. 

The intact VF area at each perimetric examination was assessed using 

Delaunay triangulation with the Mathematica software. In order to assess the 

intact VF area for ASP, a virtual isopter was created located in the middle of the 
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position of defective and intact visual field regions. The stimuli III4e and I4e 

were used to assess the intact VF area for SKP. The VF area change was evaluated 

by analyses of covariance (ANCOVA) with covariable time, patient effect and 

their interaction. The VFs were analyzed by comparing the intact VF areas 

between examinations (i.e., baseline VFs of SKP and ASP with follow-up VFs of 

both methods and SKP with ASP from the same session) by calculating the ratios 

(R) of the intersection area (the largest area that is inside both the SKPs and the 

ASPs VF area) and the union area (the largest area that is inside either SKPs or 

ASPs VF areas) of VFs obtained by superimposing corresponding VFs. Three 

different ratios were calculated: R-kk comparing SKP with SKP, R-ks comparing 

SKP with ASP and R-ss comparing ASP with ASP. Median and 95% reference 

intervals (RI) for the ratio (R) were estimated. Since the distribution of ratios R 

could not be described by a parametric distribution function, 2.5% and 97.5% 

quantiles were estimated by the third smallest and third largest of 80 values, when 

static and kinetic perimetries were compared, or the second smallest and second 

largest of 60 values, when the follow-up intact VF areas were compared to the 

baseline intact VF areas.  

4.2.5 Visual field changes in optic neuritis (V) 

The patients were examined with TAP or Octopus 101, using a threshold oriented, 

slightly supraliminal (> 5 dB) static automated grid perimeter with 191 locations 

within the central 30° VF, with background luminance 10 cd/m2. Stimulus 

characteristics were: size 10′ with TAP and 26′with Octopus 101, duration 200 

ms, maximum luminance 1000 cd/m2 with TAP and 320 cd/m2 with Octopus 101. 

If the maximum luminance level was not perceived after one repetition, this 

location was regarded as an absolute VF defect. Five luminance levels (1–5, five 

dB apart) were used to assess the depth of a relative defect. With regard to 

reliability indices, ”fixation loss” was not considered due to the frequently 

occurring affection of the central visual field in these patients. The cut-off criteria 

for false-positive and false negative catch trials were both set as 33%. VF defects 

were classified according to standard neuro-ophthalmological categories, using 

the most prominent pattern of the VF defect (Bajandas et al. 1988, Schiefer et al. 
1995). If the patient was not able to perform automated static perimetry due to 

poor visual acuity or due to the presence of a large central scotoma, a kinetic 

perimetry examination using the Tübingen Manual Perimeter (TMP) or Semi-

Automated Kinetic Perimeter (SKP, Octopus 101) was conducted. Visual fields 
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were classified by their location, shape and density into one of the disjoint and 

exhaustive categories as follows:  
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The patients’ visual acuities and the definite diagnosis causing the optic neuritis 

were retrieved from a daabase. The affected right and left eyes were analysed 

separately, to evaluate any side preference. The local spatial frequency 

distribution of absolute and relative VF loss at each of the 191 stimulus locations 

was determined in all affected eyes, in order to detect any potential preference for 

specific VF locations. The VF data of men and women were analysed both 

separately and together. The categorization was made independently by three 

skilled VF interpreters blinded to each other’s assessments. Discordant findings 

were decided by this group in consensus. To assess the test–retest agreement, VFs 

made between 2004 and 2006 (82 VFs) were categorized twice at intervals of 2 

months. The distribution of visual field types were compared by Fisher-Freeman-

Halton test, as expected frequencies were too low for the Chi-Squared test. 

P-values were used as standardised measures of independence rather than 

indicators of significance. 
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5 Results 

5.1 Mathematical model of the human RNFL (I) 

A mean of 30 retinal nerve fiber bundles (range 3 to 118) could be traced in each 

image, with a mean of 10 sampling points per retinal nerve fiber bundle (range 3 

to 48), resulting in a total of 1660 retinal nerve fiber bundle trajectories with 

16,816 sampling points. Superimposition of the electronically traced fiber 

segments resembled the typical RNFL course within approximately 20° 

eccentricity from the foveola (Fig. 3). The mean RMS was 0.87°, with a standard 

deviation (SD) of 0.55° and a range from 0.10° to 2.70°. The median RMS was 

0.69°. Figure 4 shows a typical fit with an RMS value of 0.69°.  

 

Fig. 3. Superimposition of all 1660 sampled fibers. 
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Fig. 4. Example of a fit by Eq. (1) of a single fiber with c = 0.5, φ0 = 68o, n = 9 and RMS = 

0.69. 

Figure 5 presents the resulting model for the nerve fiber trajectories, in 10-degree 

steps along the optic disc margin. Figure 5B gives the corresponding upper and 

lower limits, in 30-degree steps. Figure 6 shows the reciprocal representation, 

with points from the 30–2 6 × 6° grid of the Humphrey Field Analyzer connected 

to the corresponding parts of the optic nerve head circumference. Depending on 

the location of the visual field test point, the standard deviation of this angular 

location at the optic nerve head circumference (calculated as one quarter of the 

95% limits) ranged from 0 to 18.25°, with an average value of 8.75° (median  

7.25°). 
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Fig. 5. Final model, average trajectories in 10-degree steps (A) and upper and lower 

limits of trajectories in 30-degree steps (B). 

Fig. 6. Final model, reciprocal representation, with points from the 30–2 6 × 6° grid of 

the Humphrey Field Analyzer connected to the corresponding parts of the optic nerve 

head. The optic nerve head is presented upright; the visual field grid as projected on 

the retina, i.e., mirrored along the x-axis. 

A B
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5.2 Model of the hill of vision (II) 

After application of the eligibility criteria, 81 (35 male, 46 female) participants 

were remaining, 10 to 13 participants per decade of age. FP rates ranged from 0.0 

to 30.0% (mean 5.3%) and FN rates ranged from 0.0 to 16.7% (mean 0.9%). The 

formula used in determining the hill of vision is shown in the Figure 7. 

 

Differential Luminance Sensitivity (DLS) = 

31.3824618404265 

 

+0.07381627920386 · age 

−0.2884095144585 · ecc 

+0.009818507665 · ecc2 

−0.0002339663653 · ecc3 

−0.00989070618779 · ecc · sin(a) 

−0.0316031556716 · ecc · cos(a) 

−0.009094821079 · ecc · sin(2a) 

+0.02256010512708 · ecc · cos(2a) 

−0.0008772942746 · ecc2 · sin(a) 

+0.00025457385903 · ecc2 · cos(2a) 

+0.00007634862054 · ecc3 · cos(a) 

−0.0010464560601 · age2 

+0.00000142630739 · ecc4 

−7.2651894838e-7 · ecc4 · cos(a) 

−0.0012078810687 · age · ecc 

−0.0002674782653 · ecc · sin(a) · age 

+0.00018780963742 · ecc · cos(a) · age 

+0.02748357713276 · ecc · sin(a) · cos(2a) 

 
Fig. 7. The formula for predicting the hill of vision for the Octopus 900 GATE-i 

strategy. The test location is given in polar coordinates: eccentricity [ecc] and angle 

[a] of the meridian. The shape of isopters was determined by the interaction of ecc 

and transformed a, where sine a moves the isopter vertically and cosine a shifts the 

isopter horizontally. 

Figure 8 shows the smooth mathematical model for individuals aged 15 years, 45 

years and 75 years. The model fit R2 was 0.72. The volume of the hill of vision 

changed from 255,219 dB × deg2 at the age of 10 years to 198,651 dB × deg2 by 
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the age of 80 years. The greatest decrease of the VF with eccentricity occurred in 

the superior hemifield. The greatest decrease of DLS values with age occurred in 

the nasal and superior periphery. Until the age of about 50 years, the DLS 

decreased only gradually, but after 50 years the decline accelerated. The central 

sensitivity increased slightly until the age of about 30 years and subsequently 

decreased. Ageing was more pronounced in the periphery. Therefore, one can 

conclude that the hill of vision declines more steeply with increasing age. 

 

Fig. 8. The smooth mathematical model for the 80 degree visual field for 15-years old, 

45-years old and 75-years old subjects. 

5.3 Detection of glaucomatous progression applying locally 
condensed stimulus arrangements (III)  

Two-hundred and sixty visual fields of 41 eyes (4 to15 fields/patient, median 5 

fields/ patient) were examined. The median follow-up period was 2.5 years (range 

1.3 to 8.6 years) and the median interval between the examinations 6 months 

(range 2 to 29 months). The total duration of one visual field examination 

(subdivided into two sub-sessions) varied from 31.6 min to 52.6 min (median 

41.5 min, 20.8 min per session) including a break of approximately 10 min, which 

was not exactly recorded. Eleven eyes (27%) underwent progression over the 

study period (median 2.5 years, range 1.3–8.6 years). Six (55%) of these had 

combined progression in depth and size and five eyes (45%) progressed in depth 

only. The progression in size conformed always to the nerve fibre course. Seven 

out of 11 (64%) of the progressive scotomas detected by spatially condensed grids 

would have been missed if only the conventional 6° × 6° grid had been used 

during the follow up. The delay from the detection of progression with condensed 

grids to that with the 6° × 6° grid varied from 0 to 41 months (median 19.5 
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months), or from 0 to 5 visits (median 3,5 visits). At least one ”event” (abrupt 

depression of more than 10 dB) occurred in 64% of all progressive eyes. Five of 

11 progressive eyes showed a cluster of “events”. 

5.4 Semi-automated kinetic perimetry in advanced glaucoma (IV)  

Test-retest reliability was assessed by ratios (R) of the intersection and union of 

VF area: The mean VF area within the 30° of VF at baseline was 2.344 square 

degrees (deg2) with SKP (Goldmann stimulus III4e) and 1.844 deg2 with ASP 

(Table 3). The patients showed stable visual fields for both SKP and ASP. 

Comparison of SKP with ASP from the same sessions, as shown in Table 4, 

revealed a median ratio of intersection and union of VF area of 0.78 with the III4e 

stimulus and of 0.79 with the I4e stimulus. When follow-up SKPs were compared 

with baseline SKPs, the median of the ratios was between 0.80 and 0.93 for the 

different isopters. The corresponding ratio of follow-up ASPs and baseline VFs 

was 0.81 (with the size III static stimulus). Almost all, nineteen out of 20 patients, 

preferred kinetic perimetry to static perimetry. 

Table 3. Mean visual field areas within 30° eccentricity of the visual fields each visit 

with semi-automated kinetic perimetry (stimuli III4e and I4e) and automated static 

perimetry (stimulus size III). 

areas [deg2] ± SD  Baseline  Month 3  Month 6  Month 9 

Semi-automated kinetic perimetry  

(stimulus III4e)  

2.344±390  2.320±358  2.299±396  2.283±373 

Semi-automated kinetic perimetry  

(stimulus I4e) 

1.867±450  1.688±628  1.613±671  1.753±571 

Automated static perimetry  

(stimulus size III)  

1.844±437  1.877±398  1.844±382  1.848±457 

The maximum area of a 30° visual field is: π *(30 deg)2 = 2.827 deg2 
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Table 4. Median and 95% reference intervals (RI) of the three ratios of intersection and 

union of intact visual field areas (VFA) in the 30° and the 90° visual fields with static 

(ASP) and kinetic (SKP) perimetry. 

Ratio Perimetric Method Stimulus characteristics Intersection of VFA/ 

Union of VFA (95% RI) 

R-kk90° SKP 90° III4e 0.86 (0.75–0.94) 

R-kk90° SKP 90°  I4e  0.80 (0.56–0.93) 

R-kk30°  SKP 30°  III4e  0.93 (0.80–0.99) 

R-kk30°  SKP 30°  I4e  0.85 (0.14–0.96) 

R-ks30°  SKP to ASP from the same session III4e/ III  0.78 (0.43–0.93) 

R-ks30°  SKP to ASP from the same session  I4e/ III  0.79 (0.29–0.92) 

R-ss30°  ASP  III  0.81 (0.47–0.94) 

R-kk Ratio between kinetic intact visual field areas, R-ks Ratio between kinetic and static intact visual field 

areas, R-ss Ratio between static intact visual field area. 

5.5 Visual field changes in optic neuritis (V) 

The age and gender distributions of the 99 patients are shown in Figure 9. Central 

scotomas were the most common finding in affected eyes, counting for 41% of all 

VF defects in the affected eyes. Nerve fibre bundle defects were found in 29% 

and paracentral scotomas in 14% of all VF defects. The fellow eye was 

perimetrically normal in 65% of the cases of clinically monocular optic neuritis. 

Nerve fibre bundle defects were found in 21% and diffuse scotomas in 9% of the 

fellow eyes. The VF defect classes in all 100 eyes are shown in Figure 10. 
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Fig. 9. Frequency distribution of age and sex of 73 female and 26 male patients (n=99). 

Fig. 10. Frequencies of visual field defect classes in 100 eyes with acute optic neuritis, 

* Aulhorn stages (Aulhorn et al. 1977). 
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6 Discussion 

6.1 Mathematical model of the human RNFL (I) 

We succeeded in constructing a robust mathematical description of nerve fiber 

bundle trajectories in the human retina with a limited number of free variables. 

Despite that, the model appeared to be sufficiently flexible to describe a wide 

range of nerve fiber bundle trajectories as found in the study. The description of 

nerve fiber bundle trajectories by Wigelius (2001) had an implicit solution similar 

to the course of the trajectories presented in this study. However, his aim, to fit 

the trajectory density on a circle around the optic disc and to estimate local RNFL 

thickness, was not achieved. The retinal nerve fiber bundle map developed by 

Weber and Ulrich (1991) showed a somewhat similar pattern as our model but 

was less complete and detailed. Garway-Heath et al. (2000) estimated the 

correspondence of individual visual field test points (Humphrey Field Analyzer 

24–2 6 × 6° grid) and the circumference of the optic nerve head by tracing the 

edges of RNFL defects from photographs of normal tension glaucoma patients. 

Our model appears to be in good agreement with their results. The variability 

found by Garway-Heath et al. at the level of the optic nerve head circumference, 

depicted by a standard deviation of 7.2°, appears to be surprisingly similar to our 

values. We demonstrated that this standard deviation depends largely on the 

location of the visual field test point. Recent studies using newer imaging 

methods combined with standard automated perimetry, have created different 

topographical maps combining the optic nerve head and peripapillary RNFL with 

the standard automated perimetry test locations. (Gardiner et al. 2005, Harwerth 

et al. 2007, Ferreras et al. 2008, Kanamori et al. 2008). Gardiner et al. divided the 

optic nerve head into 36 sectors, but all standard automated perimetry locations 

could be connected with more than 5 adjacent sectors. Harwerth et al. used only 

10 sectors, and Ferreras et al. 12 sectors, thus generating a rather coarse 

connection between the standard automated perimetry test locations and the optic 

nerve head. Kanamori et al. (2008) created a very similar topographic map to that 

of Garway-Heath and colleagues (2000) using OCT and Humphrey 30–2 

program. None of these studies aimed at a model of the RNFL, and moreover, 

none is sufficiently precise to be used in fundus oriented perimetry. The recent 

RNFL model from Airaksinen et al. (2008) resembles the typical RNFL course in 

most retinal regions, but there are distinct distortions in the most important 
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regions, where the glaucomatous defects typically occur, thus being unsuitable for 

clinical use. Furthermore, their model was based on only 7 RNFL images.  

The variability found in this study seems to reflect true variability in the 

wiring of the human retina. Other sources of variability could be the choice of the 

basic equation used to describe the individual nerve fiber trajectories, Eq. (1), and 

the evaluation process of the parameters b and c. The RMS values achieved 

suggest, however, that the variability was not related to the choice of our basic 

equation. Parameters b and c were evaluated in a two-stage process. In an attempt 

to check this process, the final results were checked graphically by drawing, for a 

large number of fibers, individual measured trajectories and the calculated limits 

where they should be located, given their clock hour at the disk margin. The vast 

majority of the trajectories indeed run within the limits, without giving the 

impression that the limits were too wide. 

It is known that age, media opacities and myopia are inversely correlated with 

visibility of the RNFL (Jonas et al. 1993, 1996, Serguhn 1997, Bowd et al. 2000, 

Tuulonen et al. 2000, Tanito et al. 2004). As a result, the fibers included in this 

study may represent a biased sample. There was the option to exclude fundi with 

only a limited number of visible trajectories completely, but that would have 

increased rather than decreased the inevitable selection bias. 

Measured trajectories were virtually absent in the papillomacular bundle 

(160° < |φ0| < 180°). The extrapolation as presented here obviously depends on 

the model and may actually reflect a rather poor description of the papillomacular 

bundle. Likewise, too little information was available from the nasal region and 

therefore the current model was limited to |φ0| > 60°. If the model were to be 

applied to glaucoma, these would be no real limitations since the papillomacular 

bundle and the nasal retina are rarely affected in all but the end stage of this 

disease. 

6.2 Model of the hill of vision (II) 

Earlier models describing the hill of vision are all limited to 30° VF (Lorch et al. 
2001, Schwabe et al. 2001, Hermann et al. 2008). There are, however, various 

conditions, such as retinal disease, drug-related or toxicological examinations or 

studies addressing quality of life where the region of interest has to be extended to 

the whole VF. Our model covers the VF up to 56° nasally, 80° temporally, 40° 

superiorly and 62° inferiorly. The fit of our model is better than that achieved in 

previous models: Schwabe et al. (2001) achieved R2 = 0.67 and Lorch et al. 



55 

(2001) achieved R2 = 0.50 for the Oculus-Twinfield perimeter and R2 = 0.57 for 

the Humphrey Field Analyzer. The expected mean DLS values have a wider range 

in the 80 degree VF by design. The extended range as well as the additional terms 

of our model in comparison to those for the 30 degree VF allow in principle one 

to attain higher values of R2. Thus a part of the achieved higher R2 value may be 

attributed to these design conditions. Hermann et al. (2008) achieved a 

comparatively high R2 = 0.74 for the 30 degree VF. This can be attributed to the 

factor “subject”, which they added to their model. 

Several authors (Drance et al. 1967, Egge 1984, Brenton et al. 1986, Haas et 
al. 1986, Jaffe et al. 1986, Heijl et al. 1987, Zulauf et al. 1994) claim that local 

DLS values decrease with age in a linear manner, whereas others state that local 

DLS values decrease in a non-linear way and also decline more rapidly at older 

ages (Lachenmayr et al. 1994, Lorch et al. 2001, Schwabe et al. 2001, Hermann 

et al. 2008). Our results are in agreement with the non-linear pattern of ageing.  

Some authors (Haas et al. 1986, Katz et al. 1986, Zulauf et al. 1994) reported 

a higher influence of age on the superior part of the VF. Within the 25 degree VF, 

the superior and nasal part of the VF was found to be only slightly affected by 

age, but within the 60 degree VF, this phenomenon was obvious and more 

pronounced. The detected asymmetry of ageing in this study can at least partly be 

explained by (upper) eyelid effects. Furthermore, an asymmetric constitution of 

the retina, different illumination conditions of the hemi-retinae and differences in 

the distribution of receptor and ganglion cells are plausible explanations. 

As far as I am aware, this study is the first to describe a volumetric analysis 

of a data set of the hill of vision, obtained with static stimuli. Similar to the 

above-mentioned location-specific analysis, the volumetric analysis of the hill of 

vision and its 30° eccentricity subregion confirm the decline of sensitivity with 

age. This volumetric approach allows the investigator to quantitatively assess the 

global features of the visual field with a single number. It seems to be promising 

in order to obtain a new global index of visual field loss: total loss volume (TLV), 

which is an analog of the wide-spread well-known Mean Defect. However, in 

contrast to the conventional mean defect TLV is largely independent of the 

specific spatial test point arrangement. TLV is defined by the volumetric 

difference between the age-corrected normal hill of vision and the hill of vision of 

the test individual, considering the isopter, that connects all locations with a P-

value < 0.05. 

Furthermore this volumetric analysis of the hill of vision also allows for a 

regional quantification of individual circumscribed scotoma areas over time, 
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largely irrespective of the applied perimetric grid. This can allow the calculation 

of a second novel perimetic index: Regional loss volume. This includes the 

recently developed techniques of locally condensed stimulus arrangements, such 

as Fundus-oriented perimetry (Schiefer et al. 2003). 

6.3 Detection of glaucomatous progression applying locally 

condensed stimulus arrangements (III) 

Schiefer et al. (2003) showed that locally condensed test grids significantly 

increase detection rate of glaucomatous visual field loss in comparison to 

conventional 6° × 6° grids. This study was intended to demonstrate that local grid 

condensation also improves detection of progression of glaucomatous visual field 

loss.  

The patterns of glaucomatous visual field progression found in this study did 

not differ remarkably from those identified with conventional grids in earlier 

studies despite the differences in study cohorts and progression criteria: The 

initial stage of glaucoma examined in the Boden et al. (2004) cohort was mild in 

about one third and moderate in about two third of cases, whereas in our cohort, 

about half had mild glaucoma and half had moderate or severe glaucoma (Mills 

IV, Mills et al. (2006)). Mikelberg et al. (1984) included only progressive visual 

fields in their study, and in that study new scotomasalso occurred, possibly due to 

their longer follow-up. In general, expansion of the visual field defects conformed 

to the nerve fibre course in the retina. These findings agree with the results of 

Pascual et al. (2007) and with the structural progression in glaucoma (Tuulonen et 
al. 1993). Glaucoma is known to proceed slowly, and thus longer follow-up 

periods and larger study cohorts will be needed to achieve more exact 

comparisons of the patterns of progression using different criteria for progression. 

Despite the short follow-up, we could detect a considerable number of 

progressive visual fields in our current cohort. The progression rate of 27% after 3 

years of follow-up was high compared to earlier reports: In the Early Manifest 

Glaucoma Trial (EMGT) (Bengtsson et al. 2007) the progression rate was 69% 

during 8 years (median) of follow-up. It has been shown that the performance of 

the method used for determining visual field progression greatly depends on the 

criteria in use and the number of repeated tests required to confirm progression 

(Vesti et al. 2003). Thus, with more liberal criteria, the progression might be 

detected earlier, but simultaneously the rate of false positive findings will increase 

(Vesti et al. 2003). In the detection of visual field progression, we used a 
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pointwise linear regression method, which generally has high specificity. Vesti et 
al. (2003) found 100% specificity with their pointwise linear regression method. 

The criterion used in this study to identify progressive visual fields was that there 

should be a cluster of three progressive test locations. This is a commonly used 

criterion as reviewed by Katz et al. (1991). The advanced glaucoma intervention 

study (AGIS) also uses a similar criterion (The Advanced Glaucoma Inervention 

Study Group 1994). However, when taking into account our finding that 

conventional grids detect less than half of the progressive visual fields confirmed 

with spatially condensed grids, one could argue that the progression rate of these 

earlier mentioned studies would presumably have been higher, if a grid with local 

test point condensation had been applied.  

The appearance of clusters of three or more contiguous test locations 

representing abrupt “events” in more than one-third of the eyes showing 

progression according to the trend analysis suggests that these kinds of events 

may precede local progression, and/or be indicative of a more rapid manifestation 

of glaucoma. The monitoring of, and when necessary responding to, “events” by 

increasing the frequency of visual field testing (Jansonius 2006) or even 

intensifying the treatment of these patients could be worthwhile. In this study, an 

“event” was defined as a sudden deterioration of more than −10 dB, a value that 

exceeds the normal test-retest variability. The use of a fixed criterion for all 

locations may not be appropriate since the test-retest variability is clearly 

dependent on the initial defect depth and the eccentricity of the test points under 

consideration (Heijl et al. 1989).  

Most of the progressive test locations and events were situated inside the 

operator-defined region of interest and were concentrated in the progressive 

clusters. Therefore, it is reasonable to assess potential progression in anatomically 

(e.g. optic nerve head or nerve fibre layer) or perimetrically (i.e. areas of earlier 

defects in the visual field) suspicious areas using spatially condensed test 

locations. However, applying locally condensed grids may not enhance the 

detection of diffusely progressive losses that do not have scotoma-related clues 

for the definition of the region of interest. 

Local test point condensation displayed a better stability compared to 

conventional grids. Only three eyes that had confirmed progression by local test 

point condensation demonstrated a non-progressive visual field at some time after 

confirming the progression. Using the final criterion of the ocular hypertension 

treatment study (OHTS) (Keltner et al. 2000), locally condensed grids detected 

progression in three consecutive examinations in our cohort in 73% of eyes 
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demonstrating progression at some time during follow-up. Furthermore after the 

first confirmation of progression, locally condensed grids detected progression in 

91% of all of the following 54 consecutive examinations. Thirty-seven percent of 

the eyes in our cohort remained stable in all 85 visual field examinations. This 

repeatability suggests that the increased number of progressive findings is not 

simply due to an increase in the numbers of false positive results. However, as 

most patients in our cohort were examined only 4 to 6 times, the possibility of 

randomness increases, and thus the specificity of the locally condensed grids 

approach might be lower than our results would seem to indicate. This matter will 

require further research. The use of computer simulated visual fields, which has 

been shown to be very similar to real-patient data (Vesti et al. 2002), may make it 

possible to assess larger longitudinal data sets to evaluate the true ability of local 

test point condensation to determine progression. 

Due to a lack of real-time tracking in conventional automated perimetry there 

is an inherent limitation of spatial test point condensation: patient-related fixation 

instability results in deviations from the fixation target by a minimum of 1° to 2° 

(Eizenman et al. 1992). Therefore, an additional test point below this critical 

distance would introduce “artificial noise” into the perimetric results and scotoma 

edges. Future microperimetric techniques applying real-time fundus tracking 

should be able to overcome this shortcoming. The development of a standardized 

automated algorithm for test point condensation (autoSCOPE) is underway. 

6.4 Semi-automated kinetic perimetry in advanced glaucoma (IV) 

When one wishes to make an exact delineation of the course of the scotoma 

border, then any kind of static grid perimetry is inferior to (semiautomated) 

kinetic perimetry, which enables interactive edge detection of advanced visual 

loss (Schiefer et al. 2004). Furthermore, kinetic perimetry often gives useful 

results in elderly or disabled patients, who are unable to cope with automated 

static procedures.  

Quinn et al. (1991) assessed test-retest reliability in 4 to 10-year old children 

with the Goldmann perimeter, resulting in a slightly inferior ratio (0.79) as found 

in this thesis. Repeatability of SKP was reported in the studies from Dolderer et 
al. (2006) and Ramirez et al. (2008). Dolderer et al. (2006) assessed the blind 

spot and reported that SKP was highly repeatable with negligible mean difference 

in the blind spot area between examinations and thus represented a suitable 

instrument for detecting even small scotomas. Ramirez et al. (2008) evaluated 
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glaucoma patients with SKP and Goldmann kinetic perimetry, resulting in test-

retest reliability ratios ranging from 0.73 (I4e) to 0.81 (I3e) for SKP. 

According to our results, SKP is quite comparable to ASP with a congruity 

that is in the range of the test-retest reliability of ASP, which indicates that SKP is 

as good as ASP for determining the edges and area of a scotoma in cases of 

advanced visual field loss. Szatmáry et al. (2002) compared Humphrey’s SITA 

(Swedish Interactive Thresholding Algorithm) Fast software in neuro-ophthalmic 

disorders and noted that the Goldmann manual kinetic perimetry and SITA Fast 

produced similar visual field results in 75% of all eyes. They recommended using 

SITA Fast instead of the Goldmann kinetic perimeter due to the lack of skilled 

technicians capable of performing VF testing. Nowomiejska et al. (2005) 

compared SKP with the Goldmann manual kinetic perimetry in cases of advanced 

VF loss. They reported that the isopter areas obtained with the Goldmann 

instrument were generally smaller than the corresponding areas with SKP, 

presumably due to better maintenance of target angular velocity and elimination 

of the examiner-related reaction time. Ramirez et al. (2008) reported that isopter 

areas achieved with SKP were on average 15% larger than those obtained with the 

Goldmann perimeter. 

The intact VF area in the central 30° of VF was larger with SKP than with 

ASP in all sessions. Small scotomas enclosed by the intact VF could be more 

readily missed with SKP than with ASP. In addition, retinal sensitivity for moving 

stimuli is higher than for static stimuli (Hudson et al. 1992). There is one earlier 

study comparing VF areas between SKP and automated static perimeters using 

Octopus 101 (Haag-Streit, Köniz, Switzerland) (Nowomiejska et al. 2004). They 

compared the VF area obtained with stimulus size I4e in SKP with the VF area 

obtained with ASP by creating a similar virtual isopter located between the 

position of defective and the intact visual field regions. The VF areas obtained 

with these methods did not differ significantly from each other.  

SKP enables an assessment of the individual reaction time to correct for any 

systematic shift in the scotoma borders in order to approximate the scotoma size 

and location (Dolderer et al. 2006). A recent study from Nowomiejska et al. 
(2010) reported substantial inter-subject variability in reaction time in advanced 

visual loss. They found that reaction time was prolonged in the affected eye 

versus the non-affected eye in patients with unilateral optic nerve neuropathy 

(AION), and concluded that reaction time not only depended on the patient and 

his or her higher cortical functions, such as alertness, but was also increased by 

unilateral damage in the anterior visual pathway of the individual. 
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The majority of patients with advanced glaucomatous visual field loss 

preferred SKP instead of ASP. In case of advanced VF loss, it is difficult to 

maintain adequate cooperation over the entire examination period. With kinetic 

perimetry, compliance seems to be easier to achieve than with static perimetry 

(Beck et al. 1985), which is probably due to better interaction with the perimetrist 

and the more understandable criterion in kinetic testing. The presentation of 

moving stimuli seems also to be slightly closer to reality than that achieved with 

static test points. This may explain the situation that results of kinetic perimetry 

are rated as the final decisive expert opinion or ability testing in some European 

countries. 

6.5 Visual field changes in optic neuritis (V) 

Earlier reports concerning the patterns of the VF defects in optic neuritis are 

somewhat discordant, especially with regard to the frequency of central scotomas 

(Berliner 1935, Hyllested et al. 1961, Nikoskelainen 1975, Keltner et al. 1993b, 

Keltner et al. 1994). In earlier studies performed with manual kinetic perimeters 

there has been a predominance of central scotomas (Berliner 1935, Hyllested et 
al. 1961, Nikoskelainen 1975). However, in the Optic Neuritis Treatment Trial 

(ONTT) which used automated static threshold estimating perimetry (Humphrey 

30–2) (Keltner et al. (1993b, 1994)) diffuse visual field defects were the most 

frequent finding (48%), followed by nerve fibre bundle defects (20%). Keltner et 
al. (1999) reported that VF defects associated with optic neuritis concentrated in 

the central VF. Fang et al. (1999) performed an analysis of local frequencies of 

VF loss in every stimulus location of the Humphrey Visual Field Analyzer from 

the ONTT study material. They concluded, that “optic neuritis affects the entire 

central 30–2 field, even in patients who appear to have localized depression of 

visual threshold”. They did not find any predilection for defects in any area of the 

VF. In comparison to previously published automated perimetric studies, our 

results differ with respect to the frequency of central and paracentral scotomas. 

This may be due to differences in perimetric methodology and due to changes in 

the classification procedure: the suprathreshold strategy employed in our study 

may be less sensitive at detecting very subtle visual field loss than the threshold 

strategy which was employed in the ONTT study (Keltner et al. 1993a, Topouzis 

et al. 2004).  

The differences in the categorization system may be responsible for the 

different results, increasing the amount of central VF defects in our study and 
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increasing the amount of diffuse VF defects in the ONTT study. However, when 

classifying all VF defects obtained with the Tübingen manual perimeter or SKP as 

diffuse defects, there was still a clear difference in the number of central and 

paracentral scotomas in comparison to the ONTT results. One possible 

explanation for this difference is considerably higher spatial resolution of the 

supraliminal strategy (191 test locations) compared to the thresholding procedure 

(76 locations in the Humphrey 30–2 VF): it would be predicted that the 

discrimination of the VF patterns should be more precise and the sensitivity for 

smaller central scotomas should be better with supraliminal than with 

thresholding strategies.  

There was a slight ”condensation” of VF losses between the centre and the 

blind spot of the VF. This finding is congruent with the frequency of central and 

paracentral scotomas found in our study. Our results differ from Fang’s (1999) 

report mentioned earlier, which is, as far as I am aware, the only previously 

published superposition analysis in optic neuritis. This difference probably results 

from the earlier mentioned high spatial resolution of the supraliminal strategy, 

ensuring the detection of even minor local deteriorations in the VF. 

Our results are in good concordance with recent studies concerning RNFL 

damage and visual function loss in optic neuritis using OCT and 

electrophysiological tests (Fisher et al. 2006, Henderson et al. 2008, Klistorner et 
al. 2009), which have revealed the greatest reduction of RNFL thickness in the 

temporal peripapillary sector, and as a consequence, a major reduction in visual 

function in the central parts of the VF. 
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7 Summary and Conclusions 

In summary, a mathematical model was developed for the human retinal nerve 

fiber bundles and for the new fast GATE-i thresholding strategy for the 80° visual 

field. The presence of considerable inter-individual variability of the nerve fiber 

bundle trajectories was confirmed in the human retina and it was possible to 

obtain a detailed location-specific estimate of the magnitude of this variability, 

which provide a useful mathematical tool for its further analysis. A model for the 

hill of vision was achieved with a satisfactory fit. The volume of the hill of vision, 

a new global perimetric index, that is virtually independent of the test point 

arrangement, showed a considerable decrease with increasing age. Utilizing the 

information obtained with these models by applying individually determined 

locally condensed grids enabled the detection of the progression of the 

glaucomatous visual field more frequently and also earlier than could be achieved 

with conventional grids though with the drawback of increased examination time.  

It was also demonstrated that semi-automated kinetic perimetry (SKP) is a 

valuable alternative to automated static perimetry (ASP) in monitoring advanced 

glaucomatous VF loss. SKP seemed to define the borders of the scotomas as well 

as ASP, achieving an even slightly better test-retest reliability. Using threshold-

related, slightly supraliminal perimetry with higher spatial resolution, it was 

possible to demonstrate a slight condensation of VF loss between the centre and 

the blind spot of the VF, indicating a predominant affection of the papillo-macular 

fibre bundle in acute optic neuritis. The classic rectangular patterns under-

represent the visual field centre and the foveola, which have the maximum DLS; 

thus, very important diagnostic details are being ignored if one uses these types of 

grids. 

To conclude, the clinician has to be aware of the possibilities of the 

perimetric method in use to detect the presumed VF loss. The selection of the 

most suitable perimetric method for each individual patient, taking into account 

patient and disease characteristics, will improve the detection of VF loss and 

further clarify the diagnostics. 
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