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Glaucoma is a heterogeneous group of optic nerve diseases that share an accelerated 
degeneration of retinal ganglion cells (RGCs), resulting in a distinct appearance of 
the optic nerve head (ONH; Fig 1.1) and a matching pattern of visual field loss (Fig. 

1.2).1-3 Traditionally, the various types of glaucoma are classified into primary and secondary. 
Whereas primary glaucomas have no etiological basis in other ocular or systemic disorders, sec-
ondary forms may be caused by ophthalmological or extraocular disease(s), drugs, and treat-
ments.4 Glaucoma is further classified based on the anatomy of the anterior chamber angle, i.e., 
open versus closed.4 Subsequent classification is based on the onset of the disease, i.e., develop-
mental versus late-onset.4 

Blindness
If untreated, all glaucomas lead to progressive loss of visual function. In 2002, glaucoma was the 
second leading cause of blindness worldwide (blindness defined as a visual acuity of less than 
3/60 or a corresponding visual field loss to less than 10° in the better eye with best possible cor-
rection): an estimated 12.3% (corresponding to approximately 4.6 million people) of all blind-
ness is due to glaucoma.5 The leading causes of blindness in underdeveloped and in developed 
countries were cataract and age-related macular degeneration, respectively.5 

Primary open-angle glaucoma
Of the many types of glaucoma, primary open-angle glaucoma (POAG) is probably the most 
common type of glaucoma in Western countries.6-8 The disease typically has its onset in adults. 
Typical signs are an open anterior chamber angle of normal appearance and a characteristic at-
rophy of the optic nerve that cannot be attributed to any other cause. Traditionally, an elevated 
level of intraocular pressure (IOP) is associated with POAG. An elevated IOP is defined as an 
IOP higher than the upper 97.5% probability level in healthy subjects, i.e., 21 mmHg.9 How-
ever, up to 50% of patients with POAG have been estimated to have an IOP within normal 
limits.10,11 Therefore, POAG is often, arbitrarily, subdivided in high pressure and normal pressure 
(i.e., normal tension) glaucoma. 
The prevalence of POAG in Western Europe is approximately 1.6% (0.8%-2.1%).7,11,12 This 
would suggest that there are more than 260,000 people with POAG in The Netherlands. In 
developed countries, probably less than half of all people who have the disease are aware of it.13,14 
Most patients with POAG have no or only few symptoms until the later stages of the disease, 
when they may lose their central vision.15 Any loss of vision by glaucoma is irreversible. 

Risk factors
Several risk factors have been found to be associated with the development and progression of 
POAG. Probably the most important one is the level of IOP: the relative risk of POAG rises with 
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increasing levels of IOP.10 Subjects with an elevated IOP but without signs of glaucomatous dam-
age are referred to as having ocular hypertension (OH).4 Other risk factors include increasing 
age, a family history of glaucoma, African descent, high myopia, a thinner cornea, and a hori-
zontal or vertical cup-to-disc ratio of ≥0.4.3,15 Furthermore, fellow eyes of patients with glaucoma 
with unilateral field loss have an increased risk of developing glaucomatous damage.16-18 Systemic 
hypertension, cardiovascular disease, diabetes mellitus, migraine headache, and peripheral vaso-
spasm have been suggested as risk factors as well, but so far, the evidence is inconclusive.3,15 

Pathophysiology
The pathophysiology of the neurodegeneration in POAG is not fully understood.3 Of the various 
theories that have been proposed, two distinct ones are based on an elevated IOP and a reduction 
in ocular blood supply, respectively.19 Although no obstruction of the trabecular meshwork can 
be seen by gonioscopy in patients with POAG, the resistance to aqueous outflow is increased, 
often associated with a high IOP.3 When IOP increases above physiological levels, the lamina 
cribrosa, a series of perforated connective tissue sheets through which the optic nerve fibers 
traverse to form the optic nerve, deforms which may mechanically damage the traversing optic 
nerve fibers.3 In addition, an increased IOP may lead to a blockade of axonal protein transport in 
the optic nerve axons at the level of the lamina cribrosa.3 Independently or in addition to IOP, a 
reduced retinal blood supply may lead to local ischemia and/or hypoxia and subsequent death of 
RGCs and optic nerve fibers in glaucoma.3 
Other proposed factors that may contribute include poorly functioning cellular pumps and glu-
tamate transporters, oxidative stress, inflammatory cytokines (e.g., nitric oxide), an aberrant im-
munity, and apoptosis of RGCs secondary to initial optic nerve injury.3,19 

Treatment of glaucoma 
As stated by the European Glaucoma Society, the goal of glaucoma treatment is ‘to preserve vi-
sual function adequate to the individual needs with minimal or no side effects, for the expected 
lifetime of the patient, without any disruption of his/her normal activities, at a sustainable cost’.4 
At the moment, lowering of the IOP, either with medication or surgical intervention, is the only 
factor that has been shown to slow down the development and progression of glaucoma.20,21 It 
is, however, unclear which patients to treat and how vigorously and when to initiate treatment 
in patients with ocular hypertension.22 To this end, a risk assessment of all patients to determine 
how prone they are to becoming blind may be useful.23 In addition, more sensitive and precise 
assessment of early, i.e. little, axonal loss may be advantageous. 

Clinical detection of glaucoma
In clinical practice, both structural losses (i.e., atrophy of RGCs and their axons) and functional 
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losses (i.e., impairment of the visual field) are evaluated in the diagnosis of glaucoma. Tradition-
ally, structural losses are evaluated by assessing the appearance of the ONH and the retinal nerve 
fiber layer (RNFL); functional losses are usually assessed with standard automated perimetry 
(SAP). 

The optic nerve head
The ONH (also referred to as optic disc) is usually examined with a magnified stereoscopic view 
at the slit lamp biomicroscope with an indirect or a contact lens in a dilated pupil.3,15 In healthy 
eyes, the neuroretinal rim is thickest in the inferior region, followed by the superior, nasal, and 
temporal regions. The rim is therefore said to follow the ISNT-rule (e.g., Fig. 1.1, left).24 Charac-
teristic glaucomatous ONH changes are increased cupping or excavation, notching, or thinning 
of the neuroretinal rim, disc hemorrhages, asymmetry of the amount of optic-nerve cupping 
between the two eyes of the patient, and baring of circumlinear vessels.3,4,15 
In contrast to other optic neuropathies, glaucoma leads to thinning of the ONH’s neuroretinal 
rim without marked loss of the color of the rim. Other optic neuropathies usually result in pallor 
of the ONH but, for unknown reasons, rarely show enlargement of the optic disc cup.3 Discrimi-
nating between healthy and glaucomatous ONHs has been shown to be difficult for clinicians, 
as even glaucoma experts do not classify all optic discs correctly.25-29 Nonetheless, the subjective 
assessment of the ONH’s appearance remains a cornerstone for diagnosing glaucoma in clinical 
practice. 

The retinal nerve fiber layer
The RNFL may be observed with red-free (green) light through a well-dilated pupil. The green 
light is reflected in the superficial parts of the retina, thereby only outlining the nerve fibers. In 
healthy eyes, the retinal nerve fibers are detectable as bright and fine striations in the inner retinal 
layer fanning off the optic disc to the retinal periphery (Fig. 1.3, left).24 These fine striations repre-
sent tissue canals, in which processes of the Müller cells keep the axons together.24 In normal eyes, 
the nerve fiber bundles are most visible inferotemporally to the ONH, followed by the temporal 
superior area, the nasal superior region, and finally inferionasally. It is least visible in the superior, 
inferior, temporal horizontal, and nasal horizontal regions.30 
In glaucoma, RNFL loss may be diffuse, local, or both.31-33 Localized defects are visible as wedge-
shaped, well-demarcated defects of the RNFL that run toward or touch the optic disc border 
(Fig. 1.3, right).34 Diffuse loss of retinal nerve fibers leads to a decreased visibility of the RNFL. 
With ophthalmoscopy, localized RNFL defects are therefore easier to detect than diffuse loss. 
Red-free fundus photography allows a better view of RNFL appearance than does clinical oph-
thalmoscopy. However, it is infrequently used in clinical practice because high quality photo-
graphs are difficult to obtain in eyes with opaque media, a yellow lens, and a low degree of 
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pigmentation of the retinal pigment epithelium, which are all quite common in a Caucasian 
glaucoma population.24 In addition, even interpretation of nerve fiber loss in photographs is dif-
ficult, although some attempts have been made to quantify the analysis.35,36 

The visual field
Both in clinical practice and in clinical trials visual field testing (also referred to as perimetry) 
is often performed with the Humphrey Field Analyzer (HFA; Carl Zeiss Meditec, Inc., Dublin, 
CA, USA). With this instrument, visual function is usually assessed by determining the retinal 
differential light sensitivity (DLS) to white light at various locations in the central retina within 
30° of fixation. In the commonly used 24-2 test paradigm, DLS is assessed in 54 locations, which 
are compared with age-corrected normative data. 

In glaucoma, visual field abnormalities typically follow a nerve-fiber bundle pattern (e.g., Fig. 
1.2, right).37 Common glaucomatous visual field defects are paracentral scotomas, arcuate (Bjer-
rum) scotomas, nasal steps, altitudinal defects, and temporal wedges.37,38 Glaucoma may also 
produce a more generalized decrease in sensitivity. However, purely generalized functional loss 
is rare in glaucoma and more frequently caused by media opacities and miosis.37 In far advanced 
glaucoma, only a central island of vision may be apparent.38

There are, however, no generally approved and used criteria for glaucomatous visual field de-
fects.39 In addition, perimetry is highly dependent on a patient’s response, which varies both dur-
ing and between tests,40-42 limiting the reproducibility of measurements with standard automated 
perimetry (SAP). In one study, 85.9% of abnormal visual fields were not confirmed upon retest-
ing.42 Furthermore, various studies have suggested that structural losses may precede functional 
losses assessed with SAP.32,33,43,44 

New techniques for glaucoma detection
In summary, a clinical diagnosis of glaucoma integrates all the available information about the 
patient, including assessment of the ONH, RNFL, visual field, and anterior chamber angle as 
well as the various risk factors.45 There is, however, no consistent and generally approved ac-
ceptance of the diagnostic criteria.39,46 In addition, the techniques that are being used in clinical 
practice are subjective (e.g., ONH and RNFL assessment), have a poor reproducibility of mea-
surements (e.g., SAP), and may not detect glaucoma at an early stage (e.g., SAP). 

Various techniques have been developed to better detect glaucomatous optic neuropathy. For 
example, scanning laser polarimetry (SLP), optical coherence tomography (OCT), and confocal 
scanning laser ophthalmoscopy (CSLO) have been developed to allow a more objective, repro-
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Figure 1.3. Red-free photographs of a healthy (left) and a glaucomatous (right) retinal nerve fiber layer.

Figure 1.1. A healthy (left) and a glaucomatous (right) optic nerve head.

Figure 1.2. A healthy (left) and a glaucomatous (right) visual field.



8

C
ha

pt
er

 1

ducible, and quantitative assessment of structural losses of the RNFL (SLP and OCT) and ONH 
(CSLO and OCT).47 Similarly, various psychophysical tests, such as short-wavelength automated 
perimetry (SWAP), frequency-doubling technology perimetry (FDT), and high-pass resolution 
perimetry (HRP), have been developed to allow earlier detection of glaucomatous functional 
losses than with SAP.48 Of these techniques, SLP, CSLO, and SWAP have been studied in this 
thesis and, therefore, will be discussed hereafter. 

Scanning laser polarimetry
SLP is a technique that allows evaluation of the RNFL.49-51 SLP is based on the presumed form 
birefringence of the microtubules.52 Microtubules are cylindrical structures with a diameter of 
25 nm that support the axons in the RNFL.53 Because SLP uses a near-infrared laser with a 
wavelength (approximately 785 nm) that is significantly larger than that of the diameter of the 
microtubules, the RNFL exhibits form birefringence.54 Birefringence can be described in terms 
of polarization axis and polarization magnitude (i.e., amount of retardation). The parallel ar-
rangement of microtubules results in a net change in the retardation of passing polarized light 
(Fig. 1.4). In SLP, the back of the eye is scanned with a polarized laser beam and the retardation 
of the backscattered light that has double passed the RNFL is determined. 
The amount of retardation exhibited by the RNFL is proportional to its thickness:55 the greater 
the number of microtubules, the greater the retardation of the polarized laser light, indicating 
the presence of more tissue. SLP thus gives an indirect assessment of the thickness of the layer. 
The amount of retardation is often expressed in micrometers of thickness, based on a conversion 
factor of 0.67 nm/µm.56 

The first commercial SLP instrument was known as the Nerve Fiber Analyzer (NFA) and be-
came available in 1993. Extensive hard- and software changes resulted in the NFA II. The third 
generation was marketed as the GDx NFA, which included a normative database and a neural 
network algorithm (i.e., The Number). This parameter discriminated fairly well between healthy 
and glaucomatous eyes with a sensitivity and specificity of 76.8% and 89.1%, respectively.57 
Of note, the term GDx is used by American ophthalmologists to denote the diagnosis (Dx) of 
glaucoma (G).
Two structures in the anterior segment, i.e. the cornea and, to a lesser extent, the lens, are also 
birefringent.58-60 In order to assess retardation exhibited by the RNFL, anterior segment retarda-
tion needs to be neutralized.61,62 The NFA I, NFA II, and the GDx NFA were equipped with a 
fixed corneal compensator (FCC) that cancelled a fixed amount of birefringence reflecting the 
median values in the general population.61 However, in 2000 and 2002, Greenfield et al61 and 
Knighton and Huang,63 respectively, reported that anterior segment birefringence varied consid-
erably between subjects. Fixed compensation of anterior segment birefringence was suggested to 
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be inadequate in many subjects, leading to erroneous RNFL measurements and an increase in 
variability in assessment of the RNFL between eyes.61,64 The ability of various GDx NFA param-
eters to discriminate between healthy and glaucomatous eyes increased when they were corrected 
mathematically for uncompensated corneal birefringence.65,66 A similar approach was taken by 
Tjon-Fo-Sang and Lemij67 who mathematically corrected for an observed offset, of which the 
origin was unknown at the time.

In 2002, Zhou and Weinreb68 reported results obtained with a modified GDx that used variable 
corneal compensation (VCC). In this prototype instrument, both the axis and magnitude of 
anterior segment birefringence that had to be compensated could be adjusted manually.68 
The birefringence of the anterior segment was assessed in each individual eye by acquiring an im-
age of the macular region with the retardation of the compensator set to zero. The combination 
of the birefringence of the radially oriented axons of the photoreceptors that constitute Henle’s 
fiber layer in the macula and the birefringence of the anterior segment resulted in a bow-tie like 
retardation pattern in the macula (Fig 1.5, middle).68 The anterior segment birefringence was 
assessed by determining the orientation of the retardation maxima in the macula, which corre-
spond with the slow axis of the anterior segment.68 The birefringence magnitude was determined 
by the average of the retardation profile if the retardation of the anterior segment was higher than 
that of Henle’s fiber layer and by half of the modulation of the retardation profile if the retarda-
tion of the anterior segment was lower than that of Henle’s fiber layer.68 
RNFL measurements obtained with SLP-VCC in monkey eyes with and without glaucoma, 
reflected the expected appearance of the RNFL observed with stereoscopic optic disc photo-
graphs.69 Moreover, SLP-VCC measurements were shown to have an improved ability to dis-
criminate between healthy and glaucomatous eyes over measurements with SLP-FCC.70,71 

At the end of 2002, automated VCC was incorporated into an SLP instrument called the GDx 
VCC (Laser Diagnostic Technologies, Inc., Dublin, CA, USA; now, Carl Zeiss Meditec, Inc., 
Dublin, CA, USA) (Fig. 1.6). This instrument is an user-friendly and compact device. The mea-
sured subject rests his head in a facemask and looks at an internal fixation light. Pupils preferably 
are not dilated and the room lights are left on. A laser scans the fundus at a 40° x 20° scanning 
angle. Two imaging trials per eye are run successively, the first to determine anterior segment 
birefringence, the second to image the area of interest with adjusted compensation. Image ac-
quisition takes approximately 0.7 seconds per trial. Because of the laser wavelength (785 nm), 
mild to moderate cataract does not degrade the images. The printout of the images includes a 
20° x 20° reflectance image of the disc and peripapillary area, a color coded retardation map, a 
probability map (in which areas of retardation are compared to those of a normative database 
and abnormally low retardation areas are color flagged at various probability levels), and several 
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graphs and parameters (Fig. 1.7). In the retardation map, measurements are color coded: bright, 
warm colors represent thicker areas; dark, cool colors represent thinner areas.72 

Typically, in healthy eyes, larger amounts of retardation are apparent next to the blood vessels 
superior and inferior to the ONH (Fig. 1.7, left). The amount of retardation decreases with 
increasing distance from the ONH. In glaucomatous eyes, the loss of nerve fibers is visible as 
a localized and/or diffuse decrease in the amount of retardation, which is apparent as a loss of 
bright, warm colors (Fig. 1.7, right). 
The GDx VCC features several parameters, one of which, the Nerve Fiber Indicator (NFI), 
has been trained specifically to discriminate between healthy and glaucomatous eyes. The NFI 
provides a single number (range, 1-100) representing the overall integrity of the RNFL.73 The 
score is the output of a machine learning classifier based on a linear support vector machine. The 
higher the score, the more likely the RNFL measurement represents a glaucomatous eye. The 
NFI has been trained on a large group of 540 healthy subjects and 271 glaucoma patients with 
varying degrees of disease severity.73 

Figure 1.5. Macular images of a healthy subject’s eye. (A): Reflection image. (B): Retardation image with-
out any compensation of anterior segment birefringence (50 nm and 19.6° nasally downward [ND]). (C): 
Retardation image compensated with VCC (13 nm and -78.3° ND).

Figure 1.4. Cartoon of the working principle of SLP.
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Confocal scanning laser ophthalmoscopy
CSLO allows clinical assessment of ONH topography.74 This technique is commercially avail-
able in the Heidelberg Retina Tomograph (HRT; Heidelberg Engineering GmbH, Dossenheim, 
Germany) (Fig. 1.8). CSLO uses a laser diode with a wavelength of 670 nm to scan the papil-
lary region. CSLO is based on the reflectivity of the retinal surface. To estimate the position 
of the retinal surface, CSLO measures the intensity of light reflected off the retinal surface at 
subsequent depths of focus.74 The confocality of the imaging system ensures that reflected light 
is detected only if it originates from a very small region around the focal plane.74 The weighted 
peak reflectance is thought to represent the interface between the retinal surface and the vitreous. 
The measured depths of peak reflectance at various points in the optic disc are used to construct 
a topography map of the optic disc (e.g., see Fig. 1.9). 

The measured subject rests his head on a head-and-chin rest and looks at a distant fixation target. 
Pupils are preferably not dilated and the room lights are left on. Image acquisition takes approxi-

Figure 1.7. GDx VCC printout of a healthy (left) and a glaucoma (right) subject.

Figure 1.6. The GDx VCC. 
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mately 1.6 seconds per trial.75 Because the wavelength of the HRT (670 nm) is shorter than that 
of the GDx NFA and GDx VCC (785 nm), image quality is more negatively affected by mild 
to moderate cataract. In general, three topography images are averaged on which analyses are 
performed. Magnification error is automatically corrected by using a patient’s keratometry read-
ings and the power of the correction lens used to acquire the images. The margin of the ONH is 
defined by manually drawing a contour line around the inner margin of the peripapillary scleral 
(Elschnig’s) ring. A (standard) reference plane is determined at 50 µm posterior to the mean 
peripapillary retinal height along the contour line at the temporal sector between 350 and 356 
degrees. Structures within the outlined ONH above this reference plane are defined as neuroreti-
nal rim, structures below this plane are deemed to be cup. 

The first commercially available CSLO instrument was the HRT I (Fig. 1.8). Recently, various 
hardware changes have led to the development of the HRT II. Differences between these tech-
niques (HRT I vs. II, respectively) are resolution of the image (256 x 256 pixels vs. 348 x 348 
pixels), scanning angle (10°, 15°, or 20° vs. 15°), and scanning range along the z-axis (0.5 to 4.0 
mm in 32 steps vs. 1.0 to 4.0 mm with 16 steps per mm). Whereas the HRT II has been mar-
keted as a clinical routine instrument, the HRT I is more research oriented. 

Measurements of the HRT are presented on a printout (Fig. 1.9). The printout includes a reflec-
tance image of the disc and peripapillary area, a color-coded topography map, graphs of retinal 
surface height and various parameters (Fig. 1.9). In the lower right panel, a statistical analysis 
called the Moorfields Regression Analysis (MRA)76 is displayed. 

In the MRA, a subject’s neuroretinal rim area, corrected for ONH size and age, is compared with 
data from 112 normal eyes of white subjects.76 The measured rim area is classified as 1) normal 
(flagged with a green check mark) if it sits within the 95% prediction interval (PI), 2) borderline 
(yellow exclamation mark) if it sits between the 95% and 99% PI, and 3) outside normal limits 
(red cross) if the measurement sits below the 99% PI. The measured rim area is compared to 
normative data for 6 sectors and for the global rim. A final classification based on all 6 sectors and 
the global rim is printed in the lower left corner. A normal classification requires the MRA of all 
sectors and the global rim to be within normal limits, a borderline classification occurs when one 
or more of the sectors or the global rim is borderline, and an outside normal limits occurs when 
at least 1 sector or the global rim is outside normal limits.  
In addition to the MRA, various other statistical analyses (e.g., linear discriminant functions 
[LDFs] by Bathija and by Mikelberg)77,78 have been developed to discriminate between healthy 
and glaucomatous eyes. 
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The HRT has been shown to provide reasonably reproducible measurements of ONH topogra-
phy.47 Furthermore, the ability to discriminate between healthy and glaucomatous eyes has been 
shown to be fairly good with sensitivities and specificities ranging between 74% and 78% and 
between 81% and 94%, respectively.79 

Short-wavelength automated perimetry
In general, there are at least three subtypes of RGCs in the human retina: the magnocellular cells, 
the parvocellular cells, and the small bistratified cells.48 SAP is non-specific in that it assesses 
the function of all retinal RGC subtypes at the same time. In humans, various visual function 
specific perimetry tests have been developed to target primarily one of the three mentioned RGC 
subtypes. Presumably, FDT assesses the magnocellular pathway and HRP assesses the parvocel-
lular pathway.48 SWAP allows preferential assessment of the function of the small bistratified (or 
blue-yellow) cells.48 

The small bistratified ganglion cells are part of the short-wavelength sensitive (SWS) pathway, 
which consists of the s-cones, the s-cone bipolar cells, the small bistratified ganglion cells, and 
the downstream cortical processing.80 In SWAP, a blue stimulus with a peak wavelength that ap-
proximates that of the peak response of the s-cones (440 nm) is presented on a high luminance 
yellow background (wavelength >530 nm).80 The high luminance background helps to saturate 
the medium-wavelength, or green, sensitive cones (m-cones) and the long-wavelength, or red, 
sensitive cones (l-cones) and to suppress simultaneously rod activity while leaving the s-cones 
largely unaffected.81 As a result, a degree of ‘pure’ SWS pathway response can be isolated which 
is not mediated by either the medium-wavelength sensitive (MWS) or long-wavelength sensitive 
(LWS) pathways.81 

SWAP has been developed to allow earlier detection of glaucomatous functional loss than with 
SAP.80 It is still not known why the SWS pathway may allow earlier detection of glaucomatous 
functional damage.82 One theory, called the reduced redundancy theory,83 that has been proposed 
is based on the assumption that sparsely represented ganglion cell subpopulations, with lower 
degrees of overlap between adjacent receptive fields than more abundant sub-populations, may 
demonstrate identifiable functional deficits earlier in the disease process.84 This is because only a 
small number of cells must be lost prior to loss of adequate retinal receptive field coverage. 
Various studies have reported that SWAP may indeed show glaucomatous loss of visual function 
several years earlier than SAP.85-87 However, these studies used their own normative database. In 
addition, they used different classifications for an abnormal visual field. Furthermore, the short- 
and long-term variability of measurements appear to be greater for SWAP than for SAP.82 In ad-
dition, these studies have not addressed the specificity or the predictive value of abnormal SWAP 
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fields. Another factor that might limit the routine use of SWAP in clinical practice is that SWAP 
is more sensitive to mild and moderate cataract as yellowing of the lens and increased light scatter 
decrease the sensitivity of the eye to the blue stimulus.82 

Figure 1.9. HRT printout of a healthy (left) and a glaucomatous (right) eye. 

Figure 1.8. The Heidelberg Retina Tomograph I.
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Outline of this thesis
The objective of the research presented in this thesis was to evaluate various techniques that may 
be used in clinical practice for assessing function and structure in glaucoma. 

In chapter 2, new developments in SLP were investigated. More specifically, in chapter 2.1, the 
ability of SLP with VCC to assess the morphology of the RNFL was evaluated and compared to 
that of SLP with FCC. To this end, the visualization of localized RNFL defects in SLP images 
with FCC and with VCC was compared with their visualization in red-free fundus photographs. 
At the time of the paper’s publication, fixed and variable corneal compensation were referred to 
as fixed compensation (FC) and individualized compensation (IC), respectively. In chapter 2.2, 
the extent to which various amounts of incomplete anterior segment birefringence could distort 
RNFL measurements by SLP was evaluated. In chapter 2.3, a new method for compensating 
anterior segment birefringence, i.e., enhanced (variable) corneal compensation (ECC or eVCC), 
was described and evaluated. 

In chapter 3, the accuracy of various techniques for detecting glaucoma was determined. In 
chapter 3.1, the diagnostic accuracy of the latest commercial SLP device, i.e., the GDx VCC, 
was investigated. Subsequently, in chapter 3.2, the diagnostic accuracy of CSLO by means of the 
HRT I and clinical assessment of stereoscopic ONH photographs was compared with that of the 
GDx VCC in a single population. 

In chapter 4, the relationship between function and structure was evaluated. In chapter 4.1, 
the relationship between SAP and SLP-VCC by means of the GDx VCC was investigated. In 
chapter 4.2, the relationship between SAP and CSLO by means of the HRT I was evaluated and 
compared with the relationship between SAP and SLP-VCC in a single population. 

Because glaucoma is often asymmetric in patients, some patients only have detectable visual field 
loss in one eye. The fellow eye then is unaffected when tested with standard automated perimetry. 
However, these so-called perimetrically unaffected eyes of glaucoma patients are at high risk of 
losing their visual function.16-18 In chapter 5, we evaluated the RNFL with SLP-VCC in peri-
metrically unaffected fellow eyes of glaucoma patients. In addition, we compared the results to 
RNFL measurements in their fellow eyes with field loss and eyes of healthy subjects. 

In chapter 6, the prevalence of glaucomatous defects with SWAP in subjects with an elevated 
intraocular pressure was determined for various published definitions of glaucomatous loss. 
Finally, chapter 7 presents a general discussion of the research on the assessment of structure and 
function in glaucoma. 
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2
Developments in scanning 

laser polarimetry





2.1 Visualization of localized retinal 
nerve fiber layer defects with the 
GDx with individualized and with 
fixed compensation of anterior seg-
ment birefringence

Purpose: To compare the visualization of localized retinal nerve fiber layer (RNFL) defects in 
GDx images with fixed and with individualized compensation of anterior segment birefringence 
(FC and IC, respectively) with their visualization in red-free fundus photographs.
Design: Observational case series.
Participants: Eight eyes of six glaucoma patients with localized, wedge-shaped RNFL defects in 
red-free fundus photographs with matching visual field defects.
Methods: We imaged all eyes with a GDx equipped with a variable corneal compensator (VCC). 
The VCC replaced the standard fixed compensator and could be set to compensate birefringence 
of up to 120 nm at any axis. Individual anterior segment birefringence was estimated from 
a macular retardation profile that resulted from the interaction between birefringence of the 
anterior segment and that of Henle’s fiber layer. Measurements of RNFL retardation were made 
with the GDx with FC (60 nm of retardation with a slow axis of 15 degrees nasally downward) 
and with IC. Maps of retardation measurements with FC and IC were superimposed on red-free 
fundus photographs.
Main Outcome Measures: Visualization of localized RNFL defects.
Results: Localized RNFL defects were visible in GDx retardation maps obtained with IC. The 
defects closely matched those observed in red-free fundus photographs. With FC, however, the 
GDx retardation images did not correlate well with red-free fundus photography.
Conclusions: An individualized anterior segment compensation in the GDx improves the 
visualization of localized glaucomatous loss. Ophthalmology 2003;110:1512-1516.

Glaucomatous atrophy of retinal ganglion cells and their axons may be localized, 
diffuse, or both.1-3 With red-free fundus photography, localized defects may be visible 
as wedge-shaped, well demarcated, defects of the retinal nerve fiber layer (RNFL)4 and 

they are more easily detected than diffuse loss.3,4

The RNFL can also be evaluated with the GDx (Laser Diagnostic Technologies, Inc., San 
Diego, CA, USA), a scanning laser polarimeter that constructs a pseudo-thickness map of the 
peripapillary RNFL by assessing its amount of birefringence.5,6 Although glaucomatous loss is 
identified by the GDx, visualization of localized RNFL defects with this technique has been 
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disappointing,7 which may be due to anterior segment birefringence.8-10

The standard GDx features a built-in fixed retarder to compensate for the birefringence of the 
anterior segment, which is exhibited by the cornea and, to a lesser extent, the crystalline lens. 
Fixed compensation (FC), however, may be significantly inadequate in many eyes due to large 
inter- and intraindividual variability in corneal birefringence.8,9 As inadequate anterior segment 
compensation may lead to spurious measurements,10 we speculated that the GDx’ inability to 
detect localized RNFL defects is possibly due to such an inadequate compensation. Therefore, 
we measured glaucoma patients with a prototype of a GDx equipped with a so-called variable 
corneal compensator (VCC), that allows one to compensate an individual eye’s anterior segment 
birefringence (individualized compensation; IC).11 We compared the visualization of localized 
RNFL defects in GDx images with FC and with IC with their visualization in red-free fundus 
photographs.

Methods
We used a GDx with VCC to image 8 eyes of 6 glaucoma patients. All eyes had been shown 
to have at least 1 localized, wedge-shaped, RNFL defect4 visible with digital red-free fundus 
photography (TRC-50IA retinal camera, Topcon Medical Systems, Inc., Paramus, NJ, USA with 
a MegaPlus 1.4 CCD camera, Redlake MASD, Inc., San Diego, CA, USA). Red-free fundus 
photography was performed in these subjects because a glautomatous defect was suspected by 
a glaucoma specialist on routine clinical ophthalmoscopy. For fundus photography, pupils were 
dilated with 0.5% Tropicamide and 5% Phenylephrine eye drops. The age of the patients varied 
between 49 and 73 years. Four patients were men. None of the subjects had any significant 
history of ocular diseases other than glaucoma, except for 1 patient who had undergone laser 
treatment 9 years ago for a small peripheral retinal defect. The Snellen visual acuity varied 
across eyes between 20/30 and 20/15. The IOP varied between 11 mmHg and 21 mmHg with 
medication. Slit-lamp examination of the eyes was unremarkable in all, except for 2 eyes that 
showed a slight nuclear sclerosis. Fundoscopy showed no macular disease in any of the eyes. 
All had parapapillary chorioretinal alpha zone atrophy.12 Only one showed beta zone atrophy.12 

The RNFL defects all matched reproducible sensitivity losses in visual field testing (Achromatic 
Automated Perimetry, 24-2 Full Threshold or 24-2 SITA-Standard Test Paradigm, Humphrey 
Field Analyzer, Zeiss Humphrey Systems, Dublin, CA, USA). The GDx with VCC was kindly 
provided by its manufacturer. The VCC could be set manually to compensate anterior segment 
birefringence of up to 120 nm at any axis. Our institutional Ethics Committee approved this 
study and all subjects gave their informed consent.
For each eye, 3 high quality scans of the peripapillary region were obtained with the VCC set 
to compensate 60 nm of retardation with a slow axis of 15 degrees nasally downward (ND), 
which equals FC in the standard GDx.11 Scans were deemed to be of high quality if they met 
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the following criteria: centered optic disk, image in focus, even and just illumination throughout 
the image, and absence of motion artifacts. The resolution of the images was 256 x 256 pixels, 
covering an area of 15° x 15° in scanning angle, as in the standard GDx. Then, to estimate an 
eye’s anterior segment birefringence, 3 high quality scans of the macular region were made with 
the VCC set to compensate 0 nm of retardation. The interaction between the birefringence 
of the radially oriented axons of the photoreceptors that constitute Henle’s fiber layer in the 
macula, and the anterior segment birefringence, resulted in a bow-tie shaped pattern in the 
retardation image.13 A 10-pixel-wide circular band with a diameter of 80 pixels was placed on 
the macular retardation map and manually centered on the middle of the bow-tie. A dedicated 
algorithm, incorporated into the GDx software, determined the anterior segment birefringence 
from retardation measurements over this circle. The working principle of this algorithm was as 
follows:11,13 the anterior segment slow axis coincides with the orientation of the bright axis of the 
bow-tie, as the alignment of the slow axes of the anterior segment and the photoreceptor axons 
result in a summation of retardation. The trough in the bow-tie pattern occurs where both slow 
axes are perpendicular to one another and retardation is subtracted. According to Zhou and 
Weinreb,11 the magnitude of anterior segment birefringence can then be approximated by the 
average of the retardation profile if the retardation of the anterior segment is higher than that of 
Henle’s fiber layer and by half of the modulation of the retardation profile if the retardation of 
the anterior segment is lower than that of Henle’s fiber layer. 
The average of the 3 measurements of anterior segment birefringence was used to set the VCC 
accordingly. Adequate IC of the anterior segment was verified by making 3 macula scans that had 
to show donut- or cross-shaped retardation patterns.13 Then, 3 high quality scans with IC were 
obtained of the peripapillary region.
To ensure the same orientation of the slow axes of the birefringent structures in the eye to 
that of the VCC, we saw to it that patients had their heads as upright as possible during all 
measurements. The pupils of the patients were undilated and the room lights were left on.
The highest quality retardation image with FC and the highest quality retardation image with 
IC were displayed in a gray scale instead of the standard color palette to optimize contrast, 
as is illustrated in Figure 2.1.1. They were then cropped from the GDx computer screen and 
subsequently processed with computer software (PHOTO-PAINT, version 8, Corel Corporation, 
Ottawa, Ontario, Canada): the gray scale of the retardation image was rescaled by ignoring 2% of 
the darkest and 2% of the lightest pixel values. The red-free RNFL photographs were optimized 
to show the localized defects and the striation of the RNFL with standard image enhancement 
techniques. The GDx images were placed over the RNFL photograph and manually resized and 
rotated to align the blood vessels. Visualization of localized RNFL defects was then compared 
between red-free photos and retardation images with FC and IC.
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Figure 2.1.2 (→). Examples of localized retinal nerve fiber layer (RNFL) defects, as visualized with red-
free fundus photography (left), with a GDx with fixed compensation (FC; middle) and with individualized 
compensation (IC; right) of anterior segment birefringence. White arrows indicate the wedge-shaped defects. 
The GDx retardation images have been superimposed on the corresponding red-free fundus photograph. 
The magnitudes and corneal axes of these eyes were 19 nm and 64.3° (A), 26.7 nm and 32.7° (B), 30 nm 
and 30.3° (C), and 39 nm and 51.3° (D), respectively. The localized RNFL defects are clearly visible in 
retardation maps taken with IC, whereas they are poorly visualized in GDx images taken with FC. In one 
eye (D), the edges of the defects with the papillomacular bundle, as seen on the red-free fundus photograph, 
are not visualized by the GDx measurement with IC. Physiological striation of the RNFL is readily visible 
on the IC retardation maps (e.g. B, superiorly to the optic disk, right).

Results
The retinal retardation maps obtained with the GDx with IC clearly showed all localized RNFL 
defects, and matched the red-free fundus photographs. Figure 2.1.2A shows the right eye of a 
glaucoma patient with an inferotemporal wedge-shaped RNFL defect. The defect was clearly 
visible on the IC retardation image (Fig. 2.1.2A, right). Its demarcations corresponded well with 
those identified in the red-free fundus photograph and could even be followed onto the photo. 
In this eye, the measured anterior segment birefringence was 19 nm with a slow axis of 64.3 
degrees ND. The RNFL defect did not show in the GDx retardation image made with FC (Fig. 
2.1.2A, middle).
In 6 glaucomatous eyes, the localized defects were visible both in the FC and IC retardation 
images, as illustrated in Figures 2.1.2B and 2.1.2C. In all these cases, the RNFL defects were 
most marked in the IC retardation images. The more the anterior segment birefringence deviated 
both in magnitude and in axis from the anterior segment birefringence compensated by FC, 
the worse the retardation images correlated with the red-free fundus photographs. Also note 
that with FC, the retardation images sometimes suggested thick RNFL bundles that were ill 
positioned when compared to red-free photographs (cf. Fig. 2.1.2B, left and middle; superiorly 
to the optic disk).

Figure 2.1.1. Red-free fundus photograph of the right eye of a glaucoma patient with a localized defect 
of the retinal nerve fiber layer (RNFL) inferotemporally (left). In the middle, a GDx retardation map with 
standard color palette placed over the fundus photograph. When displayed in a gray scale, with lighter shades 
representing high amounts of retardation and darker shades representing low amounts, the visualization of 
the RNFL defect and of the striations improves (right). 
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In one severely glaucomatous eye (Fig. 2.1.2D) with wedge-shaped defects both supero- and 
inferotemporally, the diffuse RNFL loss was apparent in the IC retardation image but the 
sharp, albeit faint, demarcation with the papillomacular bundle that was seen in the red-free 
fundus photograph could not be identified. The FC retardation image showed RNFL loss only 
superotemporally, also failing to clarify the faint demarcation with the papillomacalur bundle.
Apart from the glaucomatous defects, physiological striations of the RNFL were visible in the IC 
retardation maps, and corresponded well with the red-free photographs, as can be seen in Figure 
2.1.2 (e.g. Fig. 2.1.2B, left and right; superiorly to the optic disk).

Discussion
We have currently shown that the structure of the RNFL as seen in red-free fundus photographs 
is clearly visualized in GDx retardation maps made with individualized compensation of anterior 
segment birefringence. Both localized glaucomatous RNFL defects and physiological striations 
appeared remarkably similar for the two imaging technologies. To our knowledge, this is the best 
agreement ever reported between two essentially different technologies that image the RNFL in 
vivo.

With standard GDx compensation, localized RNFL loss was often difficult and sometimes even 
impossible to detect, depending on the deviation of an eye’s anterior segment birefringence 
from the one compensated by standard FC. In addition, arcuate bundles sometimes showed 
up in apparently ill positions in FC images when compared to red-free photographs. Niessen 
et al14 also found a weak correlation between red-free fundus photography and images taken 
with a predecessor of the standard GDx that also was provided with FC. Greenfield et al8 have 
shown that misalignment of the slow axes of the anterior segment and of the compensator 
distorts GDx measurements. Recently, Knighton and Huang10 have reasoned that, in many 
eyes, the peripapillary retardation image can not correspond to the spatial distribution of RNFL 
thickness because of incomplete cancellation of anterior segment birefringence. Only when this 
birefringence is completely neutralized will it reflect RNFL thickness, which is supported by our 
results.

In some areas of the well-compensated GDx images, however, there was poor agreement in the 
appearance of the RNFL with the red-free photographs, especially in the temporal region (e.g. cf. 
Fig. 2.1.2C, left and right). The observed brightness of the RNFL in red-free fundus photographs 
depends on the angle of the incident illuminating beam.15 As a result, equally thick areas in 
different parts of the fundus do not necessarily appear equally bright.15 The poor agreement 
between red-free photographs and GDx images in some areas may also have been caused by a 
suboptimal quality of the red-free photographs, with an attenuated specular reflectivity in the 
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temporal area, e.g. because of insufficiently dilated pupils or media opacities. On the other hand, 
the rescaling of the color palette of the GDx images may have exaggerated the magnitude of 
retardation in this area. Any mismatch between the GDx images and the red-free photographs 
may perhaps also underline that the two techniques examine different aspects of the RNFL, i.e., 
birefringence and specular reflectivity.
This may also hold true for the advanced glaucomatous case (Fig. 2.1.2D) in which the faint, but 
distinct border of an RNFL wedge defect with the papillomacular bundle, as seen in the red-free 
photograph, could not be identified with SLP. On the other hand, the GDx may also have been 
too insensitive to detect such a faint transition in thickness in a generally thinned RNFL.

We estimated anterior segment birefringence from the macular retardation profile that resulted 
from the interaction in birefringence between the anterior segment and Henle’s fiber layer. We 
achieved good compensation in the macular measurements of retardation with IC, as these 
images all showed donut- or cross-shaped retardation patterns. However, it is unclear how 
well retardation measurements with IC of the peripapillary region were compensated, because 
corneal birefringence varies with the location of entry of the illuminating beam,16 and the beam’s 
optical path to the macula and to the optic nerve head do not necessarily coincide. The effect 
of this disturbance on the retardation measurements, as well as its clinical significance, needs to 
be determined. In addition, the reproducibility and clinical applicability of this technique for 
assessing anterior segment birefringence still has to be assessed.11 Especially subjects with macular 
disease might not be suitable for this technique (Bagga H, Greenfield DS, Knighton RW. SLP 
with variable corneal compensation in eyes with macular pathology [abstract]. 2002 Annual 
Meeting Abstract and Program Planner accessed at www.arvo.org. Association for Research in 
Vision and Ophthalmology. Abstract 250).

Our comparisons between scanning laser polarimetry (SLP) and red-free fundus photography 
were only qualitative. As SLP is a quantitative technique, it would be of interest to directly 
compare the magnitude of retardation with histological measurements of RNFL thickness.
Red-free fundus photography is not routinely used in clinical care, as even well trained 
photographers can obtain high quality photographs in only a limited number of patients 
because of, among other things, media opacities and insufficient pupil dilation.2,17-19 In addition, 
interpretation of red-free photography is subjective, although some attempts have been made 
to quantify the analysis.20,21 The GDx, however, has the potential to be widely used in clinical 
practice because of its short acquisition time and its ability to obtain high quality measurements in 
almost any subject, even with cataract.14,19 Moreover, GDx measurements can be interpreted both 
qualitatively, as we have currently done, and quantitatively, by comparing the data to retardation 
measurements in healthy individuals. Also, quantitative analysis will enable the clinician to use 
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2.2 Effects of inadequate anterior seg-
ment compensation on measure-
ments with scanning laser polarim-
etry

We systematically explored the effects of poor anterior segment compensation on scanning laser 
polarimetry (SLP) measurements of the retinal nerve fiber layer (RNFL). We used a prototype 
scanning laser polarimeter GDx with an adjustable compensator to neutralize anterior segment 
birefringence. By systematically varying the magnitude and axis of anterior segment compensation 
in a healthy and a glaucomatous eye, we observed marked changes in RNFL appearance: the 
healthy eye could appear to have glaucomatous damage, whereas the glaucomatous eye could 
appear to have a thicker and healthier RNFL. Even small amounts of uncompensated corneal 
birefringence, which may occur in routine clinical use, resulted in apparent changes in RNFL 
morphology. We think that knowledge of this effect is important when using SLP in clinical 
practice. Ophthalmic Surgery Laser & Imaging, in press.

Scanning laser polarimetry (SLP), featured in the GDx NFA and the GDx VCC (Carl Zeiss 
Meditec, Dublin, CA, USA), estimates retinal nerve fiber layer (RNFL) thickness by measuring 
the retardation of polarized light by the birefringent RNFL.1 To cancel retardation by the cornea 
and lens, the GDx NFA is equipped with a so-called fixed corneal compensator (FCC) that 
cancels a fixed amount of birefringence reflecting the median values in the general population 
(i.e., a corneal polarization magnitude [CPM] of 60 nm and a corneal polarization axis [CPA] 
of 15° nasally downward [ND]). FCC, however, incompletely neutralizes anterior segment 
retardation in many eyes due to large inter-eye variability of corneal birefringence,2 which may 
lead to spurious measurements.3 SLP with a variable corneal compensator (VCC), featured in 
the GDx VCC, allows eye-specific compensation, resulting in more accurate assessment of the 
RNFL3 and an increased diagnostic accuracy.4 
In the current report, we systematically varied the anterior segment compensation in a healthy 
and a glaucomatous eye in order to clarify the effect of residual anterior segment birefringence on 
measurements of RNFL retardation with SLP. 
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Figure 2.2.1. SLP measurements of a healthy right eye with various amounts of compensation for 
corneal polarization magnitude (CPM) and corneal polarization axis (CPA), relative to the eye’s corneal 
birefringence (CPM=80nm; CPA=15° nasally downward [ND]). In the central image, corneal birefringence 
is completely neutralized. Bright colors represent higher retardation values; dim colors represent lower 
retardation values. 
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Figure 2.2.2. Measurements with SLP of a left eye of a glaucoma patient with various amounts of 
compensation for CPM and CPA, relative to the eye’s corneal birefringence (CPM=40nm; CPA=20° ND). 
In the central image, corneal birefringence is completely neutralized. Color coding as in figure 2.2.1. 
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Case Report
We measured the right eye of a healthy subject, with healthy looking optic discs, normal visual 
fields, and intraocular pressures of <21mmHg, with a modified GDx NFA in which the FCC 
had been replaced by a VCC that could be adjusted manually.5 In addition, we measured the 
left eye of a glaucoma patient, with a glaucomatous looking optic nerve head and corresponding 
visual field loss. The axis and magnitude of anterior segment birefringence were determined by 
macular polarimetry images with the variable compensator set to 0 nm, as described by Zhou 
and Weinreb.5 For each eye, 49 measurements were obtained with systematically stepwise varying 
degrees of compensation for CPM and CPA, relative to each eye’s anterior segment birefringence. 
Retardation images have been shown in figures 1 and 2. With complete compensation for CPM 
and CPA (central images), the retardation image in the healthy subject showed a retardation 
pattern typical for healthy subjects, with high values (bright colors) superiorly and inferiorly 
around the vessels, and low values (dim colors) temporally and nasally. In the glaucoma patient, 
especially retardation values in the superior region were low. 
By varying the degree of compensation for CPM and CPA, the pattern of retardation changed 
markedly in both subjects. Notably in the healthy subject, the apparent positions of the arcuate 
bundles could be altered (cf. two uppermost rows of frames to two lowest in Fig. 1). In addition, 
the healthy eye could appear to have glaucomatous damage inferiorly, for example when 
compensated for a CPM of 70nm and a CPA of 10° ND (Fig. 1). In the glaucoma patient, 
compensation for a CPM of 55nm and a CPA of 10° ND resulted in an apparent increase in 
RNFL thickness (Fig. 2). 

Discussion
The two series of retardation images in this case report illustrate to what extent the apparent RNFL 
thickness in SLP can be artificially increased or decreased as a result of incomplete compensation 
of anterior segment birefringence. For SLP with FCC, with its fixed compensation of anterior 
segment birefringence, such artefacts may occur in many subjects due to the large variability 
in corneal birefringence.6,7 When switching from SLP with FCC to VCC, with eye-specific 
compensation of anterior segment birefringence, changes in the pattern of RNFL as illustrated 
in the present report will have to be expected. We think this requires setting a new baseline when 
monitoring glaucomatous changes of the RNFL over time. 

By stepwise varying the compensation for corneal polarization axis and corneal polarization 
magnitude, we showed that even small changes of ± 5° in compensation for CPA resulted in 
distinct changes in the retardation images. Such small amounts of uncompensated corneal 
birefringence may occur in GDx VCC measurements with automated compensation with routine 
clinical use, either mimicking or masking glaucomatous progression. In fact, CPA may vary up 
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to 13° between measurements in individual eyes.8 Therefore, we suggest determining an eye’s 
anterior segment birefringence at every visit and asking patients to keep their heads in the same 
position on the GDx VCC face mask between measurements of anterior segment birefringence 
and subsequent assessment of RNFL birefringence. 
We currently evaluated the effect of residual anterior segment birefringence on SLP measurements 
only qualitatively. Future studies may also quantitatively assess the effect of residual anterior 
segment birefringence in the individual eye. 
Knowledge of the extent of these effects may improve clinical use of SLP in the diagnosis and 
monitoring of glaucoma.  

References
1.  Weinreb RN, Dreher AW, Coleman A, Quigley H, Shaw B, Reiter K. Histopathologic validation 

of Fourier-ellipsometry measurements of retinal nerve fiber layer thickness. Arch Ophthalmol 

1990;108:557-60.

2.  Weinreb RN, Bowd C, Greenfield DS, Zangwill LM. Measurement of the magnitude and axis of 

corneal polarization with scanning laser polarimetry. Arch Ophthalmol 2002;120:901-6.

3.  Reus NJ, Colen TP, Lemij HG. Visualization of localized retinal nerve fiber layer defects with 

the GDx with individualized and with fixed compensation of anterior segment birefringence. 

Ophthalmology 2003;110:1512-6.

4.  Weinreb RN, Bowd C, Zangwill LM. Glaucoma detection using scanning laser polarimetry with 

variable corneal polarization compensation. Arch Ophthalmol 2003;121:218-24.

5.  Zhou Q, Weinreb RN. Individualized compensation of anterior segment birefringence during 

scanning laser polarimetry. Invest Ophthalmol Vis Sci 2002;43:2221-8.

6.  Greenfield DS, Knighton RW, Huang XR. Effect of corneal polarization axis on assessment of retinal 

nerve fiber layer thickness by scanning laser polarimetry. Am J Ophthalmol 2000;129:715-22.

7.  Knighton RW, Huang XR. Linear birefringence of the central human cornea. Invest Ophthalmol Vis 

Sci 2002;43:82-6.

8.  Greenfield DS, Knighton RW. Stability of corneal polarization axis measurements for scanning laser 

polarimetry. Ophthalmology 2001;108:1065-9.





2.3 Enhanced imaging algorithm for 
scanning laser polarimetry with 
variable corneal compensation

Purpose: To describe and investigate a method for improving assessment of retinal nerve 
fiber layer (RNFL) morphology with scanning laser polarimetry (SLP) with variable corneal 
compensation (VCC). 
Methods: By neutralizing anterior segment birefringence with a variable compensator, the current 
VCC method allows direct measurement of RNFL retardation. In the new method, named 
ECC, instead of ‘nulling’ the anterior segment birefringence, the variable compensator was set to 
introduce a ‘bias’ birefringence of approximately 55 nm with its slow axis close to vertical in the 
measurement beam. This bias was removed mathematically for each individual pixel to produce 
the RNFL image. In 177 eyes of healthy subjects, glaucoma patients, and subjects with ocular 
hypertension, retardation images were obtained with both VCC and ECC methods. 
Results: In the tested eyes, images obtained with ECC showed the expected RNFL appearance 
better than with VCC. In addition, atypical retardation patterns were less frequent with ECC. 
The amount of residual anterior segment birefringence dropped statistically significantly with 
ECC in the various groups. Measurements of peripapillary RNFL retardation showed reduced 
temporal and nasal values with ECC, whereas superior and inferior values were not statistically 
significantly different between VCC and ECC. The dynamic range appeared to have increased 
with ECC. The accuracy of TSNIT Average and Inferior Average for detecting glaucoma was 
higher with ECC than with VCC. 
Conclusions: RNFL morphology may be better assessed with the presented ECC method than 
with standard VCC. ECC may be implemented in the current GDx VCC systems by means 
of a software upgrade. We suspect that it may enhance the clinical utility of the GDx VCC in 
glaucoma management.  Invest Ophthalmol Vis Sci, submitted.

Scanning laser polarimetry (SLP) has been developed for detecting and monitoring 
glaucoma, an acquired progressive optic neuropathy with atrophy of retinal ganglion cells 
and their axons.1 SLP is based on the presumed form birefringence of the microtubules 

in the retinal nerve fiber layer (RNFL).2 Their parallel arrangement results in a change in the 
retardation of passing polarized light. In SLP, the back of the eye is scanned with a polarized 
laser beam and the retardation of the backscattered light that has double passed the RNFL is 
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determined. The amount of retardance exhibited by the RNFL is proportional to its thickness,3 
although the slope of the linear relationship may vary around the optic nerve head.4,5 

Two structures in the anterior segment, i.e. the cornea and, to a lesser extent, the lens, are also 
birefringent. In order to assess RNFL retardation, anterior segment retardation needs to be 
neutralized.6,7 Earlier commercial SLPs were equipped with a fixed corneal compensator (FCC) 
that cancelled a fixed amount of birefringence reflecting the median magnitude and axis of 
anterior segment birefringence in the general population.6 Recently, SLP with variable corneal 
compensation (VCC) was introduced, which allows eye-specific compensation of anterior 
segment birefringence.8 This technique is implemented in the commercially available GDx VCC 
(Carl Zeiss Meditec, Inc., Dublin, CA, USA). SLP-VCC has been shown to allow a more accurate 
assessment of RNFL morphology9 with a higher diagnostic accuracy for detecting glaucoma10,11 
than SLP-FCC.12 Further, measurements with SLP-VCC have been shown to correlate well with 
functional measurements by standard automated perimetry.13,14 

Typically, in healthy subjects, larger amounts of retardation are apparent next to the blood 
vessels superior and inferior to the optic nerve head (ONH) (e.g. Fig. 2.3.1A). The amount of 
retardation decreases with increasing distance from the ONH. In glaucomatous eyes, the loss 
of nerve fibers is visible as a localized and/or diffuse decrease in the amount of retardation (e.g. 
Fig. 2.3.1B). In approximately 7% of subjects, atypical patterns of increased retardation may be 
apparent in images obtained with SLP-VCC (e.g. Fig. 2.3.1C and D, left).10 The RNFL in these 
so-called atypical scans may be difficult to interpret. The source of this aberrant retardation is 
unknown, although it appears to occur more frequently in eyes with lightly pigmented fundi, 
in myopes, and in eyes of elderly subjects in which the signal-to-noise ratio of the SLP images is 
relatively poor.10 

Although compensation of anterior segment birefringence in the individual eye seems to be 
adequate with SLP-VCC in general, a small amount of residual  anterior segment birefringence 
can be observed in some eyes (e.g. Fig. 2.3.1E, left), which may lead to erroneous measurements 
of the RNFL.9 

Both atypical retardation patterns and residual anterior segment birefringence adversely affect 
the accuracy of RNFL assessment with SLP. In this paper, we present a method that minimizes 
atypical retardation patterns and residual anterior segment birefringence, which may improve the 
accuracy of RNFL assessment in affected eyes. We investigated this new method in healthy eyes, 
glaucomatous eyes, and eyes of subjects with ocular hypertension. 
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Methods
Subjects
One hundred and sixty-five subjects (29 healthy subjects, 70 glaucoma patients, and 78 subjects 
with ocular hypertension) were recruited consecutively for the present study between February 
and July 2004 at The Rotterdam Eye Hospital. The research adhered to the tenets of the 
Declaration of Helsinki. The institutional human experimentation committee had approved the 
research. Informed consent was obtained from the subjects after explanation of the nature and 
possible consequences of the study.
All subjects were measured with standard automated perimetry (SAP) by means of the Humphrey 
Field Analyzer II (Carl Zeiss Meditec, Inc., Dublin, CA, USA) 24-2 Full Threshold (FT) or 
Swedish interactive threshold algorithm (SITA) Standard test program. All visual fields were 
reliable. Reliability criteria applied were: 1) fixation losses <25% and 2) false-positive and false-
negative response rates ≤20% for the FT test paradigm and ≤7% for the SITA-Standard test 
program. In glaucomatous eyes with advanced field loss, higher false-negative response rates were 
accepted: up to 33% for the FT paradigm and up to 12% for the SITA-Standard paradigm. 

All healthy subjects had normal visual fields with SAP, i.e., a glaucoma hemifield test (GHT) within 
normal limits and no nerve fiber bundle visual field defects in the total and/or pattern deviation 
probability plots. In addition, they were of white ethnic origin and had a visual acuity of 20/40 
or better. None had a significant history of ocular disease, a history of intra-ocular surgery (except 
for any uncomplicated cataract surgery), relatives in the first and/or second degree with glaucoma, 
any significant coexisting diseases, or systemic diseases with possible ocular involvement, such 
as diabetes mellitus. Furthermore, slit-lamp examination was unremarkable; they had healthy-
looking optic discs (no diffuse or local rim thinning and no optic disc hemorrhages), an IOP 
of 21 mmHg or less in both eyes, and open angles upon gonioscopy. Their mean ± SD ‘mean 
deviation’ (MD) and mean ± SD pattern standard deviation (PSD) were 0.27 ± 1.02 dB and 1.69 
± 0.51 dB, respectively. 
Glaucoma patients had a glaucomatous appearance of at least one of their optic discs (with 
notching or thinning of the neuroretinal rim), a corresponding nerve fiber bundle visual field 
defect with SAP, and open angles by gonioscopy. Visual field defects had to be confirmed on at 
least one separate examination. All patients with glaucoma were of white ethnic origin and had 
a visual acuity of 20/40 or better. Patients with any significant coexisting diseases other than 
glaucoma, systemic diseases with possible ocular involvement, such as diabetes mellitus, or a 
history of intra-ocular surgery (except for any uncomplicated cataract or glaucoma surgery) were 
excluded. Their mean ± SD MD and mean ± SD PSD were -12.15 ± 8.07 dB (range, -30.40 to 
0.61) and 9.25 ± 3.66 dB, respectively. 
All subjects with ocular hypertension had an IOP of ≥22 mmHg and ≤32 mmHg and normal 
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visual fields on at least two separate occasions. The appearance of the optic disc was not a selection 
criterion. All subjects with ocular hypertension were of white ethnic origin and had a visual acuity 
of 20/40 or better. Patients with a history of intra-ocular surgery (except for any uncomplicated 
cataract surgery), any significant coexisting diseases, or systemic diseases with possible ocular 
involvement, such as diabetes mellitus, were excluded. Their mean ± SD MD and mean ± SD 
PSD were 0.44 ± 1.28 dB and 1.68 ± 0.57 dB, respectively.
Only one eye was randomly selected for analysis in the present study if both were eligible. 
The mean ± SD age of the healthy subjects, glaucoma patients, and subjects with ocular 
hypertension was 60 ± 13, 68 ± 9, and 63 ± 10 years, respectively. The difference in age between 
the various groups was statistically significant (one way ANOVA, P=0.002). In 13/29 (45%) 
healthy subjects, 33/70 (47%) glaucomatous subjects, and 39/78 (50%) ocular hypertensive 
subjects, the right eye was used for analysis. Twelve of the 17 (41%) healthy subjects, 37 of the 
70 (53%) glaucoma patients, and 43 of the 78 (55%) ocular hypertensive subjects were men.  

Figure 2.3.2. Macular images of a healthy subject’s left eye. (A): Reflection image. (B): retardation image 
without any compensation of anterior segment birefringence (50 nm and 19.6° nasally downward [ND]). (C): 
retardation image with standard VCC compensation (13 nm and -78.3° ND). (D): retardation image with 
artificially induced bias (27 nm and 82.2° ND). (E): retardation image with anterior segment compensation 
by the currently presented ECC method (2 nm and 50.5° ND). Note that residual birefringence is less with 
ECC than with VCC.

Figure 2.3.1 (←). Retardation images of four left eyes and one right eye with standard VCC (left) and 
currently presented ECC (right). Brighter colors represent a thicker RNFL; darker colors represent a thinner 
RNFL. (A): A healthy subject’s eye (MD, 0.45 dB; PSD, 1.19 dB); residual retardation is 8 nm for VCC 
and 2 nm for ECC. The typical scan score was 99 and 100 for VCC and ECC, respectively. (B): A glaucoma 
patient’s eye (MD, -6.19 dB; PSD, 8.8 dB); residual retardation was 5 nm for VCC and 1 nm for ECC. 
The typical scan score was 89 and 100 for VCC and ECC, respectively. (C): A glaucoma patient’s eye (MD, 
-20.55 dB; PSD, 10.18 dB); residual retardation was 5 nm for VCC and 1 nm for ECC. The typical scan 
score was 45 and 100 for VCC and ECC, respectively. (D): A glaucoma patient’s eye (MD, -3.04 dB; PSD, 
6.14 dB); residual retardation was 6 nm for VCC and 0 nm for ECC. The typical scan score was 37 and 
100 for VCC and ECC, respectively. (E): A glaucoma patient’s right eye (MD, -11.69 dB; PSD, 13.66 dB); 
residual retardation was 12 nm for VCC and 0 nm for ECC. The typical scan score was 59 and 100 for 
VCC and ECC, respectively. With VCC, the large amount of residual anterior segment birefringence in the 
macular region had an axis of 23 degrees nasally downward. The RFNL appeared to be rotated in the same 
direction. With ECC, the apparent distortion of the RNFL measurement had disappeared.
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SLP Measurements
SLP measurements were performed with the commercially available GDx VCC (software 
version 5.4.0; Carl Zeiss Meditec, Inc., Dublin, CA, USA). The GDx VCC used a near infrared 
laser beam with a wavelength of 785 nm to scan the ocular fundus. The field of view was 40° 
horizontally x 20° vertically at a density of 256 x 128 pixels, respectively. The scanned area 
included the papillary and the macular regions of the eye. The GDx VCC produced a reflection 
image that was generated from light reflected back from the fundus of the eye. In addition, it 
produced a retardation image that had been constructed from the 32,768 (256 x 128) individual 
retardation values. The amount of retardation was displayed as apparent RNFL thickness (µm) 
based on a conversion factor of 0.67 nm/µm.15 The GDx VCC was equipped with a variable 
corneal compensator that consisted of two identical linear retarders in rotating mounts so that 
both the retardation and axis of the unit could be adjusted. To measure an individual’s eye 
polarization axis and magnitude of the cornea (and the lens), an SLP image of the macula (Fig. 
2.3.2A) was acquired with the retardation of the compensator set to zero. The combination of the 
birefringence of the radially oriented axons of the photoreceptors that constitute Henle’s fiber layer 
in the macula and the birefringence of the anterior segment resulted in a bow-tie like retardation 
pattern in the macula (Fig. 2.3.2B). One of two dedicated algorithms incorporated into the GDx 
VCC, i.e., the ‘bow-tie’ method and the ‘screen’ method, determined the magnitude and axis 
of anterior segment birefringence from the macular retardation profile. These algorithms have 
been described in detail elsewhere.8,15,16 In short, the ‘bow-tie’ method calculated the anterior 
segment birefringence from the macular retardation profile obtained at a locus of points along a 
circle centered on the fovea.8 The ‘screen’ method averaged the signals from the parallel channel 
and the crossed channel over a large square area of the macula centered on the fixation target 
to extract the anterior segment birefringence.15 While the ‘bow-tie’ method works well in eyes 
with normal macula, the ‘screen’ method is more robust in eyes with macular pathology and a 
damaged Henle’s fiber layer.16 
In the currently implemented VCC technique, the compensator was automatically adjusted 
to neutralize the eye’s anterior segment birefringence based on the measured values with the 
‘bow-tie’ method. The eye was then scanned with individualized compensation to measure the 
amount of retinal retardation. With anterior segment birefringence compensated, the retardation 
pattern in the macular region should exhibit a uniform and weak retardation pattern with a 
cross- or donut-shaped distribution (Fig. 2.3.2C).  As an alternative to the existing VCC method, 
a new software method, named enhanced corneal compensation (ECC), was developed that 
requires no hardware modification to the GDx VCC system and provides individualized corneal 
compensation with enhanced SLP measurement sensitivity. The rationale of this technique 
was as follows: the sensitivity of SLP to measuring small differences in retardation ultimately 
depends on the ability to detect small differences in polarization signal amplitude. SLP sensitivity 
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(the slope of the curve) is inherently low at small retardation values, as shown in figure 2.3.3. 
Depolarization or reduction in reflected light intensity results in a lower intensity curve and 
proportionally decreased sensitivity, as illustrated with the curves for K=1.0 and K=0.5, where 
K represents the normalized polarization maintaining fundus reflectance. Low sensitivity makes 
the retardation measurement susceptible to optical noise (e.g., stray light) and electronic noise 
(e.g., noise and digitization error). The principle of the new method, illustrated in figure 3, was 
to superimpose RNFL birefringence onto a large, known birefringence (‘bias retarder’). The bias 
retarder was formed by the combination of the variable compensator and the anterior segment. 
Rather than adjusting VCC to neutralize the anterior segment birefringence, the compensator 
was adjusted so that the combination had a retardation of approximately 55 nm and a slow axis 
close to vertical. The bias retarder therefore shifted the retardation measurement into a more 
sensitive region (Fig. 2.3.3). 
With ECC, SLP measured an amount of retardation that was higher than retinal retardation 
alone (Fig. 2.3.2D). The birefringence, induced by the bias retarder, was determined from the 
macular region with the ‘screen’ method described earlier. Based on Mueller calculus for a double-
pass SLP system, the retinal retardation was mathematically extracted from the total retardation 
image based on knowledge of the bias retarder retardation and axis, as well as knowledge of the 
point-by-point total retardation and axis.17 Successful removal of bias retardation from the final 
retinal retardation image was evident from the uniform retardation pattern in the macula (Fig. 
2.3.2E). 

Three trained and experienced technicians performed the GDx VCC measurements in both eyes 
of all subjects. Pupils of subjects were undilated and the room lights were left on. The spherical 

Figure 2.3.3. Plot of polarization signal amplitude versus retardation for different degrees of normalized 
polarization maintaining fundus reflectance (K). See text for further details. 
RNFL, retinal nerve fiber layer.
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equivalent refractive error of each eye was entered into the software to allow the GDx VCC to 
focus on the retina. If necessary, the focus was adjusted manually in 0.25 diopters steps. For each 
subject, anterior segment birefringence was assessed, after which images were obtained from both 
eyes with VCC first and with ECC second. Subjects were asked to keep their heads positioned 
on the GDx VCC system’s face mask between acquisitions. To maintain the same orientation of 
the slow axes of the birefringent structures in the eye to that of the instrument’s compensator, the 
operator saw to it that patients had their heads in the same position during all measurements.
All accepted scans were of high quality, i.e. with a centered optic disc, well-focused, evenly and 
justly illuminated throughout the image, and without any motion artifacts. No images were 
excluded from analysis that were flagged by the GDx VCC software as ‘results may not be 
compatible with normative database’. The software flags an image as such when the typical scan 
score is 25 or lower. The typical scan score (range, 0-100) is a proprietary measure provided by 
the GDx VCC software, which indicates whether the observed retardation pattern is typical for 
the human healthy or glaucomatous RNFL. This score has been described in detail elsewhere.18 
In short, similar to the NFI parameter, the typical scan score was the output of a machine 
learning classifier based on a support vector machine. In scans that display an atypical pattern of 
retardation (e.g. Fig. 2.3.1C and D, right), the typical scan score is lower. 
Residual anterior segment birefringence was assessed in images obtained with VCC and ECC by 
determining the amount of retardation in the macula region with the ‘bow-tie’ method. 

Typical scan parameter value

VCC ECC P

Normal 89.0 ± 14.8 (50-100) 99.3 ± 1.8 (92-100) 0.001
Glaucoma 71.2 ± 28.6 (0-100) 97.8 ± 6.1 (69-100) < 0.001
Ocular hypertension 85.9 ± 19.1 (19-100) 99.9 ± 0.6 (95-100) < 0.001

Table 2.3.1. Values of the typical scan score (possible range, 0-100) in scanning laser polarimetry 
measurements with the VCC method and the ECC method in healthy eyes, glaucomatous eyes, and eyes 
with ocular hypertension. Data have been given as mean ± SD (range). Differences were tested for statistical 
significance with a paired t test.

CPM, residual

CPM without compensation VCC ECC P

Normal 36.6 ± 13.0 (7-64) 6.5 ± 2.7 (1-11) 1.9 ± 1.9 (0-8) < 0.001
Glaucoma 38.6 ± 14.1 (2-75) 6.4 ± 3.1 (0-18) 1.8 ± 1.4 (0-6) < 0.001
Ocular hypertension 39.7 ± 15.2 (1-67) 6.1 ± 2.9 (1-21) 1.6 ± 1.3 (0-5) < 0.001

Table 2.3.2. Corneal polarization magnitude (CPM, expressed in µm of retardation) of healthy eyes, 
glaucoma eyes, and eyes with ocular hypertension and residual CPM with correction by a variable corneal 
compensator with VCC and ECC method. Data have been given as mean ± SD (range). Differences in 
residual CPM with VCC and ECC were tested for statistical significance with a paired t test. 
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Data analysis
The margin of the optic disc was manually marked with an ellipse in the reflection image of 
the fundus. The GDx VCC software positioned a circular band, 8 pixels wide (~0.4 mm in an 
emmetropic eye) and with an inner diameter of 54 pixels (~2.5 mm in an emmetropic eye), 
centered on the center of the ellipse. The instrument processed the retardation values within 
this band to give 256 values evenly distributed along the circle. These values were subsequently 
grouped into 64 sectors and exported by the software. The measurement band was divided into 
4 sectors: a temporal one (extending from 335° to 24°, relative to the temporal meridian), a 
superior one (25° to 144°), a nasal one (145° to 214°), and an inferior one (215° to 334°). Based 
on the retardation values within this band, we determined the average amount of retardation in 
all sectors and in the temporal, superior, nasal, and inferior regions: TSNIT Average, Temporal 
Average, Superior Average, Nasal Average, and Inferior Average, respectively. In addition, we 
calculated the SD of the mean amount of retardation beneath the entire measurement band 
(TSNIT Std. Dev.) and determined the peak-to-trough values in the TSNIT plot. Furthermore, 
we determined the minimum amount of retardation in the temporal and nasal regions: Temporal 
Minimum and Nasal Minimum, respectively. 

Table 2.3.4. Average amount of retardation (µm) in the superior and inferior regions measured with VCC 
and with ECC in the 10% of healthy eyes with the largest amount of retardation and in the 10% of 
glaucoma eyes with the smallest amount of retardation. The difference in retardation between the healthy 
and glaucoma eyes have been presented as well. 

CPM, residual

VCC ECC

rS P rS P

Temporal Average 0.26 0.006 -0.02 0.83
Superior Average -0.07 0.48 0.08 0.42
Nasal Average 0.23 0.016 -0.04 0.71
Inferior Average -0.14 0.15 -0.17 0.077

Table 2.3.5. Association, expressed as Spearman’s rank correlation coeffecient (rS), between amount of 
retardation in 4 peripapillary regions and residual anterior segment birefringence measured with VCC and 
ECC in healthy and ocular hypertensive eyes.

Superior region Inferior region

VCC ECC VCC ECC

Average ∆ Average ∆ Average ∆ Average ∆

Healthy eyes 75.5 77.3 73.8 75.7
47.3 51.5 42.6 46.4

Glaucoma eyes 28.5 25.8 31.2 29.3
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To investigate whether the range in measurements had increased with ECC compared to VCC, 
we identified, for the superior and inferior regions separately, 10% of healthy eyes with the largest 
amount of retardation by ECC and 10% of glaucomatous eyes with the smallest amount of 
retardation by ECC. For both VCC and ECC, we averaged the amounts of retardation in each 

Figure 2.3.4. Peripapillary retinal nerve fiber layer retardation measured with scanning laser polarimetry 
with variable corneal compensation (VCC; A) and with ECC (B) in healthy eyes (), eyes with ocular 
hypertension (), and glaucoma eyes (). 
T, temporal; S, superior; N, nasal; I, inferior.
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group. We then calculated the differences in the amount of retardation between the healthy eyes 
and the glaucomatous eyes for VCC and ECC separately. 
Furthermore, we determined the accuracy of SLP-VCC and SLP-ECC for discriminating between 
healthy and glaucomatous eyes by calculating the areas under the receiver operating characteristic 
(ROC) curves (AUCs) for 4 clinically used parameters (i.e., TSNIT Average, Superior Average, 
Inferior Average, and TSNIT Std. Dev.) obtained with VCC and with ECC. The 95% confidence 
intervals (CIs) for the AUCs were calculated as the point estimates of the AUC ± 1.96 * standard 
error. Differences in AUCs of parameters obtained with VCC and ECC were tested for statistical 
significance with the paired samples test described by DeLong et al.19

We used paired and unpaired t-tests to evaluate differences in measurements within and between 
groups, respectively. In the present study, a P value of less than 0.05 was considered statistically 
significant. For paired comparisons, the α was adjusted to the number of comparisons within 
each analysis with the Bonferroni correction to allow for multiple testing. Statistical analyses were 
performed with SPSS for Windows (release 12.0.1, 2003, SPSS Inc., Chicago, IL, USA). 

Results
Figure 1 shows five examples of retardation images acquired with standard VCC (left) and with 
ECC (right); the peripapillary and the macular regions have been displayed. These examples 
illustrate that the retardation images taken with ECC showed the expected RNFL appearance 
much better than images acquired with VCC (e.g., Fig. 2.3.1B, cf. right and left). Furthermore, 
atypical retardation patterns appeared less often and were less pronounced in ECC images than 
in VCC images (e.g. Fig. 2.3.1C and D, cf. right and left). This was reflected in the typical scan 
score that was statistically significantly higher (P ≤ 0.001; α = 0.017, 3 comparisons) for images 
with the ECC method than with the VCC method in all subjects (Table 2.3.1). The morphology 
of the RNFL looked similar for images obtained with either VCC or ECC in almost every eye. 
For example, in Fig. 2.3.1A, several slit-like defects superotemporal to the optic disc were equally 
well visible with both methods. Similarly, the localized RNFL defects superotemporal to the 
optic disc in Figs 2.3.1B and 2.3.1E could be marked with either method. 

Unit VCC ECC Difference P

TSNIT Average µm 0.87 (0.035; 0.80-0.94) 0.96 (0.017; 0.93-1.00) -0.09 0.004

Superior Average µm 0.95 (0.019; 0.92-0.99) 0.98 (0.011; 0.96-1.00) -0.03 0.062

Inferior Average µm 0.81 (0.045; 0.72-0.89) 0.90 (0.031; 0.84-0.96) -0.09 0.002

TSNIT Std. Dev. µm 0.93 (0.026; 0.88-0.98) 0.93 (0.030; 0.87-0.99) 0 0.87

Table 2.3.6. Diagnostic accuracy, expressed as area under the receiver operating characteristic (ROC) curve 
(standard error; 95% confidence interval), for various parameters for discriminating between healthy eyes 
and eyes with glaucoma.
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Images obtained with ECC contained statistically significantly (P < 0.001; α = 0.017, 3 
comparisons) less residual anterior segment birefringence than images obtained with VCC (Table 
2.3.2 and Fig. 2.3.1, cf. macular regions in the left and right panels). Images taken with VCC 
often showed a horizontally placed bow-tie (Fig. 2.3.1, left). The mean ± SD axis of this residual 
anterior segment birefringence in healthy, ocular hypertensive, and glaucoma eyes was 8° ± 21° 
nasally downward. In images with a large residual amount of birefringence, the morphology of 
the RNFL sometimes appeared to be rotated (e.g. Fig. 2.3.1E, left). 

Peripapillary retardation values measured with VCC and ECC have been presented in Figs 
2.3.4A and 2.3.4B, respectively. The shapes of these so-called TSNIT graphs were markedly 
different between the two methods. Statistically, TSNIT Average, Temporal Average, Nasal 
Average, Temporal Minimum, and Nasal Minimum were statistically significantly (P ≤ 0.001, α 
= 0.006, 9 comparisons) lower with ECC than with VCC in all subjects (Table 2.3.3). TSNIT 
Std. Dev. and the peak-to-trough values were statistically significantly (P < 0.001, α = 0.006, 9 
comparisons) higher with ECC than with VCC (Table 2.3.3), which was apparent as a larger 
modulation of the TSNIT graph with ECC (cf. Figs 2.3.4B and 2.3.4A, respectively). The 
parameters Superior Average and Inferior Average were not statistically significantly (P ≥ 0.012, 
α = 0.006, 9 comparisons) different between ECC and VCC in any of the tested groups, except 
for the Inferior Average in the subjects with ocular hypertension (P < 0.001, Table 2.3.3). This 
difference, however, was small (on average 2.1 µm). 

The difference in the amount of retardation between healthy eyes with the largest amount of 
retardation and the glaucoma eyes with the smallest amount of retardation have been presented 
in Table 2.3.4. In both the superior and inferior regions, the range of measurements appeared 
larger for measurements with ECC than with VCC. 

Of note, in images obtained with VCC, the average values in the temporal quadrant (Temporal 
Average) were statistically significantly higher in glaucoma eyes (36.6 µm) than in healthy eyes 
(28.6 µm) (P < 0.001) (Fig. 2.3.4, cf. A and B). In images obtained with ECC, this difference was 
not statistically significant (glaucoma eyes and healthy eyes: 17.3 µm and 16.0 µm, respectively; 
P = 0.22). In addition, the amount of retardation in the temporal region in healthy and ocular 
hypertensive eyes measured with VCC was statistically significantly (P = 0.006, α = 0.013, 4 
comparisons) correlated with the amount of residual anterior segment birefringence (Table 
2.3.5). In the nasal region, this correlation was of borderline significance (P = 0.016, α = 0.013, 
4 comparisons). With ECC, no relationship was apparent between measured peripapillary 
retardation and residual anterior segment birefringence (Table 2.3.5). These data suggest that 
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some of the differences between VCC and ECC were due to an artifactual increase in RNFL 
retardation in the temporal and nasal regions and decrease in certain sectors of the superior and 
inferior regions caused by the compensation residual with VCC. 

The AUCs of the four clinically used parameters obtained with SLP-VCC and with SLP-ECC 
have been presented in Table 2.3.6. The AUCs of the parameters TSNIT Average and Inferior 
Average were statistically significantly larger (P = 0.004 and P = 0.002, respectively; α = 0.013, 4 
comparisons) for measurements with ECC than with VCC. No statistically significant difference 
between measurements with VCC and ECC was found for the other two parameters.  

Discussion
We have currently presented a new method, called ECC, that improves the signal to noise ratio 
of RNFL retardation measurements with SLP by shifting the measurements to a more sensitive 
detection range of the instrument. The shift is made by introducing a preset measurement bias 
that is afterwards mathematically removed from the measurements. Measurements obtained with 
ECC appeared to represent the expected RNFL morphology better than or otherwise as well as 
those made with standard VCC. ECC may be implemented in the current GDx VCC simply by 
a software upgrade. 

With ECC, atypical retardation patterns were less frequent. As VCC scans with an atypical 
retardation pattern may be difficult to interpret clinically, we suspect that more glaucoma 
patients and glaucoma suspects may be assessed reliably with ECC. The origin of atypical scans 
is not yet fully understood. However, it appears to be associated with a low signal-to-noise ratio. 
In areas of low retardation (i.e., where the RNFL is thin), the measurements are susceptible to 
both optical and electronic noise. By introducing and later removing a preset measurement bias, 
the instrument’s measurement sensitivity is enhanced, thereby reducing its susceptibility to such 
errors. This may explain why atypical retardation is reduced with ECC.

By mathematically removing the induced bias in images obtained with this method, the residual 
of anterior segment birefringence compensation was also reduced with ECC compared to 
VCC. With VCC, the RNFL morphology appeared rotated in some eyes, probably due to the 
interaction between RNFL retardation and residual anterior segment retardation. In addition, 
the residual anterior segment birefringence in VCC images, with its mean axis close to the 
horizontal, artifactually increased retardation in the temporal and nasal parapapillary regions and 
reduced retardation in the superior and inferior regions where the nerve fiber bundles are nearly 
perpendicular to the slow axis of the compensation residual. Because the images were better 
compensated with ECC than with VCC, ECC may improve computer-assisted analysis of RNFL 
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loss, such as the automated detection of localized RNFL defects,20 which may aid clinicians in the 
interpretation of the polarimetry data. 

With less residual anterior segment birefringence, ECC may also improve the instrument’s 
accuracy for diagnosing and monitoring glaucoma. In fact, we showed that the diagnostic 
accuracy of the parameters TSNIT Average and Inferior Average for discriminating between 
healthy eyes and eyes with glaucoma was higher in measurements with ECC than with VCC. 
As we presently included mostly patients with glaucoma of moderate to severe severity, future 
studies may address whether the diagnostic accuracy of ECC has also improved over VCC in 
patients with mild glaucomatous damage. Of note, the AUCs that we presently found for VCC 
and ECC may both have been favorably biased by the statistically significant difference in age 
between healthy subjects and patients with glaucoma. Future studies need to determine the 
diagnostic accuracy in an age-matched population. 

The SLP retardation measurement floor appeared to be lower with ECC than with VCC.  
Therefore, we think that the dynamic range of measurements may be larger with ECC. With a 
larger dynamic range, ECC SLP then might increase the ability to monitor glaucoma patients 
over a longer time period. The ability to monitor glaucomatous thinning of the RNFL over time 
also depends on the reproducibility of measurements and sensitivity of a device to measuring 
small changes. Therefore, follow-up studies in eyes with, especially, more advanced RNFL loss 
will have to show whether the detection of progressive damage has indeed improved with ECC.

With VCC, the Temporal Average was higher in glaucomatous eyes than in healthy ones, 
which was most likely due to measurement artifacts. In ECC, we found no difference in RNFL 
retardation between healthy and glaucomatous eyes in the nasal and temporal segments. One 
would have expected glaucomatous eyes to have a thinner RNFL in these regions as well, 
especially in advanced glaucomatous eyes. The source of this retardation, whether it is biological 
or artifactual, remains to be investigated. Alternative techniques, such as polarization sensitive 
optical coherence tomography (PS-OCT)4 may be employed to provide additional insight. In 
addition, small atypical retardation patches still remained in some images obtained with ECC 
(e.g., Fig. 2.3.1D), which should also be investigated in the future.

The dynamic range of the SLP system in the GDx VCC is a quarter of its laser’s wavelength, 
i.e., approximately 195 nm. However, the maximum amount of retardation measured by the 
GDx VCC is 130 nm, which is a software-set limit. If in a given eye, the total amount of 
retardation induced by the RNFL and the 55 nm retardation bias were to exceed 130 nm, the 
measured values would be cropped at 130 nm. In such a case, measurement with the standard 
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3
Diagnostic accuracies for 

glaucoma





3.1 Diagnostic accuracy of the GDx 
VCC for glaucoma

Primary open-angle glaucoma (POAG) is an acquired progressive optic neuropathy, with 
atrophy of retinal ganglion cells (RGCs) and their axons, leading to loss of visual function.1 
In clinical practice, the diagnosis of POAG is often based on a characteristic appearance 

of the optic nerve head2 and typical visual field defects,3 in addition to open anterior chamber 

Purpose: To determine the diagnostic accuracy of the GDx VCC in the diagnosis of glaucoma. 
Design: Prospective comparative observational clinic-based case series. 
Participants: One eye each of 77 healthy subjects and 162 patients with primary open-angle 
glaucoma of Caucasian ethnic origin. Healthy subjects had normal visual fields, healthy-
looking optic discs, and intraocular pressures ≤21 mmHg in both eyes. Glaucoma patients had 
a reproducible glaucomatous visual field defect and a glaucomatous appearance of the optic disc 
in at least one eye. 
Methods: All subjects were measured with the GDx VCC with automated variable corneal 
compensator. We constructed receiver operating characteristic (ROC) curves for all available 
parameters. Subsequently, we calculated sensitivity, specificity, and multilevel likelihood ratios 
for the best discriminating parameter in the entire group. In addition, we calculated sensitivity 
and specificity in patients with mild, moderate, and severe glaucomatous damage, separately. 
Main outcome measures: Software-derived parameters ‘TSNIT Average’, ‘Superior Average’, 
‘Inferior Average’, ‘TSNIT Std. Dev.’, and ‘Nerve Fiber Indicator’ (NFI).
Results: The areas under the ROC curves for ‘TSNIT Average’, ‘Superior Average’, ‘Inferior 
Average’, ‘TSNIT Std. Dev.’, and NFI were 0.93, 0.94, 0.90, 0.92, and 0.98, respectively. For 
the best discriminating parameter NFI, the sensitivity and specificity with a cut-off point of ≥40 
were 89.0% and 95.9%, respectively. The multilevel likelihood ratios for glaucoma at NFI values 
<35 was 0.07, between 35 and 44, 1.30, and at values ≥44, 61.50. At the cut-off level of ≥40, 
the sensitivities of the NFI for correctly identifying glaucoma patients with mild, moderate, and 
severe damage were 83.8%, 92.9%, and 90.1%, respectively. 
Conclusions: The GDx VCC allowed easy, rapid, and accurate discrimination between healthy 
and glaucomatous eyes. The NFI was the best discriminating parameter. We think that the GDx 
VCC fulfills criteria for a glaucoma screening device. Ophthalmology 2004;110:1860-1865.
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angles and absence of known other explanations for glaucomatous optic nerve atrophy.4 
Evaluation of the retinal nerve fiber layer (RNFL) may greatly facilitate and support the clinical 
diagnosis of glaucoma.5-7 Localized and/or diffuse changes of the RNFL, visible with either 
ophthalmoscopy or red-free fundus photography, almost always indicate abnormality.8,9 In 
addition, RNFL defects have been reported to be one of the earlier signs of glaucoma.8,10,11 
However, the RNFL is not routinely evaluated by clinicians to diagnose glaucoma, as a good view 
on the RNFL may be difficult to obtain in many patients. In addition, grading the degree of loss 
may be difficult and highly subjective.12 
The RNFL may be evaluated more easily with scanning laser polarimetry (SLP). This technique, 
featured in the GDx VCC (Laser Diagnostic Technologies, Inc., San Diego, CA, USA), estimates 
the thickness of the peripapillary RNFL by measuring the summed retardation of a polarized 
scanning laser beam, presumably induced by the form-birefringent microtubules supporting 
the RGC axons.13,14 The GDx VCC is equipped with a so-called variable corneal compensator 
(VCC), allowing eye-specific compensation of the birefringent effects of the cornea and, to a 
lesser degree, the lens. A previous commercially available scanning laser polarimeter, the GDx 
NFA (Laser Diagnostic Technologies, Inc., San Diego, CA, USA), was equipped with a fixed 
corneal compensator (FCC), that sometimes lead to spurious measurements15 due to incomplete 
compensation of anterior segment birefringence.16-18 Equipped with a VCC, however, SLP 
has been shown to match the appearance of the RNFL by red-free fundus photography.15 In 
addition, SLP with a prototype VCC has been shown to discriminate better between healthy 
subjects and glaucoma patients than SLP with FCC.19 The commercially available GDx VCC 
features an automated VCC, a 20° x 20° field of view of the parapapillary RNFL, easy and rapid 
administration, and easy and objective interpretation of the measurements. In the present study, 
we determined the accuracy of masurements with the GDx VC for diagnosig glauom.

Methods
Subjects
Seventy-seven healthy subjects and 162 glaucoma patients were measured with the GDx VCC 
(Laser Diagnostic Technologies, Inc., San Diego, CA, USA) between September 2002 and 
September 2003 by three experienced operators at the Perimetry Department of The Rotterdam 
Eye Hospital. Healthy subjects were recruited either consecutively from an ongoing longitudinal 
follow-up study (n=48) or from employees of The Rotterdam Eye Hospital and their spouses and 
friends (n=29). All healthy subjects had a Glaucoma Hemifield Test of ‘Within normal limits’ 
and no nerve fiber bundle abnormalities3 on the total and/or pattern deviation probability plots 
with standard automated perimetry (SAP; Humphrey Field Analyzer, 24-2 SITA-Standard test 
program, Carl Zeiss Meditec, Dublin, CA, USA). In addition, they had healthy-looking optic 
discs and an intraocular pressure of 21 mmHg or less in both eyes, measured with Goldmann 
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applanation tonometry. Only subjects with open angles by gonioscopy were entered into the 
study. Slit lamp examination was unremarkable in all eyes. All subjects were of Caucasian ethnic 
origin and had a best corrected visual acuity of 20/40 or better. None had any significant history 
of ocular disease (including posterior segment eye disease and corneal disease), a history of intra-
ocular surgery (except for uncomplicated cataract surgery), relatives in the first and/or second 
degree with glaucoma, systemic hypertension for which medication was used, diabetes mellitus, 
or any other systemic disease. One eye per subject was randomly chosen for analysis.
Glaucoma patients were recruited consecutively from an ongoing longitudinal follow-up study 
at The Rotterdam Eye Hospital (n=149) or after referral by a glaucoma specialist (HGL) for 
clinical reasons (n=13). All glaucoma patients had POAG, i.e. a glaucomatous appearance of 
the optic disc in at least one eye with a corresponding reproducible glaucomatous nerve fiber 
bundle abnormality3 on the total and/or pattern deviation probability plots with SAP, and open 
angles by gonioscopy. Slit lamp examination was unremarkable in all eyes. All patients were of 
Caucasian ethnic origin and had a best corrected visual acuity of 20/40 or better. None had any 
other significant history of ocular disease (including posterior segment eye disease and corneal 
disease), a history of intra-ocular surgery (except for uncomplicated cataract and glaucoma 
surgery), systemic hypertension for which medication was used, diabetes mellitus, or any other 
systemic disease. Only one eye per patient was used for analysis. If both eyes showed glaucomatous 
damage, the one with the more positive mean deviation (MD) in perimetry was used. 
The research followed the tenets of the Declaration of Helsinki. Informed consent was obtained 
from the subjects after explanation of the nature and possible consequences of the study. The 
institutional human experimentation committee had approved the research.

Measurement protocol
In all subjects, both eyes were scanned with the GDx VCC, starting with the right eye. The 
spherical equivalent refractive error of each eye was entered into the software to allow the GDx 
VCC to focus on the retina. If necessary, the focus was adjusted manually in 0.25 diopters steps. 
The pupils of the patients were undilated and the room lights were left on. The patient’s face was 
gently placed into the face mask of the GDx VCC. To maintain the same orientation of the slow 
axes of the birefringent structures in the eye to that of the instrument’s compensator, the operator 
saw to it that patients had their heads as vertical as possible during all measurements. For each 
scan, the operator aligned the instrument with the cornea and the sclera of the measured eye.
First, anterior segment birefringence was assessed for each eye per subject with the method 
described by Zhou and Weinreb.20 To this end, the magnitude of the compensator of the GDx 
VCC was automatically set to zero after which the fundus was scanned. The interaction between 
the birefringence of the radially oriented axons of the photoreceptors that constitute Henle’s fiber 
layer in the macula, and the anterior segment birefringence, resulted in a bow-tie shaped pattern 
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on the retardation image. The amount of retardation was measured from within a circular band 
with an inner diameter of 20 pixels (~0.9 mm in an emmetropic eye) that had been positioned 
manually at the center of the fovea. A dedicated algorithm, incorporated into the GDx VCC 
software, then determined the anterior segment birefringence (consisting of corneal polarization 
magnitude [CPM] and corneal polarization axis [CPA]) from this profile.
The software used these calculations to automatically adjust the anterior segment compensator 
to each individual eye, and both eyes were scanned again with individualized compensation. 
Adequate compensation of anterior segment birefringence was verified subjectively by looking 
at the retardation pattern in the macular region that had to be uniformly weak with a cross- or 
donut-shaped pattern. The typical time to measure both eyes of a patient was 3 minutes. All 
scans were of high quality, i.e. with a centered optic disc, well-focused, even and just illuminated 
throughout the image, and without any motion artifacts. Four of the 77 (5.2%) healthy subjects 
and 12/162 (7.4%) glaucoma patients were excluded from analysis as their measurements were 
flagged by the GDx VCC software as ‘Results may not be compatible with normative database’. 
In addition, 4/162 (2.5%) glaucoma patients were excluded because high quality images could 
not be obtained because of poor fixation (2) or because images were too dark to obtain a 
good measurement (2). All other measurements passed the four scan quality checks that were 
automatically performed by the GDx VCC software, i.e. ‘Alignment’, ‘Fixation’ (including eye 
movements), ‘Refraction’, and ‘Other’ (including the amount of illumination). Seventy-three of 
the 77 (94.8%) healthy subjects and 146/162 (90.1%) glaucoma patients were used for analysis 
in the present study. 

Data analysis
The margin of the optic disc was manually marked with an ellipse on a reflection image of the 
fundus. The GDx VCC software positioned a circle, 8 pixels wide (~0.4mm in an emmetropic 
eye) and with an inner diameter of 54 pixels (~2.5mm in an emmetropic eye), centered on the 
center of the ellipse. Based on the retardation values within this band, the software calculated 
the following 5 parameters: ‘TSNIT Average’, ‘Superior Average’, ‘Inferior Average’, ‘TSNIT 
Std. Dev.’, and ‘Nerve Fiber Indicator’ (NFI) (Table 3.1.1). A 6th parameter, called ‘Inter-Eye 
Symmetry’ that describes the correlation between the two eyes of a subject, could not be calculated 
in the present study as we included only one eye per patient. Statistical analysis was performed 
with the computer program SPSS for Windows (release 11.0.1; SPSS, Chicago, IL, USA). 
We classified the glaucoma patients by the severity of their visual field damage with SAP using 
the Hodapp-Anderson-Parrish grading scale: 37 patients had a mild glaucomatous defect, 28 a 
moderate one, and 81 a severe one.21,22 We constructed receiver operating characteristic (ROC) 
curves for the 5 GDx VCC parameters. Areas under the ROC curve (AUCs) were classified as 
follows: >0.9, high accuracy; 0.7-0.9, moderate accuracy; 0.5-0.7, low accuracy; 0.5, chance 
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result.23 The 95% confidence intervals (CIs) for the AUCs were calculated as the point estimate 
of the AUC ± 1.96 * standard error. Differences in AUCs between the parameter with the highest 
area and the other parameters were tested for statistical significance with the paired samples test 
described by DeLong et al.24 In addition, we determined the sensitivity and specificity of the 
parameter with the highest AUC for the entire sample and for the subgroups for three different 
cut-off criteria. The 95% CIs for sensitivity and specificity were approximated with the formula 
p ± 1.96 . √ p(1-p)/n, where p represents either sensitivity or specificity, n is the sample size, and 
n × p is >10.25 In addition to using a single cut-off value to discriminate between healthy and 
glaucomatous eyes, with potential loss of diagnostic information contained within continuous 
numeric test results, we determined multilevel likelihood ratios for the best discriminating 
parameter.26 To this end, outcome values of this parameter were grouped into three ordinal strata. 
Subsequently, likelihood ratios (LRs) were calculated for each rank with the formula (Grank / Gtotal) 
/ (Nrank / Ntotal), with Grank = the number of glaucoma patients in a rank, Gtotal = the total number 
of glaucoma patients, Nrank = the number of healthy subjects in a rank, and Ntotal = the total 
number of healthy subjects. The 95% CIs for the multilevel likelihood ratios were approximated 
with the formula LR × e±1.96 √ (1-p0)/(n0p0) + (1-p1)/(n1p1), where p0 = Nrank/Ntotal, n0 = Ntotal, p1 = Grank/Gtotal, 
and n1 = Gtotal.

Demographics
The demographics of the healthy subjects and the glaucoma patients have been presented in table 
3.1.2. Differences in demographics between the two groups were tested for statistical significance 
with the unpaired samples t test.27 CPM was statistically significantly associated with age in 
the healthy subjects (Spearman’s rank correlation coefficient, -0.35; P = 0.003). CPA was not 
statistically significantly associated with age in the healthy subjects (Spearman’s rank correlation 
coefficient, -0.067; P = 0.57). 
The parameters ‘Superior Average’ and ‘TSNIT Std. Dev.’ were statistically significantly associated 
with age in the healthy subjects when described with linear regression analysis (slopes, -0.196 
µm·year-1 [P = 0.011] and -0.088 µm·year-1 [P = 0.026], respectively). The parameters ‘TSNIT 

Parameter Description

TSNIT Average Average retardation beneath the measurement ellipse

Superior Average Average retardation beneath the measurement ellipse in the superior sector

Inferior Average Average retardation beneath the measurement ellipse in the inferior sector

TSNIT Std. Dev. Standard deviation from the average of the retardation beneath the measurement 
ellipse

Nerve Fiber Indicator Support vector-machine derived algorithm trained to discriminate between 
healthy and glaucomatous eyes. Possible values range from 1–100

Table 3.1.1. Description of the 5 evaluated GDx VCC parameters.



66

C
ha

pt
er

 3
.1

U
ni

t
H

ea
lt

hy
 su

bj
ec

ts
G

la
uc

om
a 

pa
ti

en
ts

P

Ag
e 

(S
D

; r
an

ge
)

Ye
ar

s
59

 (1
1;

 3
5 

– 
82

)
61

 (1
0;

 3
0 

– 
77

)
0.

11

G
en

de
r, 

m
en

 (%
)

N
A

34
 (4

7)
81

 (5
6)

Ey
e,

 O
D

 (%
)

N
A

33
 (4

5)
74

 (5
1)

M
D

 (S
D

; r
an

ge
)

D
ec

ib
el

s
0.

39
 (1

.1
3;

 -2
.8

9 
– 

+2
.9

0)
-8

.4
5 

(6
.8

1;
 -2

9.
13

 –
 +

1.
25

)
< 

0.
00

1

PS
D

 (S
D

; r
an

ge
)

D
ec

ib
el

s
1.

63
 (0

.4
0;

 1
.0

0 
– 

3.
47

)
8.

13
 (3

.8
8;

 1
.9

9 
– 

16
.4

3)
< 

0.
00

1

C
PA

  (
m

ed
ia

n;
 S

D
; r

an
ge

)
D

eg
re

es
18

.5
 (1

5.
1;

 1
3.

9;
 -2

.3
 –

 +
56

.5
)

18
.0

 (1
6.

3;
 1

5.
7;

 -1
2.

8 
– 

+7
5.

9)
0.

83

C
PA

, r
es

id
ua

l (
SD

; r
an

ge
)

D
eg

re
es

7.
8 

(1
5.

9;
 -4

4.
9 

– 
+5

1.
3)

10
.0

 (1
9.

9;
 -9

8.
5 

– 
+7

0.
0)

0.
41

C
PM

 (m
ed

ia
n;

 S
D

; r
an

ge
)

nm
40

.3
 (3

9.
0;

 1
2.

4;
 7

.0
 –

 7
4.

0)
36

.8
 (3

6.
0;

 1
3.

2;
 9

.0
 –

 7
7.

0)
0.

05
8

C
PM

, r
es

id
ua

l (
SD

; r
an

ge
)

nm
5.

9 
(2

.0
; 0

.0
 –

 9
.0

)
5.

8 
(2

.5
; 0

.0
 –

 2
0.

0)
0.

67

Ta
bl

e 
3.

1.
2.

 D
em

og
ra

ph
ic

s o
f h

ea
lth

y 
su

bj
ec

ts 
(n

=7
3)

 a
nd

 g
la

uc
om

a 
pa

tie
nt

s (
n=

14
6)

. 
C

PA
 =

 c
or

ne
al

 p
ol

ar
iza

tio
n 

ax
is;

 C
PM

 =
 c

or
ne

al
 p

ol
ar

iza
tio

n 
m

ag
ni

tu
de

; M
D

 =
 m

ea
n 

de
vi

at
io

n;
 N

A 
= 

no
t a

pp
lic

ab
le

; P
SD

 =
 p

at
te

rn
 st

an
da

rd
 d

ev
ia

tio
n;

 S
D

 =
 

sta
nd

ar
d 

de
vi

at
io

n.
D

iff
er

en
ce

s b
et

w
ee

n 
gr

ou
ps

 w
er

e 
te

ste
d 

fo
r s

ta
tis

tic
al

 si
gn

ifi
ca

nc
e 

w
ith

 a
n 

un
pa

ire
d 

sa
m

pl
es

 t 
te

st.



  Diagnostic accuracy of the GDx VCC for glaucoma 67

Average’, ‘Inferior Average’, and NFI were not statistically significantly associated with age when 
described with linear regression analysis (slopes -0.094 µm·year-1 [P = 0.13], -0.156 µm·year-1 [P 
= 0.10], and 0.172 µm·year-1 [P = 0.052], respectively). 

Results
The mean values of the 5 evaluated GDx VCC parameters were all statistically significantly 
different between healthy subjects and glaucoma patients with mild, moderate, and severe loss 
(Table 3.1.3). The NFI was the best parameter to discriminate between healthy and glaucomatous 
eyes with a high accuracy (area under the ROC curve, 0.98; standard error [SE], 0.007; 95% 

Glaucoma patients

Unit Healthy 
subjects All Mild Moderate Severe

TSNIT Average µm 54.8 
(53.4-56.1)

40.4 
(39.2-41.7)

43.8 
(42.0-45.6)

40.4 
(37.6-43.2)

38.9 
(37.1-40.7)

Superior Average µm 66.7 
(65.0-68.4)

46.1 
(44.4-47.9)

51.2 
(48.3-54.1)

44.0 
(40.5-47.5)

44.5 
(42.0-47.1)

Inferior Average µm 61.5 
(59.4-63.6)

44.1 
(42.5-45.7)

47.8 
(45.4-50.3)

45.2 
(41.1-49.2)

42.1 
(39.7-44.4)

TSNIT Std. Dev. µm 20.0 
(19.2-20.9)

12.8 
(12.2-13.4)

14.6 
(13.3-16.0)

11.8 
(10.4-13.3)

12.3 
(11.5-13.0)

NFI NA 21.1 
(19.2-23.1)

67.3 
(63.7-70.8)

55.1 
(49.1-61.2)

69.5 
(61.0-78.1)

72.0 
(67.3-76.7)

Table 3.1.3. Mean (95% confidence interval) values of 5 GDx VCC parameters for healthy subjects and 
glaucoma patients with varying severity of visual field loss (classified with the Hodapp-Anderson-Parrish 
grading scale). 
NA = not applicable; NFI = Nerve Fiber Indicator. 
All parameters were statistically significantly different between healthy subjects and glaucoma patients with 
mild, moderate, and severe loss (unpaired samples t test, P < 0.001).

MD (decibels)
(SD)

Area under the ROC curve
(SE; 95% CI)

Sensitivity (%)
(95% CI)

Specificity (%)
(95% CI)

All -8.45 (6.81) 0.98 (0.007; 0.97-1.00) 89.0 (83.9-94.1)

95.9 (91.4-100.0)
Mild -2.01 (1.65) 0.96 (0.022; 0.92-1.00) 83.8 (71.9-95.7)

Moderate -5.44 (2.30) 0.99 (0.008; 0.97-1.00) 92.9 (83.4-100.0)

Severe -12.43 (6.53) 0.99 (0.006; 0.98-1.00) 90.1 (83.6-96.6)

Table 3.1.4. Diagnostic accuracy, expressed as area under the receiver operating characteristic (ROC) curve, 
sensitivity, and specificity, for the GDx VCC parameter Nerve Fiber Indicator (NFI) for discriminating 
between healthy eyes and eyes with mild, moderate, and severe glaucomatous damage (classified with the 
Hodapp-Anderson-Parrish grading scale), at a fixed specificity of 95.9% with a cut-off point of ≥40.
CI = confidence interval; MD = mean deviation; SD = standard deviation; SE = standard error.



68

C
ha

pt
er

 3
.1

CI, 0.97-1.00). For the parameters ‘TSNIT Average’, ‘Superior Average’, ‘Inferior Average’, and 
‘TSNIT Std. Dev.’, the AUCs (SE; 95% CI) were 0.93 (0.015; 0.90-0.96), 0.94 (0.015; 0.91-
0.97), 0.90 (0.020; 0.86-0.94), and 0.92 (0.019; 0.88-0.95), respectively. The AUC of NFI was 
statistically significantly larger than of the other parameters (P < 0.001). 
With cut-off points for the NFI of ≥35, ≥40, and ≥44, sensitivities and specificities were 93.2% 
and 91.8%, 89.0% and 95.9%, and 84.2% and 98.6%, respectively (see also table 3.1.4). The 
multilevel likelihood ratios for glaucoma at NFI values <35 was 0.07, between 35 and 44, 1.30, 
and at values ≥44, 61.50 (Table 3.1.5). 
For glaucoma patients with mild, moderate, and severe glaucomatous loss, the sensitivities of the 
NFI with a cut-off point of ≥40 were 83.8%, 92.9%, and 90.1%, respectivly, at a specificity of 
95.9% (Table 3.1.4)

Discussion
We found that GDx VCC parameters discriminate well between healthy and glaucomatous eyes. 
The NFI appeared to be the best parameter in classifying glaucoma. The GDx VCC readily 
identified glaucoma patients with moderate and severe visual field loss. For patients with mild 
visual field loss, its sensitivity was somewhat lower. 

SLP with a prototype VCC has been shown to have a markedly improved diagnostic accuracy 
over SLP with fixed corneal compensation. Weinreb et al19 reported an area under the ROC 
curve for the parameter ‘Superior Average’ of 0.68 for SLP with fixed compensation. With their 
prototype VCC, the area under the ROC curve statistically significantly increased to 0.83.19 The 
commercially available GDx VCC, with its proprietary parameter NFI, may discriminate even 
better between healthy and glaucomatous eyes. 

In the present study, we assessed the diagnostic accuracy of 5 single parameters. Usually, GDx 
VCC measurements of a subject’s right and left eye are presented to the clinician on a printout 
that includes fundus images, color-coded retardation maps, the 5 presently evaluated parameters, 

NFI Healthy subjects 
(%)

Glaucoma patients 
(%)

Multilevel likelihood ratio 
(95% CI)

<35 67 (92) 10 (7) 0.07 (0.04-0.14)
35-44 5 (7) 13 (9) 1.30 (0.48-3.51)
≥44 1 (1) 123 (84) 61.50 (8.77-431.31)

Table 3.1.5. Number of healthy subjects and glaucoma patients and corresponding multilevel likelihood 
ratios for glaucoma with Nerve Fiber Indicator (NFI) values <35, between 35 and 44, and ≥44. 
CI = confidence interval.
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a parameter describing the symmetry between eyes, and a so-called TSNIT graph, representing 
the retardation beneath the measurement circle. In such a printout, data are presented both as 
raw measurements and in comparison with a normative database. Colen et al28 have shown for 
the GDx NFA that judgment of such a printout as a whole resulted in a better separation between 
normal and glaucomatous eyes than single parameters. We therefore expect that an assessment of 
the entire printout will further improve the high accuracy of the GDx VCC. 

Diagnostic accuracy is often presented in terms of sensitivity and specificity. Clinically, however, 
likelihood ratios may be more useful as they provide information about the probability that a 
patient with a given test result actually has the disease. In the present study, we found a multilevel 
likelihood ratio for glaucoma of 0.07 with an NFI <35, indicating that an NFI value below 
35 occurs 14 times more often in healthy subjects than in glaucoma patients. The multilevel 
likelihood ratio for glaucoma with an NFI ≥44 was 61.50, indicating that an NFI value ≥44 
occurs over 60 times more often in glaucoma patients than in healthy subjects. These data suggest 
that glaucoma subjects rarely have an NFI <35 and healthy subjects will almost never have an 
NFI ≥44. For NFI values between 35 and 44, however, the multilevel likelihood ratio was close 
to one, indicating that such a test result is almost equally likely to occur among patients with 
glaucoma as in healthy individuals. In such a case, other data in the GDx VCC printout may 
be indicative of the diagnosis of glaucoma. Future studies will have to address the accuracy of a 
subjective interpretation of the entire printout.

We found that the sensitivity of the GDx VCC for detecting severe stages of glaucoma was slightly 
lower than for detecting moderate stages. In the present study, we classified glaucoma patients 
using the Hodapp-Anderson-Parrish grading scale.21,22 This classification takes into account the 
size of the glaucomatous visual field defect, depth of the defect, and proximity of the defect to 
fixation, which may closely reflect a clinician’s interpretation of visual field loss.21,22 For example, 
a patient with a small localized RNFL defect resulting in visual field loss close to fixation will be 
classified as having severe glaucomatous loss as the threatening loss of central vision calls for more 
aggressive therapy. However, the localized RNFL defect may be difficult to be identified by the 
NFI, resulting in a lower sensitivity. If severe damage had been defined as an MD below -12 dB, 
the sensitivity of the NFI for detecting severe glaucomatous damage would have been 100%. 
Two of the 5 presently analyzed parameters were statistically significantly associated with age 
when described with linear regression analysis. However, the slopes of the regression lines were 
very shallow compared to the values found in healthy subjects and glaucoma patients. Therefore, 
we speculate that the minor, and not statistically significant, age difference between the two 
groups was not of any significance to the results of our study. 
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In the present study, we were unable to assess the influence of clinically significant cataract on 
the diagnostic accuracy of the GDx VCC, as we did not include subjects with cataract who 
had a visual acuity below 20/40. However, we speculate that cataract will have little effect as 
Kremmer et al29 have shown that useful RNFL measurements can be made with SLP in eyes 
with cataract down to a visual acuity of approximately 20/160 to 20/125.29 In addition, possible 
changes in birefringence of the cataractous lens that could distort RNFL measurements,29 are 
presumably neutralized with SLP equipped with a VCC when compensating an eye’s anterior 
segment birefringence. 

The overall high diagnostic accuracy of the GDx VCC that we presently found may have been 
biased by our including patients with relatively moderate to severe glaucomatous damage 
(mean MD, -8.45 dB). In addition, we analyzed subjects without co-morbidity, which may 
have increased the diagnostic accuracy somewhat favorably. Furthermore, the validity of our 
results may be limited to patients with well-defined POAG, as we included only patients with a 
glaucomatous appearance of their optic nerve heads and corresponding marked visual field losses. 
In the ocular hypertension treatment study, visual field loss has been reported to sometimes 
precede prominent glaucomatous changes in the optic nerve head.30 Patients without apparent 
structural damage may be more difficult to be identified by the GDx VCC, as SLP evaluates a 
structural characteristic. The diagnostic accuracy in these patients may be lower than we found in 
the present study. Conversely, patients with pre-perimetric glaucoma may perhaps be identified 
more easily.  

Approximately 7% of the measured subjects were excluded from analysis as their measurements 
were deemed by the GDx VCC software not to be compatible with its normative database. 
In these subjects, an atypical pattern of retardation was apparent on the retardation images. 
Although the origin of such retardation is unknown, measurements with polarization sensitive 
OCT suggest that it may originate from subretinal structures (De Boer JF, et al. IOVS 2003;44:
ARVO E-Abstract 3388). If these subjects had been included in the analysis, the diagnostic 
accuracy of the NFI with a cut-off point of ≥40 would have decreased only little. The specificity 
would have decreased from 95.9% to 92.2%, the sensitivity would have decreased from 89.3% 
to 88.6%, and the area under the ROC curve would have remained 0.98. 

Our present data suggest that the GDx VCC may fulfill all reported non-financial requirements 
for a screening device for glaucoma.31 Its accuracy exceeds the required 85% sensitivity and 95% 
specificity for detecting moderate to severe glaucomatous damage.31 In addition, the GDx VCC 
features ease of administration, short testing and processing time, and ease of interpretation of 
the results. The usefulness of the GDx VCC for screening depends on the positive and negative 
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3.2 Accuracy of GDx VCC, HRT I, and 
clinical assessment of stereoscopic 
optic nerve head photographs for 
diagnosing glaucoma

Purpose: To determine and compare the accuracy of GDx VCC scanning laser polarimetry (SLP) 
with variable cornea compensation (VCC), HRT I confocal scanning laser ophthalmoscopy 
(CSLO), and clinical assessment of stereoscopic optic nerve head (ONH) photographs for 
diagnosing glaucoma. 
Design: Prospective comparative observational clinic-based case series.
Participants and Controls: One eye each of 40 healthy subjects, 48 glaucoma patients, and 6 
patients with ocular hypertension.  
Methods: All subjects were measured with SLP-VCC and CSLO. In addition, simultaneous 
stereoscopic ONH photographs were obtained. Sixteen photographs of healthy and glaucomatous 
eyes were duplicated for assessing intraobserver agreement. Four glaucoma specialists, 4 general 
ophthalmologists, 4 residents in ophthalmology, and 4 optometrists classified the ONH 
photographs as normal or glaucomatous. For SLP-VCC, the Nerve Fiber Indicator (NFI) 
was evaluated. For CSLO, the Moorfields Regression Analysis (MRA) and the Bathija linear 
discriminant function (LDF) were used.
Main Outcome Measures: Sensitivity, specificity, percentage of correctly classified eyes, and 
intra- and interobserver agreement, expressed as kappa (k).
Results: SLP-VCC had the highest diagnostic accuracy, with a sensitivity, specificity, and 
overall correct classification of 91.7%, 95.0%, and 93.2%, respectively. CSLO, expressed as 
MRA and Bathija LDF, had a similar diagnostic accuracy as glaucoma specialists and general 
ophthalmologists with an overall accuracy of 89.8%, 86.4%, 86.7%, and 85.2%, respectively. 
Residents classified the fewest eyes correctly. Intraobserver agreement for classifying the ONH 
photographs ranged between 0.48 (within residents) and 0.78 (within glaucoma specialists). The 
interobserver agreement ranged between 0.45 (between residents) and 0.74 (between glaucoma 
specialists). The agreement between observers and CSLO MRA (k, 0.68) was statistically 
significantly higher (P < 0.001; paired t test) than between observers and SLP-VCC NFI (k, 
0.60) and CSLO Bathija LDF (k, 0.62).
Conclusions: Automated analysis of measurements with GDx VCC had a higher diagnostic 
accuracy for glaucoma than classification of stereoscopic ONH photographs by individual general 
ophthalmologists, residents in ophthalmology, optometrists, and some glaucoma specialists. The 
HRT performed about as well as glaucoma specialists and general ophthalmologists. The intra- and 
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interobserver agreement for ONH analysis was only moderate to good. We think these imaging 
techniques may assist clinicians in diagnosing glaucoma. Am J Ophthalmol, submitted.

The ability of eye-care professionals to discriminate between healthy and glaucomatous 
eyes, based solely on the subjective evaluation of the appearance of the optic nerve head 
(ONH), is limited;1-5 even glaucoma specialists do not classify all optic discs correctly. 

Nonetheless, assessment of the ONH’s appearance remains a cornerstone for diagnosing glaucoma 
in clinical practice. 
Various objective imaging techniques, such as scanning laser polarimetry (SLP) and confocal 
scanning laser ophthalmoscopy (CSLO), have been developed to assess glaucomatous damage to 
the retinal nerve fiber layer (RNFL) and ONH, respectively. SLP, featured in the commercially 
available GDx VCC (Carl Zeiss Meditec, Inc., Dublin, CA, USA), estvimates the thickness of 
the RNFL in the peripapillary area. The GDx VCC is the fifth generation of the commercially 
available instrument and incorporates a variable corneal compensator (VCC) to allow accurate 
assessment of RNFL morphology. CSLO, featured in the commercially available Heidelberg 
Retina Tomograph (HRT; Heidelberg Engineering GmbH, Dossenheim, Germany), creates a 
topography image of the ONH. 
The purpose of the present study was to determine whether these imaging techniques may assist 
clinicians in the management of glaucoma. To this end, we compared the accuracy of SLP-
VCC and CSLO for diagnosing glaucoma to that of clinical assessment of stereoscopic ONH 
photographs by various eye-care professionals. 

Methods
Subjects
Forty healthy subjects, 48 glaucoma patients, and 6 patients with ocular hypertension were 
recruited at The Rotterdam Eye Hospital for the present study. All subjects were imaged with 
SLP-VCC, CSLO, and stereoscopic ONH photography. In addition, all subjects were measured 
with standard automated perimetry by means of the Humphrey Field Analyzer II (Carl Zeiss 
Meditec, Inc., Dublin, CA, USA) 24-2 Full Threshold (FT) or Swedish interactive threshold 
algorithm (SITA) Standard test program. Visual fields had to be reproducible as well as reliable. 
Reliability criteria applied were: 1) fixation losses <25% and 2) false-positive and false-negative 
response rates ≤20% for the FT test paradigm and ≤7% for the SITA-Standard test program. In 
glaucomatous eyes with advanced field loss, higher false-negative response rates were accepted: 
up to 33% for the FT paradigm and up to 12% for the SITA-Standard paradigm. 
All healthy subjects had normal visual fields, i.e., a glaucoma hemifield test (GHT) within 
normal limits and no nerve fiber bundle visual field defects in the total and/or pattern deviation 
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probability plots. In addition, they were of white ethnic origin and had a best-corrected visual 
acuity (BCVA) of 20/40 or better. None had a significant history of ocular disease, a history of 
intraocular surgery (except for any uncomplicated cataract surgery), relatives in the first and/
or second degree with glaucoma, any significant coexisting diseases, or systemic diseases with 
possible ocular involvement, such as diabetes mellitus. Furthermore, slit-lamp examination was 
unremarkable; they had healthy-looking ONHs (no diffuse or local rim thinning and no optic 
disc hemorrhages), an IOP of 21 mmHg or less in both eyes, and open angles upon gonioscopy. 
One eye was randomly selected for analysis. 
Glaucoma patients were diagnosed with glaucoma by one of the four glaucoma specialists of 
The Rotterdam Eye Hospital based on a glaucomatous appearance of at least one of their ONH 
(with notching or thinning of the neuroretinal rim), a reproducible corresponding nerve fiber 
bundle visual field defect with SAP, and open angles by gonioscopy. All patients with glaucoma 
were of white ethnic origin and had a BCVA of 20/40 or better. Patients with any significant 
coexisting ocular diseases, a history of intraocular surgery (except for any uncomplicated cataract 
or glaucoma surgery), or systemic diseases with possible ocular involvement, such as diabetes 
mellitus, were excluded. One eye was randomly selected for analysis if both eyes were eligible. 
Subjects with ocular hypertension had an IOP of ≥22 mmHg and ≤32 mmHg and normal 
visual fields on at least two separate occasions. The appearance of the ONH not a selection 
criterion. All subjects with ocular hypertension were of white ethnic origin and had a BCVA 
of 20/40 or better. Patients with any significant history of ocular disease (other than ocular 
hypertension), a history of intraocular surgery (except for any uncomplicated cataract surgery), 
any significant coexisting diseases or systemic diseases with possible ocular involvement, such as 
diabetes mellitus, were excluded. Furthermore, all eyes had open angles upon gonioscopy. One 
eye was randomly selected for analysis. 
The research adhered to the tenets of the Declaration of Helsinki. The institutional human 
experimentation committee had approved the research. Informed consent was obtained from the 
subjects after explanation of the nature and possible consequences of the study. 

GDx VCC Scanning Laser Polarimetry
SLP-VCC measurements were performed with the commercially available GDx VCC (software 
version 5.4.0). This technique has been described in detail elsewhere.6 In short, three experienced 
technicians performed GDx VCC measurements in both eyes of all subjects. Pupils were undilated 
and the room lights were left on. The spherical equivalent refractive error of each eye was entered 
into the GDx VCC software to allow the instrument to properly focus on the retina. For each 
subject, anterior segment birefringence was assessed, after which images were obtained from both 
eyes with VCC. To maintain the same orientation of the slow axes of the birefringent structures 
in the eye to that of the instrument’s compensator, the operator saw to it that patients had their 
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heads in the same position during all measurements. All accepted scans were of high quality, i.e. 
with a centered optic disc, well-focused, evenly and justly illuminated throughout the image, and 
without any motion artifacts. 

HRT I Confocal Scanning Laser Ophthalmoscopy
CSLO measurements were performed with the commercially available HRT I (software version 
1.4.0.0). This technique has been described in detail elsewhere.7 In short, two experienced 
technicians performed the HRT measurements in both eyes of all subjects. Pupils of subjects 
were undilated and the room lights were left on. Before each measurement, the subject’s corneal 
curvature radius was entered into the software. The patient’s face was then gently placed onto 
the head-and-chin rest of the HRT and imaging was performed at the 1.5-cm imaging head-eye 
distance, recommended in the instruction manual, as the subject viewed a distant fixation target. 
Three high-quality images at a 15° x 15° scanning angle were recorded for each subject. The 
quality of the images was assessed with the aid of the HRT software and by the technician. All 
images were of high quality, i.e. with a centered optic disc, with a clear dark-light-dark pattern 
over the 32 consecutive images, evenly and justly illuminated throughout the individual images, 
and without any motion artifacts. A mean topography image, computed from the three scans, 
was used for subsequent analysis with HRT software. Mean images with a mean SD of the 
height measurements >50 mm were excluded from analysis. The optic disc margin was manually 
marked at the inner edge of Elschnig’s ring by one of the authors (NJR). When in doubt about 
the position of the optic disc margin, stereoscopic ONH photographs were used to assist. The 
standard reference plane was used for calculations of optic disc topography with the relative and 
tilted coordinate system turned on. 

Optic Nerve Head Stereo Photography
The ONH in both eyes of all subjects were photographed with a simultaneous stereoscopic 
camera (TRC-SS2, Topcon Medical Systems, Inc., Paramus, NJ, USA) at a 15° field of view. The 
perception of depth was achieved by simultaneously obtaining two images of the ONH with a 
spatial shift in a single frame. All images were of high quality, i.e. with a centered optic disc and 
evenly and justly illuminated throughout the image. Nine photographs of glaucoma patients and 
7 photographs of healthy subjects were duplicated for assessing intraobserver agreement, resulting 
in 110 stereoscopic ONH photographs. The sequence of the photographs was randomized. 

Clinical Assessment of Optic Nerve Head Photographs
Stereoscopic ONH photographs were evaluated by 16 observers: 4 glaucoma specialists, 4 general 
ophthalmologists, 4 residents in ophthalmology, and 4 optometrists. Participating glaucoma 
specialists were working at The Rotterdam Eye Hospital. General ophthalmologists were working 
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either at the Sint Franciscus Gasthuis (2), a hospital affiliated with the Rotterdam Eye Hospital, 
or at a general hospital in The Netherlands not affiliated with the eye hospital (2). Participating 
residents were the younger residents in ophthalmology at The Rotterdam Eye Hospital who had 
been in training for 1-2 years. In The Netherlands, the ophthalmology training lasts 5 years, and 
follows a medical degree (MD). Optometrists were employed by The Rotterdam Eye Hospital. 
In The Netherlands, optometrists are a relatively new phenomenon. After their bachelor’s degree 
in optometry, they often work at optician’s stores where they may provide primary eye care. With 
increasing frequency, however, they provide basic patient care in a clinical setting supervised by 
ophthalmologists. 

The graders individually classified the ONHs as either normal or glaucomatous. When in doubt, 
they were forced to make a classification. All observers classified the set of slides in the same, 
randomized, order and were instructed not to look back at previously classified photographs. To 
give a rough estimate of optic disc size, stereoscopic ONH photographs of healthy subjects with 
a small (5th percentile), a medium (50th percentile), and a large (95th percentile) optic disc were 
provided. 

Data analysis
The sensitivity (the proportion of glaucomatous eyes that are correctly identified) and specificity 
(the proportion of healthy eyes that are correctly identified) were calculated for all observers and 
imaging techniques individually. In addition, we calculated the sensitivity and specificity for 
each group of observers by averaging the individual sensitivities and specificities. For the GDx 
VCC, we determined the sensitivity and specificity of the NFI parameter, which has been shown 
to be its best discriminating parameter.6 In the present study, we used a cut-off value of 35. For 
GDx VCC software versions 5.3.1 and higher, we have found the best discriminating cut-off 
value to be 35 (unpublished data) instead of the previously published value of 40.6 For the HRT, 
we calculated the sensitivity and specificity for both the Moorfields regression analysis (MRA)8 

and the Bathija linear discriminant function (LDF).9 The Bathija LDF has been shown to be 
the best discriminating parameter of the HRT.10 The MRA is a parameter that is often used in 
clinical practice. For MRA, we interpreted the classification of ‘Borderline’ as ‘Outside normal 
limits’. For the continuous parameters NFI and Bathija LDF, we constructed receiver operating 
characteristic (ROC) curves. The 95% confidence intervals (CIs) for the areas under the ROC 
curves (AUCs) were calculated as the point estimate of the AUC ± 1.96 × standard error (SE). 
To explore the agreement in classification between the various observers, SLP-VCC and CSLO, 
we determined the intraobserver and interobserver agreement, expressed as k. The values for k 
were classified as follows: ≤0.2, poor; 0.21 to 0.40, fair; 0.41 to 0.60, moderate; 0.61 to 0.80, 
good; and ≥0.81, very good.11 
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Data of ocular hypertensive eyes were not analyzed in the present study as they had merely been 
added so that the set represented a continuum of glaucomatous damage. 
We classified the glaucoma patients by the severity of their visual field damage with standard 
automated perimetry based on their mean deviation (MD) and with the Hodapp-Anderson-
Parrish (HAP) grading scale.12 This latter classification takes into account the size of the 
glaucomatous visual field defect, depth of the defect, and proximity of the defect to fixation, 
which may closely reflect a clinician’s interpretation of visual field loss.12 
We used paired and unpaired t tests to evaluate differences in measurements within and between 
groups, respectively. For differences in dichotomous variables between groups, we used the Pearson 
Chi-square test. Differences in AUCs between NFI and Bathija-LDF were tested for statistical 
significance with the paired-samples test described by DeLong et al.13 In the present study, a P 
value of less than 0.05 was considered statistically significant. For paired comparisons, the a was 
adjusted to the number of comparisons within each analysis with the Bonferroni correction to 
allow for multiple testing. Statistical analyses were performed with SPSS for Windows (release 
12.0.1, 2003, SPSS Inc., Chicago, IL, USA).
The demographics of the healthy subjects and glaucoma patients have been presented in Table 
3.2.1. 

Results
Diagnostic accuracy
The sensitivity and specificity for discriminating between healthy and glaucomatous eyes by 
SLP-VCC, CSLO, and evaluation of stereoscopic ONH photographs by glaucoma specialists, 
general ophthalmologists, residents in ophthalmology, and optometrists have been presented 
in the figure 3.2 and in Table 3.2.2. Overall, the SLP-VCC NFI parameter appeared to have 
the highest diagnostic accuracy with a sensitivity, specificity, and overall accuracy of 91.7%, 
95.0%, and 93.2%, respectively. The accuracy of CSLO Bathija LDF was slightly lower (Table 

Unit Healthy Subjects Glaucoma Patients P

Age (SD; range) Years 59 (12) 61 (11) 0.31
Gender (male) (%) NA 19 (48) 26 (54) 0.53
Randomized eye (right) (%) NA 21 (53) 18 (38) 0.16
Disc area (SD; range) mm2 1.89 (0.33; 1.29 to 2.97) 2.03 (0.37; 1.47 to 2.90) 0.055
MD (SD; range) Decibels 0.10 (0.93; -1.55 to 2.04) -6.56 (6.32; -22.26 to 1.25) < 0.001
PSD (SD; range) Decibels 1.64 (0.38; 0.91 to 3.01) 7.71 (4.03; 2.65 to 15.92) < 0.001

Table 3.2.1. Demographics of Healthy Subjects (n = 40) and Glaucoma Patients (n = 48). 
Differences between the groups were tested for statistical significance with an independent samples t-test for 
continuous variables and with the Pearson Chi-Square test for dichotomous variables.
MD = mean deviation; NA = not applicable; PSD = pattern standard deviation; SD = standard deviation
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Sensitivity (%) Specificity (%) Correctly classified (%)

SLP-VCC
 NFI 91.7 95.0 93.2
CSLO
 Bathija LDF 85.4 95.0 89.8
 MRA 77.1 97.5 86.4
Stereoscopic ONH photographs
 Glaucoma specialists (SD) 80.2 (4.9) 94.4 (5.5) 86.7 (5.0)
 General ophthalmologists (SD) 78.7 (9.5) 93.1 (6.3) 85.2 (2.5)
 Optometrists (SD) 77.1 (10.5) 86.9 (6.6) 81.5 (4.1)
 Ophthalmology residents (SD) 69.3 (9.5) 77.5 (15.9) 73.0 (5.5)

Table 3.2.2. Sensitivity and specificity for discriminating between healthy and glaucoma eyes and the 
percentage of correctly classified eyes by scanning laser polarimetry with variable corneal compensation (SLP-
VCC), confocal scanning laser ophthalmoscopy (CSLO), and stereoscopic ONH photography evaluated by 
4 glaucoma specialists, 4 general ophthalmologists, 4 optometrists, and 4 junior ophthalmology residents. 
Bathija LDF = Linear Discriminant Function by Bathija et al;9 MRA = Moorfields Regression Analysis; NFI 
= Nerve Fiber Indicator; ONH = optic nerve head; SD = standard deviation.

Figure 3.2. Receiver operating characteristic curves of the scanning laser polarimetry with variable 
cornea compensator parameter NFI (solid black line) and the confocal scanning laser ophthalmoscopy 
(CSLO) linear discriminant function by Bathija (solid grey line) for diagnosing glaucoma in 40 healthy 
and 48 glaucomatous eyes. In addition, data on evaluation of stereoscopic optic nerve head photographs 
by 4 glaucoma specialists (open triangles), 4 general ophthalmologists (closed triangles), 4 optometrists 
(open diamonds), and 4 junior ophthalmology residents (closed squares) as well as the CSLO Moorfields 
Regression Analysis (open circle) have been presented.
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3.2.2). The areas under the ROC curve of the SLP-VCC NFI parameter (0.98; 95% CI, 0.96-
1.00) and CSLO Bathija LDF (0.94; 95% CI, 0.89-0.99) were not statistically significantly 
different (P = 0.087; paired t test). With regard to the graders of stereoscopic ONH photographs, 
glaucoma specialists had the highest diagnostic accuracy (sensitivity, 80.2%; specificity, 94.4%; 
overall accuracy, 86.7%), followed subsequently by general ophthalmologists, optometrists, and 
ophthalmology residents (Table 2). CSLO MRA had a diagnostic accuracy that was similar to 
that of glaucoma specialists for evaluating stereoscopic ONH photographs (Table 3.2.2).

The sensitivity for correctly classifying glaucomatous eyes stratified for mild, moderate, and severe 
visual field loss has been presented in Table 3.2.3. Eyes with mild glaucomatous damage were 
most difficult to correctly classify, for both the imaging techniques and the clinical observers.  

Intraobserver agreement
The intraobserver agreement (k, mean; range) between ophthalmology residents for classifying 
ONHs was moderate (0.48; 0.13-0.74). The intraobserver agreement for classification by 
optometrists (0.63; 0.53-0.73), general ophthalmologists (0.71; 0.52-1.00), and glaucoma 
specialists (0.78; 0.46-1.00) was good. 

Interobserver agreement
Considerable variability was apparent in the accuracy of individual observers to classify ONHs 
as healthy or glaucomatous (Figure 3.2). The average interobserver agreement between glaucoma 
specialists, general ophthalmologists, optometrists, and ophthalmology residents was 0.74, 0.72, 
0.67, and 0.45, respectively (Table 3.2.4). 
The agreement between subjective classification of stereoscopic ONH photographs and 
classification of the ONH by CSLO MRA (mean k, 0.68) was statistically significantly higher 
than 1) the agreement between subjective ONH classification and the classification by the SLP-
VCC NFI parameter (mean k, 0.60) (P < 0.001, paired t test) and 2) the agreement between 
subjective ONH classification and classification with CSLO by means of the Bathija LDF (mean 
k, 0.62) (P < 0.001, paired t test). 
The agreement between observers and SLP-VCC NFI was not statistically significantly different 
from the agreement between observers and the Bathija LDF (P = 0.090, paired t test).

Discussion
In the present study, automated analysis of SLP-VCC measurements discriminated better between 
healthy and glaucomatous eyes than clinical assessment of stereoscopic ONH photographs by 
general ophthalmologists, junior residents in ophthalmology, optometrists, and even some 
glaucoma specialists. CSLO measurements classified about as well as did glaucoma specialists 
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and general ophthalmologists. Of all subjective graders of stereoscopic ONH photographs, the 
glaucoma specialists showed the highest overall diagnostic accuracy. For any technique or grader, 
eyes with mild glaucomatous loss were more difficult to classify correctly than eyes with more 
severe damage. 

The diagnostic accuracy of the GDx VCC that we found presently was similar to that reported 
earlier by us,6 which may be due to our including some of the same eyes in both studies. In a 

Glaucoma specialists

A B C D SLP-VCC, NFI CSLO, MRA CSLO, Bathija LDF

A - 0.66 0.84 0.70 0.71 0.79 0.73
B - - 0.77 0.68 0.59 0.68 0.61
C - - - 0.77 0.82 0.86 0.84
D - - - - 0.68 0.77 0.66

General ophthalmologists

A B C D SLP-VCC, NFI CSLO, MRA CSLO, Bathija LDF

A - 0.69 0.79 0.84 0.66 0.75 0.68
B - - 0.75 0.58 0.75 0.75 0.68
C - - - /0.68 0.68 0.82 0.75
D - - - - 0.64 0.76 0.66

Optometrists

A B C D SLP-VCC, NFI CSLO, MRA CSLO, Bathija LDF

A - 0.66 0.58 0.62 0.63 0.64 0.66
B - - 0.68 0.73 0.57 0.66 0.55
C - - - 0.72 0.44 0.55 0.50
D - - - - 0.66 0.75 0.68

Ophthalmology residents

A B C D SLP-VCC, NFI CSLO, MRA CSLO, Bathija LDF

A - 0.29 0.33 0.47 0.36 0.34 0.39
B - - 0.52 0.51 0.44 0.55 0.45
C - - - 0.60 0.48 0.65 0.59
D - - - - 0.57 0.57 0.55

Table 3.2.4. Agreement (k) between classification of healthy and glaucoma eyes by evaluation of stereoscopic 
ONH photographs by 4 glaucoma specialists, 4 general ophthalmologists, 4 optometrists, and 4 junior 
residents in ophthalmology and scanning laser polarimetry with variable corneal compensation (SLP-
VCC), confocal scanning laser ophthalmoscopy (CSLO) within various groups. 
Bathija LDF = Linear Discriminant Function by Bathija et al;9 MRA = Moorfields Regression Analysis; NFI 
= Nerve Fiber Indicator.
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different sample, Medeiros et al10 reported the area under the ROC curve for the GDx VCC NFI 
parameter to be 0.91,10 which is slightly smaller than what we presently found (i.e., 0.98). This 
difference may be due to the larger number of glaucomatous eyes with mild visual field loss that 
Medeiros et al10 included than we did, which are more difficult to classify correctly. Similarly, we 
found the ability of the HRT to discriminate between healthy and glaucomatous eyes by means 
of the Bathija LDF and the MRA to be slightly higher than reported in the literature by Medeiros 
et al10 (Bathija LDF) and Ford et al (Bathija LDF and MRA).14 This difference may again be due 
to their including more patients with milder glaucomatous damage than we did. The difference 
in the diagnostic accuracy of the GDx VCC appeared to be higher than that of the HRT, which 
was also reported by Medeiros et al.10 However, in neither their study nor ours was this difference 
statistically significant. A larger sample size might yield a statistically significant difference. 

We found that more experienced graders classified ONHs more accurately, i.e., glaucoma 
specialists and general ophthalmologists had a higher diagnostic accuracy than ophthalmology 
residents and optometrists. These findings correspond well with findings by Varma et al1 and 
Abrams et al2 in a smaller analysis of 18 glaucomatous discs and 15 healthy ones. 
The diagnostic accuracy of glaucoma specialists that we presently found was similar to that found 
by Greaney et al.3 In contrast, both Wollstein et al4 and Girkin et al5 found a slightly lower 
sensitivity and specificity for glaucoma specialists than we did, which might be due to their 
including more glaucoma eyes with milder damage. 
In our study, optometrists had a higher accuracy for classifying ONHs correctly than junior 
ophthalmology residents. By contrast, Abrams et al2 found that residents classified ONH 
photographs better than optometrists did. In their study, however, the graders were senior 
residents, who were more likely to correctly classify ONHs than the junior residents in our 
study. 

Subjective grading of the ONH plays a key role in the clinical evaluation of a patient for 
glaucoma. However, we have presently shown that automated analysis of measurements with 
SLP-VCC may be better in discriminating between healthy and glaucomatous eyes than when 
ophthalmologists merely grade the appearance of ONHs. Therefore, we think that the clinical 
diagnosis of glaucoma may improve when clinicians use imaging techniques in combination 
with their assessment of the ONH together with all other available clinical information, such as 
RNFL appearance, the presence of visual field defects, and any risk factors, such as elevated IOP, 
older age, high myopia, African ethnic origin, and first- and/or second-degree family members 
with glaucoma.15 Furthermore, as SLP-VCC measurements were substantially better in correctly 
classifying healthy and glaucomatous eyes than the less experienced eye-care professionals, i.e. 
optometrists and ophthalmology residents, we think that results obtained with this technique 
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may also train them in assessing glaucomatous losses more accurately. 
We found substantial variability in classifying the ONH as normal or glaucomatous both 
within and between graders. The agreement within an observer and between observers was 
only moderate to good, which corresponds to previously published data.1-4 Both intra- and 
interobserver agreement increased from graders with less experience to those who were well 
experienced in classifying ONHs. In other words, with more experience, graders more often 
agreed with themselves and with each other. 
Of interest, subjective ONH graders showed better agreement with the Moorfield Regression 
Analysis than with the other automated analyses, which may not be very surprising because 
both relate strongly to ONH morphology. This also suggests that the MRA may be of little 
added diagnostic value to the clinician. Conversely, the NFI parameter relates to only RNFL 
morphology rather than ONH morphology and the Bathija LDF relates to both, which may 
perhaps explain the lower agreement between the subjective ONH grading and these instrument 
based classifiers. Therefore, their classifiers may yield clinicians more additional information on 
the patient’s eyes than does the MRA. 

To our knowledge, the present study is the first to compare the diagnostic accuracy for glaucoma 
of subjective grading of stereoscopic ONH photographs by various eye-care professionals to that 
of automated analysis by the GDx VCC and the HRT. More research is needed to determine the 
effect of implementing imaging techniques in routine clinical practice. 
In conclusion, we have shown that automated analysis of commercially available imaging 
techniques, such as the GDx VCC and the HRT I, discriminate well between glaucomatous and 
healthy eyes compared with eye-care professionals classifying stereoscopic ONH photographs, 
suggesting that these objective techniques may assist clinicians in glaucoma management. The 
use of imaging devices has the added benefit of objectively documenting the ONH and/or RNFL 
for follow-up.
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4
The relationship between 

function and structure





4.1 The relationship between standard 
automated perimetry and GDx VCC 
measurements

Purpose: To investigate the relationship between retinal light sensitivity measured with standard 
automated perimetry (SAP) and retardation of the peripapillary retinal nerve fiber layer (RNFL) 
measured with the GDx VCC. 
Methods: Forty-seven healthy subjects and 101 patients with glaucoma were examined with 
SAP and with the commercially available scanning laser polarimeter GDx VCC, with automated 
individualized compensation of anterior segment birefringence. Individual visual field test points 
and peripapillary RNFL retardation measurements were grouped into six corresponding sectors. 
The correlation between perimetry and GDx VCC measurements was determined, and the 
relationship between RNFL retardation and perimetry, expressed both in the standard decibel 
scale and in an unlogged scale, was described with linear regression analysis. 
Results: A statistically significant correlation was found in most sectors between perimetry 
and GDx VCC measurements in patients with glaucoma, but not in healthy subjects. A linear 
relationship was found between the unlogged sensitivities and GDx VCC measurements for 
the superotemporal and inferotemporal sectors. In the decibel scale, this relationship was 
curvilinear. 
Conclusions: GDx VCC measurements of the peripapillary RNFL relate well with functional 
loss in glaucoma. Based on the observed relationships between function and structure, patients 
with mild to moderate visual field loss in glaucoma may be better monitored with the GDx VCC 
and patients who have severe loss, with SAP. Invest Ophthalmol Vis Sci 2004;45:840-845. 

Glaucoma is an optic neuropathy with loss of retinal ganglion cells (RGCs) and their 
axons.1-3 The loss of RGC axons may be apparent structurally as a local and/or a 
diffuse thinning of the retinal nerve fiber layer (RNFL)3-6 and of the neuroretinal 

rim.5 Functionally, RGC atrophy leads to characteristic visual field defects.7 In clinical practice, 
as well as in clinical trials, both structural and functional losses are assessed for the diagnosis and 
monitoring of glaucoma.1,8,9 
Functional losses by glaucoma are traditionally evaluated with standard automated perimetry 
(SAP). Perimetry assesses the differential light sensitivity (unlogged-DLS = Lb/(Lt - Lb), where Lb 
is background luminance and Lt the stimulus luminance at threshold)10 at various locations in 
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the central retina which is typically expressed in a decibel scale (decibel-DLS = 10 . log10 Lmax/(Lt 

- Lb) where Lmax is the perimeter’s maximum stimulus luminance). The relationship between 
function and structure has been found to be curvilinear for the relationships between decibel-
DLS and number of ganglion cells11,12 and neuroretinal rim area.13-15 However, when differential 
light sensitivity is expressed in the unlogged-DLS scale, function appears to relate linearly to 
structure, as has been shown by Garway-Heath et al.11,13,16 
Structural losses of the RNFL can be evaluated with scanning laser polarimetry (SLP). Instruments 
featuring this technique, such as the GDx nerve fiber analyzer (NFA) and the GDx VCC (both 
from Laser Diagnostic Technologies, Inc., San Diego, CA), estimate the thickness of the RNFL 
by measuring the summed retardation of a polarized scanning laser beam, induced by the form-
birefringent microtubules that support the RGC axons.17-19 Retardation in these instruments is 
usually expressed in micrometers of thickness, based on the relationship between the amount of 
retardation and the histologically determined RNFL thickness in monkey eyes,19 although this 
relationship may vary somewhat per nerve fiber bundle around the optic nerve head (Huang X, 
et al. IOVS 2003;44:ARVO E-Abstract 3363). 
Both the GDx NFA and the GDx VCC are equipped with an anterior segment compensator 
to cancel the birefringent effects of the cornea and, to a lesser degree, the lens. Whereas the 
compensator of the GDx NFA is fixed, the GDx VCC is equipped with an automated so-called 
variable corneal compensator (VCC), allowing eye-specific compensation of anterior segment 
birefringence. Because of large interindividual and intraindividual variability in anterior segment 
birefringence,20-22 measurements with the GDx NFA do not always accurately reflect the 
RNFL23 and have been reported to have no to only a moderate correlation with perimetry.24-30 
Equipped with a VCC, SLP has been shown to allow objective assessment of localized structural 
RNFL defects.23 In addition, using a modified GDx NFA, Bowd et al24 have shown that SLP 
measurements with VCC in patients with predominantly mild glaucomatous damage correlate 
better with perimetry than those with fixed compensation. 
The aim of the present study was to investigate the functional-structural relationship between 
standard automated perimetry and mesurements of peripapillary RNFL retardation with the 
commercialy available GDx VCC in healthy subjects and patients with glaucoma.

Methods
Forty-seven healthy subjects and 101 glaucoma patients were examined with SAP (Humphrey 
Field Analyzer [HFA] II, 24-2 Full Threshold or Swedish interactive threshold algorithm 
[SITA] Standard test program, Carl Zeiss Meditec, Dublin, CA) and SLP with individualized 
compensation of anterior segment birefringence (GDx VCC; Laser Diagnostic Technologies, 
Inc., San Diego, CA). The research adhered to the tenets of the Declaration of Helsinki. Informed 
consent was obtained from the subjects after explanation of the nature and possible consequences 
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of the study. The institutional human experimentation committee had approved the research. 
Glaucoma patients were recruited consecutively from an ongoing longitudinal follow-up study 
(n = 96) or after referral by a glaucoma specialist (HGL) for clinical reasons (n = 5). All glaucoma 
patients had a reproducible glaucomatous visual field defect with SAP and a glaucomatous 
appearance of the optic disc. Only one eye per patient was used for analysis. If more than one 
eye was eligible, the one with the more positive mean deviation (MD) for SAP was used. All 
glaucoma patients were of white ethnic origin and had a visual acuity of 20/40 or better. Patients 
with any significant coexisting ocular disease, including posterior segment eye diseases and 
corneal diseases, or systemic diseases with possible ocular involvement, such as diabetes mellitus, 
were excluded. 
Healthy subjects were recruited either consecutively from an ongoing longitudinal follow-up 
study or from employees of the Rotterdam Eye Hospital and their spouses and friends. All healthy 
subjects had a Glaucoma Hemifield Test of ‘Within normal limits’ for SAP, healthy-looking optic 
discs, and an intraocular pressure of 21 mmHg or less, measured with Goldmann applanation 
tonometry. All subjects were of white ethnic origin and had a visual acuity of 20/40 or better. 
None had any significant history of ocular diseases, including posterior segment eye diseases and 
corneal diseases, relatives in the first and/or second degree with glaucoma, systemic hypertension 
for which medication was used, diabetes mellitus, or any other systemic disease.

For SAP, appropriate near refractive correction was used. Reliability criteria applied were: 1) 
fixation losses less than or equal to 25% and 2) false-positive and false-negative response rates 
less than or equal to 20% for the Full Threshold test paradigm and less than or equal to 7% for 
the SITA-Standard test paradigm. In the patients with glaucoma, however, higher false-negative 
response rates were accepted. The mean period between perimetry and GDx VCC measurements 
was 0.8 weeks (SD, 2.5; range, 0-12) and 12.2 weeks (SD, 11.0; range, 0-27) in patients with 
glaucoma and in healthy subjects, respectively. 
The mean MD was –9.39 dB (SD 7.45) and 0.48 dB (SD 1.22) for patients with glaucoma and 
healthy subjects, respectively. The mean age of the patients with glaucoma and of the healthy 
subjects was 62 years (SD 10) and 59 years (SD 13), respectively, which was not statistically 
significantly different (two-sample t-test, P = 0.10).
In the glaucoma group, 54 of the 101 subjects (54%) were men. Of the healthy subjects, 23 of 
the 47 (49%) were men. Fifty-two of the 101 eyes (51%) in the glaucoma group were right eyes; 
in the healthy group, 22 of the 47 (47%) were right eyes.

In all subjects, both eyes were scanned with the GDx VCC, starting with the right eye. The 
spherical equivalent refractive error of each eye was entered into the software to allow the GDx 
VCC to properly focus on the retina. The patient’s face was gently placed into the face mask of 
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the GDx VCC. To maintain the same orientation of the slow axes of the birefringent structures 
in the eye to that of the instrument’s compensator, the operator saw to it that patients had their 
heads as vertical as possible during all measurements. The pupils of the patients were undilated 
and the room lights were left on. For each scan, the operator aligned the instrument with the 
cornea and the sclera of the measured eye.
First, anterior segment birefringence was assessed for each eye per subject with the method 
described by Zhou and Weinreb.31 To this end, the magnitude of the compensator of the GDx 
VCC was automatically set to zero, after which the fundus was scanned. The interaction between 
the birefringence of the radially oriented axons of the photoreceptors that constitute Henle’s fiber 
layer in the macula and the anterior segment birefringence resulted in a bow-tie shaped pattern 
on the retardation image. A dedicated algorithm, incorporated into the GDx VCC software, 
determined the anterior segment birefringence (consisting of magnitude and axis) from this 
profile. 
The software then used these calculations to automatically adjust the anterior segment compensator 
to each individual eye, and both eyes were scanned again with individualized compensation. 
Adequate compensation of anterior segment birefringence was verified subjectively by looking 
at the retardation pattern in the macular region that had to be uniformly weak with a cross- or 
donut-shaped pattern. The typical time to measure both eyes of a patient was 3 minutes. All scans 
had to be of high quality, i.e. with a centered optic disc, well focused, even and just illuminated 
throughout the image, and without any motion artifacts. In addition, the measurements had to 
pass the five scan quality checks that were automatically performed by the GDx VCC software. 
The margin of the optic disc was manually marked with an ellipse on a reflection image of the 
fundus. The GDx VCC software positioned a circle, 8 pixels wide (~0.4 mm in an emmetropic 
eye) and with an inner diameter of 54 pixels (~2.5 mm in an emmetropic eye), centered on the 
center of the ellipse. The instrument processed the retardation values within this band to give a 
total of 256 values evenly distributed along the circle. These values were subsequently grouped 
into 64 sectors and exported by the software. 

The relationship between visual field test points and regions of the optic disc as described by 
Garway-Heath et al32 was used to correlate the visual fields to the GDx VCC measurements. 
The 64 peripapillary sectors in the GDx VCC retardation image and the 52 visual field test 
points were grouped into 6 corresponding sectors (Fig. 4.1.1). Due to the fixed dimensions 
of the exported sectors in the GDx VCC, the size and orientation of the 6 optic nerve head 
sectors differed slightly from those presented by Garway-Heath et al, but were consistent with 
their published relationship between optic nerve head location and visual field test points.32 The 
peripapillary measurement circle was divided into one 90° sector (temporally (T)), one 112.5° 
sector (nasally (N)), and four equally sized sectors of approximately 39.4° (superotemporally 
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(ST), superonasally (SN), inferotemporally (IT) and inferonasally (IN)). The average retardation 
was calculated for each sector. 
The differential light sensitivity in each visual field sector was also averaged and expressed in both 
the typically used decibel scale (decibel-DLS) and in the unlogged DLS scale (unlogged-DLS = 
Lb/(Lt - Lb) = (Lb/Lmax) . Lmax/(Lt - Lb) = (Lb/Lmax) . 10DLSdB/10). For the HFA, Lb = 31.6 asb and Lmax 
= 10,000 asb. 
To measure the degree of association between SAP and GDx VCC measurements, we calculated 
Spearman’s rank correlation coefficient (rS) for each sector. Subsequently, the relationship 
between perimetry, expressed in both the decibel-DLS and the unlogged-DLS scale and GDx 
VCC measurements was described with linear regression analysis. 

Figure 4.1.1. Test pattern of the HFA 24-2 (Carl Zeiss Meditec, Inc.) paradigm for a right eye (left) 
and a GDx VCC (Laser Diagnostic Technologies, Inc.) retardation image of a right eye (right), with a 
measurement circle superimposed. In the present study, visual field test points and peripapillary GDx VCC 
measurements were grouped in corresponding sectors as suggested by Garway-Heath et al.32 Corresponding 
sectors were grayscaled and named after the position of the sector in the GDx VCC image in relation to 
the optic disc. 

Glaucoma patients Healthy subjects

Sector rS P rS P

Superotemporal 0.77 < 0.001 0.04 0.78

Superonasal 0.52 < 0.001 0.37 0.012

Nasal 0.46 < 0.001 -0.11 0.47

Inferonasal 0.51 < 0.001 0.22 0.13

Inferotemporal 0.38 < 0.001 0.05 0.77

Temporal 0.19 0.059 -0.16 0.29

Table 4.1. Correlation between SAP and GDx VCC measurements. Degrees of association, measured with 
Spearman’s rank correlation coefficient (rS; P), between SAP differential light sensitivity and GDx VCC 
measurements in patients with glaucoma (n = 101) and healthy subjects (n = 47) for the six sectors described 
in Figure 4.1.1. 
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B

Figure 4.1.2. Scatterplots of differential light sensitivity (DLS), expressed as decibel-DLS (left) and as 
unlogged-DLS (right), against peripapillary RNFL retardation measured with the GDx VCC (Laser Diagnostic 
Technologies, Inc.). () Healthy subjects; () patients with glaucoma. Sectors: (A) superotemporal; (B) 
superonasal; (C) nasal; (D) inferonasal; (E) inferotemporal; (F) temporal.



  Automated perimetry versus GDx VCC measurements 97

D

E

F

Figure 4.1.2. (Continued)
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Results 
The relationship between perimetry and GDx VCC measurements has been graphically presented 
for all sectors in figure 4.1.2. We found statistically significant correlations between standard 
automated perimetry and GDx VCC measurements in patients with glaucoma (P < 0.001), in 
all sectors except the temporal one (P = 0.059), with rS values of 0.77, 0.52, 0.46, 0.51, 0.38, 
and 0.19 for the sectors ST, SN, N, IN, IT, and T, respectively (Fig. 4.1.2, Table 4.1). In healthy 
subjects, no statistically significant correlations between perimetry and GDx VCC measurements 
were found in any sector (P  > 0.13), except the superonasal one (P = 0.012; Fig. 4.1.2, Table 
4.1). 
When fit with a least-squares linear regression model, the relationship between decibel-DLS and 
RNFL retardation in healthy subjects and patients with glaucoma yielded R2 values of 0.48, 0.42, 
0.29, 0.37, and 0.35 for the sectors ST, SN, N, IN, and IT, respectively (for slopes, P < 0.001). 
For the unlogged-DLS, the R2 values of the linear regression models were 0.52, 0.48, 0.26, 0.35, 
and 0.43, respectively (P of slopes, < 0.001). 
For the sectors ST, SN, and IT, linear regression analysis yielded statistically significant better 
fits for the unlogged-DLS scale than for the decibel-DLS scale (signed rank test, P = 0.011, P 
< 0.001, and P = 0.011, respectively). Conversely, for the sectors N and IN, linear regression 
analysis yielded statistically significant better fits for the decibel-DLS scale (signed rank test, P < 
0.001 and P = 0.004, respectively). We did not fit the relationship between perimetry and GDx 
VCC measurements for the temporal sector with linear regression analysis, because they did not 
correlate. 

Discussion
We have shown a correlation between standard automated perimetry and GDx VCC 
measurements in patients with glaucoma, suggesting that GDx VCC measurements relate well 
with functional loss in glaucoma. However, in healthy subjects, we found virtually no correlation 
between perimetry and GDx VCC measurements. 

For the sectors ST, IT and SN, the relationship between function and structure was linear in the 
unlogged-DLS scale. In the standard decibel-DLS scale, a curvilinear relationship was apparent. 
Because the sectors ST and IT are reportedly most affected by glaucoma3-5,33 and also because 
they represent areas of the visual field close to fixation, we think that the differences in linearity 
in these sectors are clinically important. Figures 4.1.2A and 4.1.2E, relating to these sectors, 
show that large differences in GDx VCC measurements correlated with only small differences 
in decibel-DLS in areas with no to moderate functional loss. In more advanced functional 
loss, the opposite was true. Therefore, SLP appears to be more suited than SAP for monitoring 
both healthy subjects at risk of contracting glaucoma and patients with glaucoma with mild to 
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moderate functional damage. In more advanced glaucoma, however, SAP may be more useful 
than SLP for follow-up. Patients with glaucomatous visual field defects of mixed severity may be 
best monitored with a combination of SLP and SAP. 
This relationship was similar for the SN sector (Fig. 4.1.2B) but less pronounced for the N sector 
(Fig. 4.1.2C). In the IN sector, however, GDx VCC measurements did not appear to be better at 
detecting mild glaucomatous loss than perimetry (Fig. 4.1.2D). We would argue, however, that 
the IN sector, which relates to the uppermost visual field of the HFA 24-2 program, has poor 
perimetric reproducibility,34 which limits its clinical usefulness. 

The linear relationship that we found between function (unlogged-DLS) and structure was similar 
to those reported by Garway-Heath et al between unlogged-DLS and the number of RGCs,11 
neuroretinal rim area,16 and to the theoretically modeled one by Swanson et al (Swanson WH, 
et al. IOVS 2003;44:ARVO E-Abstract 57) between unlogged-DLS and the number of RGCs. 
In addition, our finding of a curvilinear functional-structural relationship between decibel-DLS 
and RNFL retardation corresponds with the reported relationships between decibel-DLS and 
number of RGCs,11,12 and between decibel-DLS and neuroretinal rim area.14,15 
Several investigators also studied the relationship between SAP and SLP measurements and 
reported no correlation or only a mild one in healthy and glaucomatous eyes.24-30 Their poor 
correlation may perhaps be attributable to differences in study populations and the use of different 
parameters. More important, they used SLP with a fixed compensator of anterior segment 
birefringence, instead of a variable one. Knighton et al35 reasoned that an individualized anterior 
segment compensation of birefringence would be necessary for accurate measurement of RNFL 
retardation.20,22 Our results support those of Bowd et al,24 who compared a variable with a fixed 
anterior segment compensator and found an improved relationship between visual function and 
structure with VCC. Interestingly, Bowd et al24 found that the relationship between decibel-DLS 
and GDx measurements with VCC was better described by a linear model than by a curvilinear 
one in all sectors. However, their data related to predominantly mild glaucomatous damage (mean 
MD, -2.74 dB; SD, 3.71 dB), whereas we used a much larger range of glaucomatous eyes and 
also many healthy eyes. Their smaller range may have precluded the detection of curvilinearity in 
the relationship between function and structure. 

For the sectors ST and IT, the R2 values of the linear regression models describing the relationship 
between unlogged-DLS and RNFL retardation were 0.52 and 0.43, respectively. Therefore, 48% 
to 57% of the variation in unlogged-DLS was not explained by RNFL retardation alone. In 
the other sectors, 52% to 95% of the variation in this relationship was unexplained. Some of 
this scatter may be due to retardation originating from axons that had their origin outside the 
points tested by the HFA. Such axons might relate to areas either between the tested points or 
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outside the entire test area displayed in figure 4.1.1. In addition, mismatching of the six optic 
nerve head (ONH) sectors and the visual field test points in the map constructed by Garway-
Heath et al32 may have added to the variation in the correlation between perimetry and GDx 
VCC measurements. Garway-Heath et al32 have reported that the range of possible positions at 
the ONH of RGC axons originating from each visual field test point location covers almost 30°. 
Factors that contributed to the variation in that study were the intereye variability in position of 
the ONH in relation to the fovea, inter-eye variability in retinal magnification, and variations 
in shape, rotation, and tilt of the ONH.32 Apart from these variations, our data may also have 
been influenced by variation in the positioning of the head during SLP. Some of the unexplained 
variation in the relationship between DLS and RNFL retardation may also be attributable to 
the reproducibility of measurements with SAP and SLP. For example, the variability in DLS 
within subjects has been shown to be substantial.34,36,37 Therefore, combining the results of several 
subsequent visual field tests may improve the relationship between DLS and RNFL retardation. 
To what extent the variability of GDx VCC measurements has influenced our results is unclear 
as its reproducibility of measurements has not yet been assessed. Some variation in DLS may also 
have been due to age-related changes in the ocular media as well as age-related changes of the 
retina,38 other than loss of RGCs, and of the central nervous system.

For DLS values near zero, we still measured retardation equivalent to approximately 20 µm or more 
(Fig. 4.1.2). A possible explanation for this offset is that some RGCs had stopped functioning, 
but their axons were still present, thus exhibiting birefringence. Axons have been identified in 
the RNFL that have no demonstrable visual function.39 Another explanation is that we measured 
residual retardation from incomplete compensation of anterior segment birefringence or that we 
measured retardation induced by birefringent structures in the eye other than the RGC axons 
or anterior segment, as has been suggested by measurements with polarization sensitive optical 
coherence tomography (De Boer JF, et al. IOVS 2003;44:ARVO E-Abstract 3388). It is unclear 
whether an offset may have been present in the instrument itself. The offset may also have been 
caused by the retardation originating from axons that had their origin outside the tested points 
of the HFA 24-2 program (i.e., either between the testing points or outside the tested central 
24° area). 

In the present study, we found a linear relationship between unlogged-DLS and RNFL retardation 
and a curvilinear relationship between decibel-DLS and RNFL retardation. This suggests that 
the unlogged-DLS scale may be more appropriate for comparing structural and functional 
measurements than the standard dB scale, as suggested earlier by Garway-Heath et al.13 Clinically, 
however, the standard decibel scale may be more appropriate, because the variability of perimetric 
measurements between healthy subjects appears to be less when expressed in the decibel-DLS 
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scale than in the unlogged-DLS scale (cf. Figs 4.1.2A-F, right and left). This apparently improved 
variability may, however, lower its sensitivity to detecting change, notably at the higher end of 
the decibel-DLS scale. Such change might, as stated earlier, be better monitored with SLP than 
with SAP. 
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4.2 Relationships between standard 
automated perimetry, HRT confocal 
scanning laser ophthalmoscopy, 
and GDx VCC scanning laser 

 polarimetry

Glaucoma is a progressive optic neuropathy with loss of retinal ganglion cells (RGCs) 
and their axons, leading to loss of vision.1 In clinical practice, functional losses are 
often assessed with standard automated perimetry (SAP). Structural losses may be 

assessed in a qualitative or semi-quantitative way with (in)direct ophthalmoscopy, stereoscopic 
optic disc photography, and red-free fundus photography. A more quantitative and objective 
analysis of structural losses may be performed with confocal scanning laser ophthalmoscopy 

Purpose: To determine and compare the relationships between visual function measured with 
standard automated perimetry (SAP) and structure, either as neuroretinal rim area measured 
with confocal scanning laser ophthalmoscopy (CSLO), or as retinal nerve fiber layer (RNFL) 
thickness determined by scanning laser polarimetry with variable corneal compensation (SLP-
VCC). 
Methods: Forty-six healthy subjects and 76 glaucoma patients were examined with SAP, with 
CSLO by means of the Heidelberg Retina Tomograph I (HRT; Heidelberg Engineering, 
Dossenheim, Germany), and with SLP-VCC by means of the GDx VCC (Carl Zeiss Meditec,  
Inc., Dublin, CA, USA). The relationships between SAP, expressed either in the typically used 
decibel scale or as number of abnormal points in the total deviation probability plot, and CSLO 
and between SAP and SLP-VCC were described with linear and logarithmic regression analysis 
for global data and six individual sectors. The relationship between measurements with CSLO 
and SLP-VCC was fit with linear regression analysis.
Results: The relationship between SAP and CSLO and between SAP and SLP-VCC appeared 
curvilinear for all sectors except the temporal one between SAP and SLP-VCC. For CSLO, a 
logarithmic fit was statistically significantly better than a linear one for the global data and in the 
superotemporal and inferonasal sectors. For SLP-VCC, a curvilinear fit was better for the global 
data and in the superotemporal, superonasal, and inferonasal sectors. CSLO data correlated 
linearly with SLP-VCC data in all sectors, except temporally. 
Conclusions: CSLO and SLP-VCC showed a very similar curvilinear relationship with SAP. The 
observed curvilinear relationships confirm earlier reports that these imaging devices appear to 
detect glaucomatous loss earlier than SAP. Invest Ophthalmol Vis Sci, in press.
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(CSLO) and scanning laser polarimetry with variable corneal compensation (SLP-VCC).2

CSLO, featured in the commercially available Heidelberg Retina Tomograph (HRT; Heidelberg 
Engineering GmbH, Dossenheim, Germany), assesses the topography of the optic disc. It 
measures the intensity of light reflected off the retinal surface at subsequent depths of focus.3 The 
weighted peak reflectance is thought to represent the interface between the retinal surface and 
the vitreous. The measured depths of peak reflectance at various points in the optic disc are used 
to construct a topography map of the optic disc (e.g., Fig. 4.2.1, middle). 

SLP-VCC, featured in the commercially available GDx VCC (Carl Zeiss Meditec, Inc., Dublin, 
CA, USA), estimates the thickness of the peripapillary retinal nerve fiber layer (RNFL) by 
measuring the summed retardation of a polarized scanning laser beam, presumably induced by 
the form-birefringent microtubules that support the RGC axons.4-6 The amount of retardation is 
proportional to the thickness of the RNFL and is therefore usually expressed in micrometers of 
thickness.6 Retardation measurements at various points around the optic disc are used to construct 
a thickness map of the RNFL (e.g., Fig. 4.2.1, right). Equipped with VCC, SLP measurements 
have been shown to accurately assess RNFL morphology.7  

Recently, we found a curvilinear relationship between function by SAP and structure by 
SLP-VCC in a large cohort of healthy subjects and glaucoma patients, when function was 
expressed in the standard, logarithmic, decibel scale.8 When expressed in an unlogged scale, 
SAP measurements correlated linearly with SLP-VCC measurements.8 In the present study, we 
investigated the relationship between function by SAP and structure by CSLO and compared it 
to the relationship between SAP and SLP-VCC in a single population of healthy subjects and 

Figure 4.2.1. Standard automated perimetry test pattern (left), confocal scanning laser ophthalmoscopy 
(CSLO) topography map (middle), and scanning laser polarimetry with variable corneal compensation 
(SLP-VCC) retardation map (right) for a right eye. In the present study, visual field test points, CSLO 
measurements of rim area, and peripapillary SLP-VCC measurements were grouped in corresponding 
sectors, which have been grayscaled and named after the position of the sectors in the CSLO and SLP-VCC 
images relative to the optic disc.
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glaucoma patients. In addition, we compared measurements of neuroretinal rim area by CSLO 
with measurements of RNFL thickness by SLP-VCC. 

Methods
Forty-six eyes of 46 healthy subjects and 76 eyes of 76 patients with glaucoma were recruited 
prospectively for the present study. The research adhered to the tenets of the Declaration of 
Helsinki. The institutional human experimentation committee had approved the research. 
Informed consent was obtained from the subjects after explanation of the nature and possible 
consequences of the study. 

Healthy subjects
Healthy subjects of white ethnic origin were recruited either consecutively from an ongoing 
longitudinal follow-up study (n=28) or from employees of The Rotterdam Eye Hospital and 
their spouses and friends (n=18). All healthy subjects had a glaucoma hemifield test ‘Within 
normal limits’ and no nerve fiber bundle abnormalities, as described by Keltner et al,9 in the 
total and/or pattern deviation probability plots with SAP. In addition, they had healthy-looking 
optic discs, an IOP of 21 mmHg or less in both eyes, and open angles upon gonioscopy. Slit 
lamp examination was unremarkable in all eyes. All subjects had a best-corrected visual acuity 
of 20/40 or better. None had any significant history of ocular disease, a history of intra-ocular 
surgery (except uncomplicated cataract surgery), relatives in the first and/or second degree with 
glaucoma, systemic hypertension for which medication was used, diabetes mellitus, or any other 
systemic disease. One eye was randomly selected for analysis.

Glaucoma patients
Glaucoma patients of white ethnic origin were recruited consecutively from an ongoing 
longitudinal follow-up study (n=75) or after referral by a glaucoma specialist (HGL) for clinical 
reasons (n=1). All patients had a glaucomatous appearance of the optic disc (with notching or 
thinning of the neuroretinal rim),10 a corresponding nerve fiber bundle visual field defect, as 
described by Keltner et al,9 with SAP, and open angles by gonioscopy. Slit lamp examination 
was unremarkable in all eyes. All patients had a best-corrected visual acuity of 20/40 or better. 
None had any significant history of ocular disease other than glaucoma, a history of intra-
ocular surgery (except any uncomplicated cataract or glaucoma surgery), systemic hypertension 
for which medication was used, diabetes mellitus, or any other systemic disease. One eye was 
randomly selected if both were eligible.

Demographics
The mean age (SD) of the healthy subjects and the patients with glaucoma was 60 years (12) and 
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62 years (10), respectively, which was not statistically significantly different (two-samples t-test, 
P = 0.39). The disc area (SD), derived from the HRT data, was 1.95 mm2 (0.35) in the healthy 
subjects and 2.00 mm2 (0.41) in the glaucoma patients, which was not statistically significantly 
different (two-samples t-test, P = 0.47). In the healthy group, 23 of the 46 subjects (50%) were 
men. Of the glaucoma patients, 46 of the 76 (60%) were men. Twenty-five of the 46 randomly 
selected eyes (54%) in the healthy subjects were right ones; in the glaucoma group, 37 of the 76 
eyes (49%) were right eyes. 
The mean ‘mean deviation’ (SD; range) of the visual field was 0.38 dB (0.99; -1.55 to 2.73) in 
the healthy group and -9.52 dB (8.43; -30.39 to 1.25) in the glaucoma group, respectively. The 
‘pattern standard deviation’ (SD; range) of the visual field was 1.63 dB (0.26; 1.13 to 2.30) in the 
healthy eyes and 8.35 dB (4.32; 1.99 to 15.92) in the glaucoma eyes, respectively. 
The mean period (SD) between measurements with SAP, CSLO, and SLP-VCC was 1 month (6) 
in healthy subjects and 0 months (1) in glaucoma patients. 

Visual Field Testing
Visual field testing was performed with the Humphrey Field Analyzer II (HFA; Carl Zeiss 
Meditec, Inc., Dublin, CA, USA) by means of the 24-2 Full-Threshold (FT) or Swedish 
interactive threshold algorithm (SITA) Standard test program. Twenty-nine of the 46 (63%) 
healthy subjects and 73/76 (96%) glaucoma patients were tested with the FT paradigm. Visual 
fields had to be reproducible as well as reliable. Reliability criteria applied were: 1) fixation losses 
<25% and 2) false-positive and false-negative response rates ≤20% for the FT test paradigm and 
≤7% for the SITA-Standard test program. In glaucoma eyes with advanced field loss, higher 
false-negative response rates were accepted: up to 33% for the FT paradigm and up to 12% 
for the SITA-Standard paradigm. The two visual field test points nearest to the blind spot were 
excluded from analysis. The 52 remaining test points were grouped into 6 sectors based on the 
relationship between visual field test points and regions of the optic disc as described by Garway-
Heath et al (Fig. 4.2.1).11 For each sector, the arithmetic mean differential light sensitivity (DLS) 
was calculated. DLS was expressed in the typically used decibel scale (DLS = 10 × log10 Lmax/(Lt 
– Lb), where Lmax is the perimeter’s maximum stimulus luminance, Lt is the stimulus luminance at 
threshold, and Lb is background luminance). For the HFA, Lb = 31.6 asb and Lmax = 10,000 asb. 
Because various large clinical trials, such as the Collaborative Initial Glaucoma Treatment Study 
(CIGTS)12 and the Early Manifest Glaucoma Trial (EMGT)13, analyze probability plots instead 
of raw DLS values for evaluating progression of visual field loss, we also calculated a weighted 
score of the number of abnormal points in the total deviation probability plot with a sensitivity 
below the 5th percentile for each sector. To this end, we awarded points with a sensitivity at p < 
5% a score of 1, points at p < 2% a score of 2, points at p < 1% a score of 3, and points at p < 
0.5% a score of 4. We then calculated the sum of scores of all points within a sector. For example, 
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the sector ST with 14 test points could have a minimum score of zero and a maximum score of 
56 (i.e., 4 ×14).

CSLO Measurements
CSLO measurements were performed with the Heidelberg Retina Tomograph by three trained 
and experienced operators. Pupils of subjects were undilated and the room lights were left on. 
Before each measurement, the subject’s corneal curvature radius was entered into the software. 
The patient’s face was then gently placed onto the head-and-chin rest of the HRT and imaging 
was performed at the 1.5-cm imaging head-eye distance, recommended in the instruction 
manual, as the subject viewed a distant fixation target. Three high-quality images at a 15° x 
15° scanning angle were recorded for each subject. The quality of the images was judged by 
the technician with the aid of the HRT software. All images were of high quality, i.e. with a 
centered optic disc, with a clear dark-light-dark pattern over the 32 consecutive images, even and 
just illuminated throughout the individual images, and without any motion artifacts. A mean 
topography image, computed from the three scans, was used for subsequent analysis with HRT 
software version 1.4.0.0. Mean images with a mean SD of the height measurements >50 µm 
were excluded from analysis. The optic disc margin was manually marked at the inner edge of 
Elschnig’s ring by one of the authors (NJR). When in doubt about the position of the optic disc 
margin, stereoscopic optic disc photographs were examined to assist accurate positioning. The 
standard reference plane was used for calculations of optic disc topography with the relative and 
tilted coordinate system turned on. The software calculated the rim area (mm2) for the whole disc 
(global) and for 6 individual sectors, i.e. a superotemporal sector (ST; extending from 45°to 90°, 
relative to the temporal meridian), a superonasal one (SN; 90°-135°), a nasal one (N; 135°-225°), 
an inferonasal one (IN; 225°-270°), an inferotemporal one (IT; 270°-315°), and a temporal one 
(T; 315°-45°). 

SLP Measurements
SLP measurements were performed with the GDx VCC by three trained and experienced 
technicians. Pupils of subjects were undilated and the room lights were left on. The spherical 
equivalent refractive error of each eye was entered into the software to allow the GDx VCC 
to focus on the retina. If necessary, the focus was adjusted manually in 0.25 diopter steps. The 
patient’s face was gently placed into the face mask of the GDx VCC. To maintain the same 
orientation of the slow axes of the birefringent structures in the eye to that of the instrument’s 
compensator, the operator saw to it that patients had their heads as vertical as possible during all 
measurements. For each scan, the operator aligned the instrument with the cornea and the sclera 
of the measured eye. Anterior segment birefringence was assessed14 for each eye individually after 
which the eye was scanned with individualized compensation, as has been described previously.8 
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The quality of each scanned image was judged by the technician with the aid of the GDx VCC 
software. All images were of high quality, i.e. with a centered optic disc, well-focused, even and 
just illuminated throughout the image, and without any motion artifacts. The margin of the 
optic disc was manually marked with an ellipse on a reflection image of the fundus. The GDx 
VCC software positioned a circle, 8 pixels wide (~0.4 mm in an emmetropic eye) and with an 
inner diameter of 54 pixels (~2.5 mm in an emmetropic eye), centered on the center of the 
ellipse. The instrument processed the retardation values within this band to give 256 values 
evenly distributed along the circle, after which they were grouped into 64 sectors and exported 
by the software (version 5.4.0). These values were subsequently grouped into six sectors with the 
same dimensions and orientation as for the HRT data (Fig. 4.2.1). 

Data Analysis 
To determine any correlation between function and structure, the degree of association between 
SAP (expressed as DLS and as abnormal number of points) and CSLO measurements and 
SAP (expressed as DLS and as abnormal number of points) and SLP-VCC measurements was 
determined with Spearman’s rank correlation coefficient (rS) for the global data and for each 
sector individually. 
Then, the relationship between SAP and CSLO measurements and SAP and SLP-VCC 
measurements was described with a least squares linear (y = a + b × x) and logarithmic (y = a 
+ b × log10 x) regression analysis. We determined this relationship for the healthy subjects who 
were tested with either the SITA or FT paradigm (n = 46) and glaucoma patients who were 
tested with the FT paradigm (n = 73). In addition, we investigated the relationships in two other 
groups separately: 1) healthy subjects (n = 28; 1 subject was excluded for age-matching) and 
glaucoma patients (n = 66; 7 subjects were excluded for age-matching) who were tested with the 

SAP & CSLO SAP & SLP-VCC

Sector rS P rS P

Global 0.70 < 0.001 0.65 < 0.001
Superotemporal 0.75 < 0.001 0.77 < 0.001
Superonasal 0.56 < 0.001 0.66 < 0.001
Nasal 0.44 < 0.001 0.42 < 0.001
Inferonasal 0.64 < 0.001 0.51 < 0.001
Inferotemporal 0.67 < 0.001 0.57 < 0.001
Temporal 0.50 < 0.001 0.03 0.78

Table 4.2.1. Degrees of association, expressed with Spearman’s rank correlation coefficient (rS, P), between 
standard automated perimetry (SAP) differential light sensitivity, confocal scanning laser ophthalmoscopy 
(CSLO), and scanning laser polarimetry with variable corneal compensation (SLP-VCC) in patients with 
glaucoma (n = 73) and healthy subjects (n = 46).
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FT paradigm, and 2) glaucoma patients who were tested with the FT paradigm (n = 73).
For comparison with a recent study by Schlottmann et al,15 we used a paired t-test to evaluate the 
null hypothesis that the absolute prediction errors (absolute values of the residuals) had the same 
mean for both models (logarithmic and linear regression). Statistical significance was assumed at 
P < 0.05. For comparison, we plotted neuroretinal rim area measured with CSLO against RNFL 
thickness measured with SLP-VCC for the global data and also for the individual sectors and 
described their relationship with linear regression analysis.  

Results
The relationships between SAP and CSLO measurements and between SAP and SLP-VCC 
measurements have been graphically presented in figure 4.2.2. SAP measurements, expressed 
either as DLS or as abnormal number of points, were statistically significantly correlated with 
both CSLO and SLP-VCC measurements for the global data as well as for most individual 
sectors (Fig. 4.2.2, tables 4.2.1 and 4.2.2). In the temporal sector, however, SAP measurements 
were not statistically significantly correlated with SLP-VCC measurements (rS = 0.003 with P = 
0.98 and rS = 0.03 with P = 0.74 when SAP was expressed as DLS or abnormal number of points, 
respectively) (Fig. 4.2.2, tables 4.2.1 and 4.2.2). 

The statistically significant relationships between function and structure were curvilinear 
in appearance (Fig. 4.2.2). Healthy eyes had high DLS values with large rim areas and high 
retardation values. In general, glaucoma eyes had lower DLS values with smaller rim areas and 
lower retardation values. However, there was considerable overlap in measurements between the 
groups. 

Table 4.2.2. Degrees of association, expressed with Spearman’s rank correlation coefficient (rS, P), between 
standard automated perimetry (SAP) abnormal number of points in the total deviation probability plot, 
confocal scanning laser ophthalmoscopy (CSLO), and scanning laser polarimetry with variable corneal 
compensation (SLP-VCC) in patients with glaucoma (n = 73) and healthy subjects (n = 46).

SAP & CSLO SAP & SLP-VCC

Sector rS P rS P

Global 0.74 < 0.001 0.72 < 0.001
Superotemporal 0.71 < 0.001 0.76 < 0.001
Superonasal 0.53 < 0.001 0.56 < 0.001
Nasal 0.42 < 0.001 0.46 < 0.001
Inferonasal 0.59 < 0.001 0.54 < 0.001
Inferotemporal 0.68 < 0.001 0.60 < 0.001
Temporal 0.56 < 0.001 0.05 0.59
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Figure 4.2.2 (← and ↑). Scatterplots of differential light sensitivity (DLS), expressed in the standard 
decibel (dB) scale, against confocal scanning laser ophthalmoscopy (CSLO) measurements (left) and against 
scanning laser polarimetry with variable corneal compensation (SLP-VCC) measurements (right) for global 
data and 6 individual sectors. () Healthy eyes tested with the FT paradigm; () healthy eyes tested with 
the SITA paradigm; () glaucoma eyes tested with the FT paradigm; () glaucoma eyes tested with the 
SITA paradigm.
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With regard to the relationships between SAP and CSLO data with both healthy subjects 
and glaucoma patients included, logarithmic regression analysis yielded higher coefficients 
of determination (R2) than linear regression analysis both for the pooled data and for the 
superotemporal, inferonasal, and inferotemporal sectors (Table 4.2.3). For the other sectors, 
logarithmic regression analysis was not statistically significantly different from linear regression 
analysis (Table 4.2.3). When only healthy subjects and patients with glaucoma who were 
tested with the FT paradigm were analyzed, logarithmic regression analysis yielded statistically 
significantly higher R2 values than linear regression analysis for the pooled data and for the 
superotemporal sector (Table 4.2.3). When only the glaucoma patients tested with the FT 
paradigm were analyzed, logarithmic regression analysis appeared to yield higher R2 values than 
linear regression analysis for the global data as well as for most sectors (Table 4.2.3). However, 
this difference was only statistically significant for the superotemporal sector (Table 4.2.3). 

In the comparisons between SAP and SLP-VCC data with both healthy subjects and glaucoma 
patients included, we found statistically significantly higher R2 values with logarithmic regression 
analysis than with linear regression analysis for the global data and in the superotemporal, 
superonasal, and inferonasal sectors (Table 4.2.4). When only healthy subjects and patients with 
glaucoma who were tested with the FT paradigm were included, logarithmic regression analysis 
yielded statistically higher R2 values than linear regression analysis for the superotemporal and 
superonasal sectors (Table 4.2.4). When only glaucoma patients tested with the FT paradigm 
were included, logarithmic regression analysis appeared to yield higher R2 values than linear 
regression analysis for the global data as well as for the individual sectors (Table 4.2.4). However, 
this difference was only statistically significant for the superotemporal and superonasal sectors 
(Table 4.2.4). 

Figure 4.2.3. Scatterplot of neuroretinal rim area measured with confocal scanning laser ophthalmoscopy 
and retinal nerve fiber layer thickness measured with scanning laser polarimetry with variable corneal 
compensation for global data. () Healthy eyes; () glaucoma eyes.
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The relationships between SAP and CSLO and between SAP and SLP-VCC appeared very 
similar (cf. Fig. 4.2.2, left and right, respectively). Moreover, logarithmic regression analysis 
of the relationship between SAP and CSLO measurements and between SAP and SLP-VCC 
measurements did not yield statistically significantly different fits (P values for global data and the 
ST, SN, N, IN, IT, and T sectors, 0.20, 0.64, 0.26, 0.73, 0.31, 0.09, and 0.15, respectively). 

With regard to healthy subjects, at the higher end of the DLS values in figure 4.2.2, visual function 
data obtained with the SITA paradigm appeared to be consistently higher than data obtained 
with the FT paradigm (Fig. 4.2.2). Statistically, DLS values obtained with SITA were statistically 
significantly higher than DLS values obtained with FT for the pooled data and for the sectors ST, 
SN, N, IN, and IT (P values, 0.003, <0.001, 0.011, 0.004, 0.034, 0.011, respectively). For the 
temporal sector, this difference was not statistically significant (P = 0.11). 

The CSLO data correlated well with the SLP-VCC data, both for the pooled data (Global; Table 
4.2.5, Fig. 4.2.3) and for the individual sectors (Table 4.2.5).  

Discussion
We have presently shown that measurements of neuroretinal rim area assessed with CSLO 
correlate well with measurements of function by SAP. Their relationship is very similar to the 
relationship between SAP and measurements of RNFL thickness with SLP-VCC. In addition, we 
found for both techniques that the relationship between function and structure was curvilinear 
when function was expressed in the clinically used decibel scale. These findings compare well with 
other studies on the relationship between perimetry and measurements of neuroretinal rim area 
by CSLO16,17 and RNFL thickness by SLP-VCC.8,15 Furthermore, we found that neuroretinal 
rim area measured with CSLO correlates linearly with RNFL thickness measured with SLP-
VCC. 

Sector R2 Slope (mm2×µm-1) P

Global 0.40 2.71×10-2 < 0.001
Superotemporal 0.46 2.50×10-3 < 0.001
Superonasal 0.34 2.09×10-3 < 0.001
Nasal 0.28 5.86×10-3 < 0.001
Inferonasal 0.25 2.01×10-3 < 0.001
Inferotemporal 0.38 2.94×10-3 < 0.001
Temporal 0.04 2.05×10-3 0.041

Table 4.2.5. Relationship between measurements of neuroretinal rim area with CSLO and measurements 
of RNFL thickness with SLP-VCC, described with linear regression analysis for global data and 6 individual 
sectors.
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In clinical practice, differential light sensitivity is expressed in a decibel scale. In this scale, higher 
values are relatively compressed, as lower values are stretched. As a result, functional damage at 
higher sensitivities will appear relatively small, whereas progressive damage at lower sensitivities 
will appear relatively large. In eyes with no or only mild to moderate glaucomatous functional 
loss, clinically relevant changes in neuroretinal rim area and RNFL thickness, which are expressed 
in a linear scale, might then occur with only small changes in retinal light sensitivity (e.g., see Fig. 
4.2.2). This suggests that a small neuroretinal rim area or a thin RNFL may be detected in eyes 
with normal visual fields by SAP. In fact, we have recently reported that perimetrically unaffected 
eyes of glaucoma patients with unilateral field loss on average have a thinner RNFL by SLP-VCC 
than healthy control eyes.18 Similarly, Bagga and Greenfield19 have shown with SLP-VCC and 
optical coherence tomography (OCT), a technique used to create cross-sectional images of the 
retina, that in glaucomatous eyes with a normal visual hemifield the corresponding RNFL may 
be abnormally thin. For the HRT, Wollstein et al20 have found that thinning of the neuroretinal 
rim may occur in perimetrically unaffected eyes of normal pressure glaucoma patients with visual 
field loss in the other eye. For all three techniques, follow-up of these eyes with so-called pre-
perimetric glaucoma is indicated to determine whether they will indeed develop glaucomatous 
visual field loss with SAP. We would like to stress that these results do not indicate that structural 
losses occur before functional losses per se. In theory, changes in RGC function might even 
precede structural changes. However, current techniques for assessing structure, such as SLP-
VCC and CSLO, appear to be more sensitive for detecting glaucomatous damage than the 
routinely used SAP. Whether other psychophysical tests, such as frequency-doubling technology 
(FDT) and short-wavelength automated perimetry (SWAP), may detect functional changes at an 
earlier stage needs to be explored. 
At the other end of the spectrum, SAP may be more sensitive to detecting changes in patients 
with severe glaucomatous functional loss as functional changes in this part of the decibel scale are 
maximized. However, the reproducibility of measurements with SAP has been shown to be fairly 
poor,21,22 which may limit its sensitivity for detecting more subtle changes. The reproducibility 
of the HRT23,24 as well as of the GDx VCC (Bagga H, et al. IOVS 2004;45:ARVO E-Abstract 
5503) appears to be reasonably good over short periods of time. In the long term, however, the 
reproducibility of the HRT was reported to be only slightly better than that of SAP by means of 
the Octopus perimeter.25 In addition, the dynamic range in these eyes with severe glaucomatous 
loss is smaller for measurements with CSLO and SLP-VCC than with SAP (e.g., see Fig. 4.2.2), 
which may limit the number of statistically significant changes that can be detected with CSLO 
and SLP-VCC. Therefore, whether the HRT I and GDx VCC may be better able to detect subtle 
changes than SAP in these eyes remains to be investigated. 
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We presently showed that the relationship between SAP and either CSLO or SLP-VCC was very 
similar when SAP was expressed as either DLS (dB) or as number of abnormal points in the 
total deviation probability plot. These data suggest that analyses for detecting progressive visual 
field loss based on changes in probability plots, such as used in CIGTS, may yield similar results 
as analyses based on raw DLS values. However, a limitation of using the number of abnormal 
points analysis may be that when a point has reached a sensitivity below p < 0.5%, the depth of 
the defect is not reflected in this parameter anymore and data will be censored. Therefore, further 
research is needed to evaluate these two expressions of visual function in detecting progressive 
visual field loss in long term follow-up studies.

When looking at the data of healthy subjects and patients with glaucoma in figure 4.2.2, a 
curvilinear relationship between function and structure was apparent in most sectors. This was 
also true when the relationship between function and structure was analyzed in patients with 
glaucoma only, indicated by the higher R2 values found with logarithmic regression analysis over 
linear regression analysis. However, only few sectors showed a statistically significant better fit 
with logarithmic than with linear regression analysis. This may have been caused by the size of 
our sample, which may not have been large enough to detect a statistically significant difference 
between the two regression analyses. In addition, relatively few data points of patients with 
glaucoma were present in the lower left part and in the upper right part in the scatter plots of the 
pooled data and the individual sectors. A more balanced data set with more data points in the 
lower left as well as, with regard to data of patients with glaucoma, in the upper right part of the 
scatter plot might have yielded a better curvilinear fit. 

CSLO measurements of neuroretinal rim area correlated well with SLP-VCC measurements 
of RNFL thickness. However, 54% to 96% of the variation in the relationship between CSLO 
and SLP-VCC was not explained. A good correlation between the techniques would have been 
intuitive. However, SLP-VCC and CSLO assess different aspects of axonal tissue, using different 
properties of light, and with different sources of error. Nevertheless, Medeiros et al26 recently 
reported that the diagnostic accuracy for detecting glaucomatous visual field loss was similar for 
the HRT and GDx VCC at a specificity of 96% and slightly lower for the HRT at a specificity of 
80%. Whether CSLO and SLP-VCC are equally good at monitoring glaucomatous functional 
loss needs to be investigated.

The relationships between SAP and CSLO and between SAP and SLP-VCC were very similar, 
both at a glance in figure 4.2.2 and by analysis of the residuals of linear regression analysis. For 
both techniques, 41% up to 97% of the variation in the relationship between function and 
structure was not explained. In a recent paper on the relationship between SAP and SLP-VCC,8 
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we have extensively discussed possible sources of scatter in this relationship. For example, some 
of it may be due to measurements of axonal tissue that had their origin outside the 54 relatively 
small areas tested by the HFA 24-2 test program. By contrast, both CSLO and SLP-VCC measure 
axonal tissue that originates from the entire retina. Furthermore, some of the scatter may have 
been induced by mismatching of the six optic nerve head sectors and the visual field test points, 
variation in the positioning of the head during measurements with either CSLO or SLP-VCC, 
and the reproducibility of measurements with all three techniques. 

In the CSLO data, some of the scatter may also have been due to the inter-eye variation in 
the total volume occupied by the blood vessels in the optic nerve head, especially in the nasal 
regions. These blood vessels are erroneously measured by CSLO as part of the neuroretinal rim. 
In addition, the standard reference plane that we presently used to calculate rim area may have 
increased the scatter in the relationship between SAP and CSLO.27 Furthermore, some variability 
may have been induced by drawing of the contour line to outline the optic disc, although its 
reproducibility has been reported to be quite good for a single observer.23 
We did not find a statistically significant relationship between SAP and SLP-VCC in the 
temporal sector, which is similar to our previous findings.8 Conversely, a curvilinear relationship 
was apparent between SAP and CSLO. In the temporal sector, SLP-VCC measured low amounts 
of retardation in comparison to the amount of retardation measured in other sectors. This may 
have yielded a low signal-to-noise ratio that possibly obscured a correlation. In addition, the 
form-birefringence of the axons in this sector may have been different from that in other sectors 
(Huang X, et al. IOVS 2003;44:ARVO E-Abstract 3363), with a different relationship between 
the amount of retardation and thickness of the RNFL and a different relationship with SAP.

In conclusion, we have presently shown that measurements of neuroretinal rim area with CSLO 
compare well with measurements of RNFL thickness with SLP-VCC. In addition, measurements 
with these two distinct techniques relate moderately well with retinal ganglion cell function 
assessed with standard automated perimetry. We think that the curvilinearity of the relationship 
between function and structure is mainly due to the standard decibel scale in SAP. This scale will 
probably lead to underestimating early glaucomatous damage by SAP. SLP-VCC and CSLO may 
better reflect this early damage. In more advanced glaucoma, the standard decibel scale in SAP 
is likely to overestimate progressive damage. Again, structural assessment with these imaging 
techniques may then better reflect any truly progressive damage. 

The implications of the present findings for clinical glaucoma management, as well as the 
limitations of the imaging devices, need to be further explored. Furthermore, comparisons 
between functional measurements with psychophysical tests other than SAP and structural 
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5
Scanning laser polarimetry of 

the retinal nerve fiber layer 
in perimetrically unaffected 
eyes of glaucoma patients





Purpose: To compare scanning laser polarimetry (SLP) measurements of retinal nerve fiber layer 
(RNFL) thickness in perimetrically unaffected eyes of glaucoma patients to their fellow eyes with 
field loss and to eyes of healthy subjects.
Design: Observational case-control study.
Participants and controls: Twenty-three glaucoma patients with a reproducible visual field 
defect in one eye (mean ‘mean deviation’ [MD], -5.71 decibels [dB]) and a normal visual field 
in the other one, i.e. ≥1 visual field test point below the 5% probability level (mean MD, -0.01 
dB), and 73 control eyes of as many age-matched healthy subjects (mean MD, 0.39 dB). The 
MD and pattern standard deviation of the glaucoma patients’ eyes with normal visual fields and 
the control eyes were not statistically significantly different (independent samples t test, P = 0.15 
and P = 0.61, respectively).
Methods: All subjects were measured in both eyes with the GDx VCC, a commercially available 
instrument featuring SLP with automated variable corneal compensation (VCC). Standard 
automated perimetry (SAP) was assessed by means of the Humphrey Field Analyzer, 24-2 Full 
Threshold or SITA-Standard achromatic test program.
Main outcome measures: The standard GDx VCC parameters ‘TSNIT Average’, ‘Superior 
Average’, ‘Inferior Average’, ‘TSNIT Std. Dev.’, and ‘Nerve Fiber Indicator’ (NFI) were 
determined. We also assessed the thickness values in 6 parapapillary sectors. In addition, we 
calculated the proportion of eyes per group with an NFI ≥40. 
Results: GDx VCC measurements showed more RNFL thinning in the perimetrically unaffected 
eyes of glaucoma patients than in the healthy control eyes. The RNFL in the perimetrically 
unaffected eyes of glaucoma patients was thicker than in their fellow eyes with field loss. The NFI 
had a value ≥40 in 11/23 (47.8%) perimetrically unaffected eyes of glaucoma patients, 19/23 
(82.6%) eyes with visual field loss of glaucoma patients, and 3/73 (4.1%) healthy control eyes. 
Conclusion: With the GDx VCC, thinning of the RNFL may be detected in perimetrically 
unaffected eyes of glaucoma patients with field loss in their fellow eyes. Ophthalmology 
2004;111:2199-2203.

In glaucoma, abnormalities of the optic disc and the retinal nerve fiber layer (RNFL) have 
been shown to precede the development of visual field loss with standard automated 
perimetry (SAP);1-4 clinically detectable visual field defects develop only when significant 

numbers of retinal ganglion cells have been lost.5 
The neuroretinal rim in perimetrically unaffected eyes of glaucoma patients with unilateral field 
loss has been reported to be thinner than the rim in eyes of healthy subjects, despite normal 
results with perimetry.6,7 In addition, perimetrically unaffected eyes have been shown to have an 
increased risk of developing defects with SAP.8-10 
Scanning laser polarimetry (SLP) with variable corneal compensation (VCC), featured in the 
commercially available GDx VCC (Laser Diagnostic Technologies, Inc., San Diego, CA, USA), 
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allows accurate, objective, and rapid assessment of the RNFL.11 Some of our earlier data on 
eyes with established glaucomatous visual field loss and healthy eyes suggest that a mildly to 
moderately thin RNFL, measured by SLP with VCC, may not necessarily be associated with 
functional loss by SAP.12 To test this hypothesis, we currently assessed the thickness of the RNFL 
with SLP-VCC in perimetrically unaffected eyes of patients with contralateral visual field loss 
from primary open-angle glaucoma (POAG). We compared the results to those of their fellow 
eyes with field loss and to eyes of healthy control subjects. 

Methods
Subjects
Twenty-three glaucoma patients and 73 age-matched healthy subjects were measured with the 
GDx VCC between September 2002 and September 2003 by three experienced operators at 
the Perimetry Department of The Rotterdam Eye Hospital. Glaucoma patients were recruited 
consecutively from an ongoing longitudinal follow-up study, which they had entered between 
January 1998 and November 2000. All glaucoma patients had POAG in one eye, i.e. a 
glaucomatous appearance of the optic disc (with notching or thinning of the neuroretinal rim),13 
a corresponding nerve fiber bundle visual field defect, as described by Keltner et al,14 with SAP 
(Humphrey Field Analyzer, 24-2 SITA-Standard or Full Threshold test program, Carl Zeiss 
Meditec, Dublin, CA, USA), and open angles by gonioscopy. Visual fields had to be reproducible 
as well as reliable. Reliability criteria applied were: 1) fixation losses ≤25% and 2) false-positive 
and false-negative response rates ≤20% for the Full Threshold (FT) test paradigm and ≤7% for 
the SITA-Standard test paradigm. In the eyes with advanced visual field loss, however, higher 
false-negative response rates were accepted: up to 33% for the FT paradigm and up to 12% for 
the SITA-Standard paradigm. None of the fellow eyes in these patients showed any significant 
abnormality with SAP, i.e. their visual fields had ≤1 visual field test point below the 5% probability 
level in either the total or pattern deviation probability plots. In addition, all these visual fields had 
a glaucoma hemifield test result classified as ‘Within normal limits’ and a mean deviation (MD) 
and a pattern standard deviation (PSD) better than the 5% probability level. For these eyes, the 
appearance of the optic disc was not a selection criterion. However, they had to have open angles 
upon gonioscopy. All patients were of Caucasian ethnic origin and had a best corrected visual 
acuity of 20/40 or better. None had any other significant history of ocular disease (including 
posterior segment eye disease and corneal disease), a history of intra-ocular surgery (except for 
uncomplicated cataract and glaucoma surgery), systemic hypertension for which medication was 
used, diabetes mellitus, or any other systemic disease. Slit lamp examination was unremarkable 
in all eyes (except for signs of glaucomatous optic neuropathy). 
Healthy subjects were recruited either consecutively from an ongoing longitudinal follow-up 
study (n=46) or from employees of The Rotterdam Eye Hospital and their spouses and friends 
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(n=27). All healthy subjects had a glaucoma hemifield test ‘Within normal limits’ and no nerve 
fiber bundle abnormalities, as described by Keltner et al,14 in the total and/or pattern deviation 
probability plots with SAP. In addition, they had healthy-looking optic discs and an IOP of 21 
mmHg or less in both eyes. Only subjects with open angles upon gonioscopy were entered into 
the study. Slit lamp examination was unremarkable in all eyes. All subjects were of Caucasian 
ethnic origin and had a best corrected visual acuity of 20/40 or better. None had any significant 
history of ocular disease (including posterior segment eye disease and corneal disease), a history 
of intra-ocular surgery (except for uncomplicated cataract surgery), relatives in the first and/or 
second degree with glaucoma, systemic hypertension for which medication was used, diabetes 
mellitus, or any other systemic disease. One eye per subject was randomly selected for analysis 
with a custom-made algorithm in Microsoft Excel 97 (Microsoft Corporation, Redmond, WA, 
USA).
Twenty-two of the 23 glaucoma eyes with field loss and 47 of the healthy eyes were part of a 
previous study describing the relationship between SAP and SLP with VCC.12 The presently 
studied perimetrically unaffected fellow eyes of the 23 glaucoma patients were not part of that 
study. 
The research followed the tenets of the Declaration of Helsinki. Informed consent was obtained 
from the subjects after explanation of the nature and possible consequences of the study. The 
institutional human experimentation committee had approved the research.

Demographics
The demographics of the 23 glaucoma patients with unilateral field loss and the 73 healthy 
subjects have been presented in table 1. The mean (SD; range) intraocular pressure (IOP) of 
the 23 perimetrically unaffected eyes at the time of inclusion for the present study was 15.4 
mmHg (2.74; 11-21), measured with Goldmann applanation tonometry. Twenty-one of the 23 
perimetrically unaffected eyes received treatment for lowering the IOP in both eyes. The other 2 
only received treatment for the eye that showed field loss.

Measurement protocol
In all subjects, both eyes were scanned with the GDx VCC, starting with the right eye. The 
spherical equivalent refractive error of each eye was entered into the software to allow the GDx 
VCC to focus on the retina. If necessary, the focus was adjusted manually in 0.25 diopters steps. 
The pupils of the patients were undilated and the room lights were left on. The patient’s face was 
gently placed into the face mask of the GDx VCC. To maintain the same orientation of the slow 
axes of the birefringent structures in the eye to that of the instrument’s compensator, the operator 
saw to it that patients had their heads as vertical as possible during all measurements. For each 
scan, the operator aligned the instrument with the cornea and the sclera of the measured eye.
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First, anterior segment birefringence was assessed for each eye per subject with the method 
described by Zhou and Weinreb.15 To this end, the magnitude of the compensator of the GDx 
VCC was automatically set to zero after which the fundus was scanned. The interaction between 
the birefringence of the radially oriented axons of the photoreceptors that constitute Henle’s fiber 
layer in the macula, and the anterior segment birefringence, resulted in a bow-tie shaped pattern 
on the retardation image. The amount of retardation was measured from within a circular band 
with an inner diameter of 20 pixels (~0.9 mm in an emmetropic eye) that had been positioned 
manually with the fovea at its center. A dedicated algorithm, incorporated in the GDx VCC 
software, then determined the anterior segment birefringence (consisting of a polarization 
magnitude and a polarization axis) from this profile.
The software used these calculations to automatically adjust the anterior segment compensator 
to each individual eye, and both eyes were scanned again with individualized compensation. 
Adequate compensation of anterior segment birefringence was verified subjectively by looking at 
the retardation pattern in the macular region that had to be uniformly weak with a cross- or donut-
shaped pattern. The typical time to measure both eyes of a patient was 3 minutes. All accepted 
scans were of high quality, i.e. with a centered optic disc, well focussed, even and just illuminated 
throughout the image, and without any motion artifacts. In addition, all measurements passed 
the scan quality checks that were automatically performed by the GDx VCC software. 

Data analysis
The margin of the optic disc was manually marked with an ellipse on a reflection image of the 
fundus. The GDx VCC software (version 5.1.0) positioned a circle, 8 pixels wide (~0.4mm in 
an emmetropic eye) and with an inner diameter of 54 pixels (~2.5mm in an emmetropic eye), 
centered on the center of the ellipse. Based on the retardation values within this band, the software 
calculated the following 6 parameters: ‘TSNIT Average’, ‘Superior Average’, ‘Inferior Average’, 
‘TSNIT Std. Dev.’, ‘Inter-Eye Symmetry’, and ‘Nerve Fiber Indicator’ (NFI). The parameter 
‘Inter-Eye Symmetry’ that describes the correlation in retardation measurements between the 
two eyes of a subject, was not used for analysis because of possible bias in glaucoma patients due 
to RNFL thinning in the eye with clinically significant visual field loss. The retardation values 
within the measurement band were grouped and averaged into 6 sectors that were described 
earlier by Garway-Heath et al:16 a superotemporal one (ST; extending from 39.4° to 78.8°, 
relative to the temporal meridian), a superonasal one (SN; 78.8°-118.1°), a nasal one (N; 118.1°-
230.6°), an inferonasal one (IN; 230.6°-270°), an inferotemporal one (IT; 270°-309.4°), and a 
temporal one (T; 309.4°-39.4°). We then compared differences between parameters and sectoral 
retardation values between the perimetrically unaffected eyes of the glaucoma patients and the 
eyes of the healthy controls with independent samples t tests. We also compared differences 
in the parameters and the sectoral retardation measurements between the fellow eyes of the 
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glaucoma patients with paired samples t tests. In addition, we determined the number of eyes 
with an NFI ≥40 for each group. The cut-off value of ≥40 for this parameter has been shown to 
reach a sensitivity and specificity of 83.8% and 95.9%, respectively, for detecting mild functional 
glaucomatous loss.17 Statistical analysis was performed with the computer program SPSS for 
Windows (release 11.0.1; SPSS, Chicago, IL, USA). 
The amount of retardation measured by scanning laser polarimetry is usually expressed in 
micrometers of thickness based on the relationship between the amount of retardation and the 
histologically determined RNFL thickness in monkey eyes,18 although this relationship may vary 
somewhat per nerve fiber bundle around the optic nerve head (Huang X, et al. IOVS 2003;44:
ARVO E-Abstract 3363). For simplicity, we will use the term ‘thickness’ as a surrogate for 
‘retardation’ in the present study

Results
For most sectors, the RNFL was thinner in the perimetrically unaffected eyes of the glaucoma 
patients than in the healthy subjects (independent samples t tests; P values ≤ 0.001) (Table 2). 
In the superotemporal and temporal sectors, however, the average thickness was not statistically 
significantly different between the two groups (independent samples t tests; P values, 0.22 and 
0.79, respectively) (Table 2). All GDx VCC parameters were statistically significantly different 
between the perimetrically unaffected eyes of the glaucoma patients and the healthy eyes 
(independent samples t test; P value ≤ 0.002) (Table 2). 
The RNFL in the perimetrically unaffected eyes of the glaucoma patients was statistically 
significantly thicker than in their fellow eyes with field loss (paired samples t tests; all sectors, 
except the temporal one, P values ≤ 0.005; temporal sector, P value = 0.046) (Table 2). In 
addition, all standard GDx VCC parameters showed a statistically significantly thicker RNFL 
in the perimetrically unaffected eyes compared to their fellow eyes with visual field loss (paired 
samples t tests, P values ≤ 0.002) (Table 2). 
The mean magnitudes of both the parapapillary thickness measurements and the summary 
parameters of the perimetrically unaffected eyes of the glaucoma patients fell between those of 
the control eyes and the glaucomatous eyes with field loss (Table 2).
The NFI had a value of 40 or higher in 11/23 (47.8%) perimetrically unaffected eyes of 
glaucoma patients. In the perimetrically affected eyes of the glaucoma patients and in the healthy 
eyes, 19/23 (82.6%) eyes and 3/73 (4.1%) eyes had a value ≥40, respectively. The NFI in the 
perimetrically unaffected eyes of the glaucoma patients was statistically significantly correlated 
with the MD of their fellow eyes (Spearman’s rank correlation coefficient (rS), -0.50; P value, 
0.016). In the healthy control eyes, the NFI was not correlated with the MD of the fellow eyes 
(rS, -0.01; P value, 0.91)
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Discussion
We have shown that the RNFL in perimetrically unaffected eyes of patients with asymmetric 
open-angle glaucoma is thinner than in eyes of healthy subjects as measured by SLP with VCC. 
These data support our recent findings that suggest that a mildly to moderately thin RNFL may 
not necessarily be associated with field loss by standard automated perimetry.12 Compared to 
their fellow eyes with visual field defects, the perimetrically unaffected eyes of glaucoma patients 
had a thicker RNFL. We speculate that if further loss of nerve fibers in these perimetrically 
unaffected eyes were prevented, these eyes might retain their full fields. 
Susanna Jr. and Galvao-Filho found similar results,19 although they used a previous version of 
the GDx, viz. one with a fixed corneal compensation (FCC). SLP with FCC has been shown to 
sometimes yield spurious measurements of the RNFL.11,20,21 Conversely, SLP with VCC, which 
we currently used, has been shown to allow objective assessment of RNFL morphology.11 

In the superotemporal and temporal sectors, measurements of RNFL thickness in the perimetrically 
unaffected eyes of glaucoma patients were somewhat lower than in healthy control eyes, albeit 
not statistically significant, which agrees with findings by Garway-Heath and Hitchings,22 who 
found that the superotemporal area of the neuroretinal rim is less affected in early glaucoma than 
other areas. 

In the present study, we found that the NFI in perimetrically unaffected eyes of glaucoma 
patients was correlated with the severity of visual field loss in their fellow eyes. These results 
are comparable to the finding by Fontana et al10 in patients with normal tension glaucoma 
and unilateral visual field loss that the severity of field damage in the contralateral eye is a risk 
factor for developing a field defect in the perimetrically unaffected eye. Between 7% and 26% 
of perimetrically unaffected eyes of glaucoma patients will develop visual field defects during 
a follow up period of 4 to 5 years.8-10,23 In the present study, approximately one half of the 
eyes with normal perimetry had a thin RNFL, when abnormality was defined as an NFI ≥40. 
Whether these eyes are the ones that will eventually develop glaucomatous visual field defects, 
and if so, how long that would take, remains to be investigated. If SLP with VCC were indeed 
a more sensitive technique for detecting early glaucomatous damage, so-called pre-perimetric 
glaucoma might perhaps be quantified and even defined, as SLP is a quantitative technique. 
To date, we believe that the notion of pre-perimetric glaucoma is poorly defined and therefore 
loosely used. By defining it, earlier detection and earlier treatment of glaucoma, with a potentially 
better prognosis might be in the offing. We found that a single parameter, the NFI, classified 
approximately half of the perimetrically unaffected eyes as glaucomatous. This parameter has 
been shown to have a high diagnostic accuracy for classifying glaucomatous and normal eyes. 
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Such a parameter may be the first step towards a working definition of pre-perimetric glaucoma. 
A working definition of pre-perimetric glaucoma is unlikely to entail critical measures of RNFL 
thickness per se due to its large variation across individuals. We think that a working definition of 
pre-perimetric glaucoma would probably also include the rate of change over time, which would 
not be detected by perimetry.

It is yet unclear whether other forms of perimetry, such as frequency doubling technology (FDT) 
and short-wavelength automated perimetry (SWAP), which have been shown to detect glaucoma 
earlier than SAP,24-27 are abnormal in the perimetrically unaffected eyes in our study. Such a 
study is under way. Several studies have suggested that glaucomatous thinning of the RNFL may 
precede changes in the optic nerve head.28,29 A limitation of the present study may be that we did 
not evaluate the appearance of the optic disc in the perimetrically unaffected eyes of glaucoma 
patients and relate them to SLP measurements. 

In conclusion, we have presently shown that perimetrically unaffected eyes of glaucoma patients, 
with a high risk of developing glaucomatous visual field loss,8-10 have a statistically significantly 
thinner RNFL than healthy eyes, measured with the GDx VCC. As the GDx VCC has a high 
diagnostic accuracy for diagnosing glaucoma17 and allows rapid and objective assessment of the 
RNFL,11 we think that evaluation of the RNFL with the GDx VCC may assist clinicians in 
making decisions in the management of glaucoma.
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6
The prevalence of 

glaucomatous defects with 
short-wavelength automated 

perimetry in patients with 
elevated intraocular pressures





Short-wavelength automated perimetry (SWAP) has been reported to show glaucomatous 
visual field loss in subjects with ocular hypertension (OH) 3 to 5 years earlier than standard 
automated perimetry (SAP).1-3 The proportion of eyes in OH subjects with a SWAP 

defect ranges between 0.4% and 36.0% across studies.3-5 It is unclear why there is such a large 
variation. For instance, it might be due to differences in used definitions of ocular hypertension, 
studied populations, different testing procedures, and different criteria for abnormality of visual 
fields. Other factors might also contribute to the large variation. To clarify the variation, we 
explored how much different definitions of abnormality could contribute to it in patients with 
elevated intraocular pressure (IOP). In addition, we explored the agreement between the various 
definitions. 

Methods
Four hundred and nine subjects with elevated IOP, recruited consecutively between November 
1997 and March 2001, were tested with both SAP and SWAP (Humphrey Field Analyzer 
II [HFA], Carl Zeiss Meditec, Dublin, CA, USA) by means of the 24-2 Full Threshold test 
paradigm. 
All patients had an intraocular pressure (IOP) of ≥22 mmHg and ≤32 mmHg by Goldmann 
applanation tonometry in both eyes and normal visual fields with SAP on at least two separate 

Purpose: To determine the prevalence of abnormal short-wavelength automated perimetry 
(SWAP) visual fields in subjects with elevated intraocular pressures (IOP) for 7 existing definitions 
of mild glaucomatous loss, and to explore the agreement between them.
Patients and Methods: Seven hundred and forty-four eyes of 379 subjects with an IOP ≥22 
and ≤32 mmHg and normal visual fields with standard automated perimetry (SAP) were tested 
with SWAP on three separate occasions, of which the second and third visual field were used 
for analysis. The appearance of the optic disc was not an eligibility criterion. We determined 
the number of visual fields classified as abnormal on two successive occasions by 7 existing 
definitions. In addition, we explored the agreement between the various definitions. 
Results: The proportion of eyes with a glaucomatous visual field with SWAP ranged between 0% 
and 9.9%, depending on the criterion used to define abnormality. A pair-wise comparison of the 
various definitions showed that several definitions classified different eyes as having an abnormal 
field. 
Conclusions: We found a large variation in the proportion of visual fields with SWAP classified 
as abnormal by the various definitions. More importantly, various definitions identified different 
individuals to have an abnormal field with SWAP. Therefore, the diagnostic accuracy and clinical 
significance of all definitions need to be determined before SWAP is used in routine clinical care. 
J Glaucoma 2005;14:26-29.
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occasions. The appearance of the optic disc was not a selection criterion. A normal field by 
SAP was defined as having a glaucoma hemifield test of ‘Within normal limits’ and no nerve 
fiber bundle abnormalities, as described by Keltner et al,6 in the total and/or pattern deviation 
probability plots. In addition, patients were deemed eligible if they were of white ethnic origin, 
had a best corrected Snellen visual acuity of at least 20/40, and in whom slit lamp examination 
was unremarkable, including open angles on gonioscopy. All subjects had recently performed 
SAP and SWAP (on average 1.5 months [SD 1.1] prior to the current study), to minimize the 
influence of any subject’s experience.7 
Subjects with any significant coexisting ocular disease, or systemic diseases known to possibly affect 
the visual field (e.g. diabetes mellitus), a history of intraocular surgery (except for uncomplicated 
cataract surgery), arterial hypertension for which medication was used, or any previous use of 
IOP-lowering agents within 3 months before measurements, were excluded. A family history of 
glaucoma was not a selection criterion. 
All subjects were to enter a, currently running, double masked placebo-controlled study on the 
effect of beta-blockers on the development of glaucomatous retinal nerve fiber layer defects and 
visual field loss in subjects with elevated IOP.
The research followed the tenets of the Declaration of Helsinki and was approved by the 
institutional human experimentation committee. Written informed consent was obtained from 
the subjects after extensive explanation of the nature and possible consequences of the study. 

For perimetry, appropriate refractive correction was used for the viewing distance of the perimeter 
and the patient’s age. All subjects were adapted to the background light for at least 5 minutes before 
testing. Each subject was given the same instructions for the examination, regardless of perimetric 
experience, in order to minimize the effects of operator bias. Resting periods of 2 to 3 minutes 
were given prior to each examination and at 5 to 7 minutes intervals during the examination of 
each eye. Visual field tests for SWAP were not corrected for possible lens transmission losses. All 
visual fields that were used for analysis satisfied the following reliability criteria: fixation losses 
≤25%, and false-positive and false-negative responses ≤20%. None of the visual fields showed a 
‘Generalized depression of sensitivity’ on the Glaucoma Hemifield Test (GHT). The values of 
the total and pattern deviation probability plot, the GHT, the mean deviation (MD), the pattern 
standard deviation (PSD), and the corrected pattern standard deviation (CPSD) were derived 
from the standard HFA STATPAC print-out and entered into a database. 
We determined the number of eyes and number of subjects with SWAP fields classified as 
abnormal for the following optimum definitions designed to identify glaucomatous visual field 
loss with SWAP:
1. A cluster of ≥3 points with a sensitivity lower than the 5% probability level, or a cluster of ≥2 

points with a sensitivity lower than the 2% probability level, or an MD lower than the 2% 
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probability level, or a CPSD lower than the 2% probability level (C3p<5% | C2p<2% | MDp<2% 

| CPSDp<2%).3

2. A cluster of ≥4 points with a sensitivity lower than the 5% probability level (C4p<5%).8

3. A cluster of ≥3 points with a sensitivity lower than the 1% probability level (C3p<1%).8

4. A PSD lower than the 1% probability level (PSDp<1%).5

5. A GHT of ‘Outside normal limits’ (GHTONL).
5

6. ≥4 Single points with a sensitivity lower than the 5% probability level (S4p<5%).5

7. ≥5 Single points with a sensitivity lower than the 5% probability level (S5p<5%).5

Points were located on the pattern deviation probability plot. All abnormalities had to be 
confirmed on a subsequent test within one year (mean period between tests: 6.6 months [SD 
1.2; right-censored at 12 months]). The definitions were analyzed with custom-made algorithms 
in Microsoft Access 97 (Microsoft Corporation, Redmond, WA, USA). 

Of the 818 eyes of the 409 eligible subjects, 74 eyes were excluded from analysis for the following 
reasons: no prior experience with SWAP (30), no SWAP available to confirm an abnormal test 
result (34), the time to confirmation of a defect was longer than 1 year (8), a cholesterol crystal 
was present in a retinal artery causing a visual field defect (1), or presence of a choroidal nevus 
with corresponding visual field loss (1). Therefore, 744 eyes of 379 subjects with elevated IOP 
were analyzed for the present study. 
The mean age of the subjects was 57 years (SD 11). One hundred and seventy-nine of the 379 
subjects (47%) were men. Three hundred and seventy-three of the 744 eyes (50%) were right 
ones. The mean IOP in the analyzed eyes was 25.6 mmHg (SD 2.3). 

Results 
Between 0% and 9.9% of the eyes with elevated IOP had a visual field defect with SWAP, 
depending on the definition of abnormality (Table 6.1). The proportion of subjects with an 
abnormal field in at least one of their eyes ranged between 0.0% and 15.8% (Table 6.1). The 
definitions S4p<5% and C3p<5% | C2p<2% | MDp<2% | CPSDp<2% classified the largest number of visual 
fields as abnormal. The definition PSDp<1% did not classify any visual field as abnormal.
A pair-wise comparison of the various definitions in their classification of individual visual 
fields as normal or abnormal has been presented in table 6.2 (the definition PSDp<1% has been 
omitted as it did not classify any field as abnormal). For 8 pairs of definitions, all fields that were 
classified as abnormal by the stricter definition were also classified as abnormal by the laxer one, 
indicating a high degree of overlap. Conversely, for the other 7 pairs of definitions, the overlap 
in classification was only moderate as both definitions of each pair classified different fields as 
abnormal. For example, the definitions S4p<5% and C3p<5% | C2p<2% | MDp<2% | CPSDp<2% agreed 
on 57 fields to be abnormal, but classified 16 and 17 fields differently, respectively.
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Discussion
All seven definitions of an abnormal SWAP visual field that we explored in the present study have 
been published as definitions that identify glaucomatous visual field loss with SWAP. However, 
we have shown a large variation in the proportion of subjects with elevated IOP classified to have 
functional glaucomatous loss by the various definitions. More importantly, various definitions 
identified different individuals to have an abnormal SWAP field, and thus identified different 
individuals to be possibly at risk of developing glaucomatous field defects with SAP. 

The proportions of abnormal fields that we found for the definitions PSDp<1%, S4p<5%, and 
S5p<5% were similar to those reported by Johnson et al.5,9 However, we found considerably fewer 
abnormal tests for the definitions GHTONL and C3p<5% | C2p<2% | MDp<2% | CPSDp<2% (1.3% and 
9.9%, respectively) than reported in the literature (6.9% and 36%, respectively).3,5,9 A possible 
explanation for these differences is that both Johnson et al5 and Polo et al3 used their own 
normative values, which may have been more liberal than the normative database of the HFA 
that we used in the present study. In addition, any differences in the studied populations may also 
have contributed. For example, in the studies by Johnson et al5 and Polo et al3 and the present 
one, the appearance of the optic disc was not a selection criterion. Therefore, all three studies may 
have included patients with a normal optic disc, normal visual fields, and a high IOP, i.e. patients 
with ‘pure’ ocular hypertension, as well as patients with a glaucomatous optic disc and a normal 
visual field, i.e. patients with so-called pre-perimetric glaucoma. Different proportions of patients 
with structural glaucomatous loss may have yielded different prevalences of glaucomatous defects 

Abnormality with SWAP

Definition of abnormality Eyes (%) Subjects (%)

PSDp<1% 0 (0) 0 (0)
C3p<1% 6 (0.8) 6 (1.6)
GHTONL 10 (1.3) 9 (2.4)
S5p<5% 41 (5.5) 33 (8.7)
C4p<5% 43 (5.8) 35 (9.2)
S4p<5% 73 (9.8) 57 (15.0)

C3p<5% | C2p<2% | MDp<2% | CPSDp<2%
74 (9.9) 60 (15.8)

Table 6.1. Number (percentage) of eyes and subjects with an abnormal visual field with short-wavelength 
automated perimetry (SWAP) in 744 eyes of 379 subjects with ocular hypertension for various definitions 
of abnormality as found in the present study as well as in other published reports; Cnp<i%, cluster of n points 
with a sensitivity lower than the i% probability level; MDp<2%, mean deviation lower than the 2% probability 
level; CPSDp<2%, corrected pattern standard deviation lower than the 2% probability level; PSDp<1%, pattern 
standard deviation lower than the 1% probability level; GHTONL, Glaucoma Hemifield Test of ‘Outside 
normal limits’; Snp<i%, n single points with a sensitivity lower than the i% probability level.
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with SWAP. A limitation of the current study may be then that we did not prospectively collect 
data on the appearance of the optic nerve head and therefore could not relate the presence or 
absence of a glaucomatous optic neuropathy to the prevalence of abnormalities with SWAP. 
With regard to the definitions C3p<1% and C4p<5%, they have only been reported as criteria to 
distinguish between glaucoma patients and healthy subjects.8 To our knowledge, the proportion 
of abnormal fields by these two criteria in subjects with OH have not been reported yet.

In the present study, we did not correct for possible losses of lens transmission, which Johnson 
et al5 and Polo et al3 did. Losses in lens transmission cause a generalized depression of sensitivity 
with SWAP.10 However, none of the eyes that we studied showed a ‘generalized depression of 
sensitivity’ with the glaucoma hemifield test. In addition, only 20/744 (2.7%) had an MD p<5% 
with SWAP at both visits, which is less than would have been expected by chance alone. More 
importantly, all used criteria related to points in the pattern deviation probability plot, which 
was already corrected for any generalized reductions in sensitivity. Therefore, we suspect that age-
related lens transmission losses did not influence our results.

SWAP has been reported to identify functional glaucomatous loss at a stage when SAP does not 
detect a defect yet.1-3 Clinically, one would like to know how many people with an abnormal 
SWAP field, irrespective of its definition, would eventually progress to having an abnormal 
SAP field. Put differently, the clinician would be interested in how well an abnormal SWAP 
field predicted further future loss to assist in better managing glaucoma. To our knowledge, the 
diagnostic accuracy, i.e. the sensitivity and specificity, for predicting glaucomatous defects with 
SAP has been assessed in a reasonably large population for only one definition: in 160 eyes of 83 
subjects with OH, Polo et al3 determined that the sensitivity and specificity of  C3p<5% | C2p<2% 
| MDp<2% | CPSDp<2% for predicting abnormalities with SAP in 3 years time was 73% and 68%, 
respectively. We suspect that the specificity will increase with a follow-up longer than 3 years. 
For the other definitions, the diagnostic accuracy for predicting future glaucomatous SAP defects 
still has to be determined. Based on the large variation in the proportion of eyes with abnormally 
classified fields between the various definitions, we speculate that the accuracy of the various 
definitions in predicting future development of SAP abnormalities will vary substantially.

Johnson et al5 have reported for SAP that the specificity of definitions using single or scattered 
abnormal points for classifying a visual field as abnormal was similar to that of definitions using 
clustered points. They extrapolated this result to SWAP and assessed the proportion of abnormal 
fields with SWAP in subjects with OH only for scattered points, and not for clusters.5 However, 
we found that the number of abnormal visual fields decreased by 41% using a definition of 
clustered points as compared to scattered points (cf. S4p<5% and C4p<5%, table 6.1). This confirms 
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the suggestion by Polo et al8 that optimum definitions based on SAP data can not merely be 
transferred to SWAP. 
 
In conclusion, several cases have been reported in the literature in which SWAP was able to 
correctly predict the development of defects with SAP.1-3 In addition, several definitions have 
recently been presented for identifying glaucomatous visual field loss with SWAP.3,5,8 In the 
present study, we found that various of these definitions identify different individuals to have an 
abnormal field and also classify different numbers of eyes having abnormalities with SWAP. Our 
findings may partly explain the large variation in abnormal SWAP fields in OH reported across 
studies.3,5

Although these results may not be entirely unexpected, they underline the importance of well-
described criteria for identifying subjects with mild glaucomatous damage. Therefore, we feel that, 
before SWAP is to be used routinely in clinical care, the diagnostic accuracy of these definitions 
for predicting the development of glaucomatous functional defects with SAP has to be explored 
empirically in follow-up studies.
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7
General discussion





In the present thesis, measurements of function and structure in glaucoma by various 
clinically used techniques have been evaluated. The main findings will now be summarized 
and discussed in the light of present knowledge. 

7.1 Assessment of RNFL morphology with SLP
SLP-VCC was developed to allow a more accurate evaluation of the RNFL than with SLP-
FCC. In chapter 2.1, we demonstrated that SLP-VCC measurements indeed yielded images that 
better reflected RNFL structure than did SLP-FCC. The SLP-VCC images clearly showed RNFL 
defects and even physiological striations of the RNFL similar to red-free fundus photographs. 
SLP-FCC images, however, resembled red-free fundus photographs considerably less, notably 
when the anterior segment birefringence mismatched the FCC more, both in magnitude and 
in axis. To our knowledge, our report was the first to show that SLP equipped with VCC was 
able to allow assessment of RNFL morphology similar to that with red-free fundus photography. 
Weinreb et al1 reported to have found similar results when comparing SLP-VCC measurements 
and stereoscopic photographs of the RNFL in monkey eyes. Furthermore, Medeiros et al2 showed 
that RNFL measurements with SLP-VCC compared moderately well with clinical interpretation 
of red-free fundus photographs. Of note, Medeiros et al2 also found that automated analysis of 
SLP-VCC measurements was more accurate in discriminating between healthy and glaucomatous 
eyes than clinical assessment of red-free fundus photographs.

We performed our study with a GDx NFA that was modified with a manually adjustable VCC.  
In the commercial GDx VCC, however, the compensator is set automatically. In addition, the 
GDx VCC has a lower resolution compared to the GDx NFA: 128 x 128 pixels at a 20° x 20° 
scanning field versus 256 x 256 pixels at a 15° x 15° field of view. Despite these differences, we 
found similar results in RFNL assessment compared to red-free fundus photography for the 
two instruments (Reus, NJ, et al. IOVS 2003;44:ARVO E-Abstract 3354), although the lower 
sampling density might limit the detection of physiological RNFL striations to some extent. 

In some areas of the images, the agreement between SLP and red-free fundus photography was 
poor, illustrating that, ultimately, the two techniques examine different aspects of the RNFL, 
i.e., birefringence and specular reflectivity. Recent studies comparing SLP measurements with 
OCT data similarly showed that SLP and OCT assess different properties of the RNFL as 
axonal birefringence (i.e., the ratio of retardation over thickness) was shown to vary around the 
ONH.3,4 As the GDx VCC uses a fixed factor of 0.67 nm/mm to convert the measured amount 
of retardation to a thickness value, it thereby ignores regional differences in birefringence. Van 
Koolwijk et al (IOVS 2005;46:ARVO E-Abstract 2527) recently found that the birefringence of 
the RNFL is even less in glaucomatous eyes than in healthy ones, suggesting that the RNFL not 
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only thins in glaucoma, but also that the physical properties, such as the birefringence, of the 
remaining RNFL change. 

7.2 The effect of improper anterior segment compensation with SLP
In chapter 2.2, we illustrated the effect of improper anterior segment compensation on SLP 
measurements. With varying amounts of anterior segment birefringence compensation, a healthy 
eye could appear glaucomatous whereas a glaucomatous eye could appear to have a thicker and 
healthier RNFL. The results may show clinicians who use the GDx NFA how much incomplete 
compensation of anterior segment birefringence may yield spurious results in an individual 
eye. In addition, the examples show that, when switching from GDx NFA to GDx VCC for 
monitoring patients, large changes in RNFL pattern may be expected in any individual and a 
new baseline image will have to be made.

With the currently available GDx VCC, anterior segment birefringence is neutralized for each 
individual eye. This might falsely suggest that artifacts due to incomplete compensation of 
anterior segment birefringence do not occur in GDx VCC measurements. However, even small 
variations in corneal compensation, e.g., due to slight head tilt, resulted in apparent changes in 
RNFL morphology. At the Rotterdam Eye Hospital, we therefore ask patients to keep their heads 
in the same position on the GDx VCC face mask between measurements of anterior segment 
birefringence and subsequent assessment of RNFL birefringence. In addition, as small variations 
in RNFL appearance due to incomplete corneal compensation may mimic or mask glaucomatous 
progression, we determine an eye’s anterior segment birefringence at every visit. However, when 
a change in RNFL appearance is suspected, one should ascertain that such a change is not due 
to incomplete compensation artifacts, which may appear as a rotated RNFL pattern (e.g., see 
Fig. 2.3.1). SLP measurements with enhanced variable corneal compensation (ECC), presented 
in chapter 2.3, may eliminate the effect of head tilt because excess birefringence is removed 
mathematically after the eye has been measured.

In this study, we only qualitatively assessed the effects of varying amounts of incomplete anterior 
segment compensation. Future studies with a larger sample may also quantitatively assess the 
effect of residual anterior segment birefringence in an individual eye. In addition, such an analysis 
might be useful for evaluating the accuracy of eliminating residual anterior segment birefringence 
caused by head tilt by SLP-ECC. 

7.3 Enhanced variable corneal compensation with SLP
Although VCC adequately canceled anterior segment birefringence in SLP measurements in most 
eyes, we noticed that some eyes still showed some residual birefringence. In addition, about 7% 
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of eyes had atypical patterns of retardation in their SLP-images.5 In chapter 2.3, a new algorithm 
to improve assessment of RNFL morphology with SLP-VCC was presented and evaluated. 
Measurements obtained with this so-called enhanced cornea compensation (ECC) appeared 
to represent the expected RNFL morphology better than or otherwise as well as those made 
with standard VCC. This may have been largely due to the improved compensation of anterior 
segment birefringence with ECC over VCC. A more accurate assessment of RNFL morphology 
may then improve the detection and follow-up of glaucomatous damage. However, more 
research is needed to determine the reproducibility of SLP-ECC in neutralizing anterior segment 
birefringence. Furthermore, longitudinal follow-up of eyes with various stages of glaucoma may 
show whether the detection of progressive damage has improved with ECC over VCC. 
Atypical patterns were less frequent in measurements with SLP-ECC. The source of this atypical 
retardation is still unknown, although it appears to occur more frequently in eyes with lightly 
pigmented fundi, in myopes, and in eyes of elderly subjects in which the signal-to-noise ratio of 
the SLP images is relatively poor. By introducing a preset measurement bias that was afterwards 
mathematically removed from the measurements, birefringence measurements were shifted into 
a more sensitive detection range of the instrument. This may explain why atypical retardation 
is reduced with ECC. In some eyes, atypical patterns were still apparent in SLP-ECC images, 
possibly limiting the detection of glaucomatous RNFL loss. Therefore, other sources of these 
patterns will need to be investigated with, e.g., techniques such as polarization sensitive optical 
coherence tomography (PS-OCT).3 
In the nasal and temporal regions around the ONH, no differences in RNFL retardation were 
detected with SLP-ECC between healthy and glaucomatous eyes. Especially in the temporal 
sector, the amount of retardation was expected to be smaller in glaucomatous eyes. If the source 
of retardation in these eyes were due to a low signal-to-noise ratio, the sensitivity to detecting 
retardation in this segment may perhaps be increased by introducing a bias retardation in not just 
the vertical axis, as is done with ECC, but in the horizontal axis as well. 

7.4 Diagnostic accuracy for glaucoma
For every new diagnostic technique, its accuracy for discriminating between healthy and diseased 
needs to be determined. Therefore, in chapter 3.1, we determined the accuracy of the GDx VCC 
for classifying glaucoma in patients ranging widely in disease severity. For the best discriminating 
parameter, i.e., NFI, the sensitivity and specificity were 89% and 96%, respectively. Medeiros et 
al6 found a lower sensitivity of 61% at a similar specificity of 97%, which may be due to their 
including a larger number of glaucomatous eyes with only mild visual field loss than we did, 
which are more difficult to classify correctly. 

In assessing the usefulness of a new technique in clinical care, the question should be whether 
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such a technique may improve the care that is being provided today under current conditions.7 
To compare the diagnostic accuracy with currently used techniques in glaucoma detection, we 
subsequently determined the accuracy of automated classification by the GDx VCC and the HRT 
I and the accuracy of clinicians for classifying glaucoma on stereoscopic ONH photographs alone 
(chapter 3.2). We found that automated analysis of SLP-VCC measurements discriminated 
better between healthy and glaucomatous eyes than clinical assessment of stereoscopic ONH 
photographs by general ophthalmologists, junior residents, optometrists, and even some 
glaucoma specialists. CSLO measurements classified about as well as did glaucoma specialists 
and general ophthalmologists. More experienced graders classified ONHs more accurately than 
did graders with less experience, i.e., glaucoma specialists and general ophthalmologists had a 
higher diagnostic accuracy than ophthalmology residents and optometrists. 
For the HRT parameters MRA and Bathija LDF, the sensitivity and specificity were 77% and 98% 
and 85% and 95%, respectively. These results are slightly higher than reported in the literature by 
Ford et al (Bathija LDF and MRA)8 and by Medeiros et al6 (Bathija LDF). This difference may be 
due to their including more patients with milder glaucomatous damage than we did. 
When comparing the diagnostic accuracies of the GDx VCC and the HRT with each other, the 
GDx VCC appeared to discriminate better between healthy and glaucomatous eyes than the 
HRT. However, this difference was not statistically significant. In a study by Medeiros et al,6 the 
GDx VCC was found to have a statistically significantly higher diagnostic accuracy for glaucoma 
than the HRT at a specificity of 80%. However, at specificities of at least 95%, no statistically 
significant differences were found. Larger sample sizes in the study by Medeiros et al6 and in ours 
might have yielded a statistically significant difference at higher specificities. 

In another study, Medeiros et al2 showed that the diagnostic accuracy of the GDx VCC for 
glaucoma was higher than that of subjective assessment of red-free photographs of the RNFL.2 
Taking all this information together, imaging techniques may assist clinicians in improving their 
accuracy for diagnosing glaucoma in clinical practice. Obviously, they will then have to combine 
the imaging information with all other available clinical information, such as the appearance 
of the ONH and/or RNFL, the presence of visual field defects, and any risk factors, such as 
elevated IOP, older age, high myopia, African ethnic origin, and first- and/or second-degree 
family members with glaucoma. 

In the presented studies, the diagnostic accuracy of the two imaging methods was assessed for 
single parameters. In clinical practice, measurements of the GDx VCC and the HRT are presented 
in a printout containing additional information, such as raw measurements of RNFL retardation 
or ONH topography and various parameters describing the RNFL and ONH, many of which 
are compared to normative data. Subjective analysis of the entire printout has been shown to 
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have a higher diagnostic accuracy than automated analysis of single parameters.9,10 Therefore, 
subjective analysis of these print-outs might improve the clinical use of these techniques even 
further. However, adequate subjective analysis does require additional training. Although such 
training is widely available for clinicians (e.g., at the annual meetings of the American Academy of 
Ophthalmology, the European Glaucoma Society, and the Dutch Ophthalmic Society), general 
ophthalmologists may not reach similar accuracies for diagnosing glaucoma as specialists who 
regularly work with these imaging techniques. Furthermore, the diagnostic accuracy may also be 
lower than what we found because of patient selection in our studies. 
Recently, more emphasis has been put on the progression of axonal loss in the definition of 
glaucoma.11 In the studies presented in the current thesis, the accuracy for diagnosing glaucoma 
was determined cross-sectionally. Future studies may determine the accuracy for diagnosing 
progressive and, perhaps equally important, stable glaucomatous loss over time. 

7.5 Relationship between function and structure
Both functional (e.g., SAP, SWAP, and FDT) and structural (e.g., stereoscopic ONH assessment, 
SLP-VCC, CSLO, OCT) measurements may be used in clinical practice for detecting and 
monitoring glaucoma. As the sensitivity for detecting and monitoring glaucomatous damage 
at different stages may vary between these techniques, understanding the relationships between 
the various functional and structural measurements may improve their combined use in clinical 
practice. 
In chapters 4.1 and 4.2, we showed that measurements of RNFL morphology with SLP-VCC 
and of neuroretinal rim area with CSLO, respectively, correlate well with measurements of 
function by SAP. The shape of the relationship between function, when expressed in the clinically 
used dB scale, and structure, expressed as RNFL thickness by GDx VCC or neuroretinal rim area 
by HRT, was curvilinear for many sectors. When DLS was expressed in an unlogged-scale, the 
relationship between function and structure was linear. These results compare well with other 
studies into the relationship between perimetry and RNFL morphology by SLP-VCC12,13 and 
measurements of neuroretinal rim area by CSLO14,15. 
The curvilinear appearance of the relationship between function by SAP and structure by SLP 
or CSLO may be due, at least partly, to the use of a decibel scale for expressing DLS. In this 
scale, higher values are relatively compressed, as lower values are stretched. As a result, functional 
damage at higher sensitivities will appear relatively small, whereas progressive damage at lower 
sensitivities will appear relatively large. In eyes with no or only mild to moderate glaucomatous 
functional loss, clinically relevant changes in neuroretinal rim area and RNFL thickness, which 
are expressed in a linear scale, might then occur with only small changes in retinal light sensitivity. 
This suggests that a pathologically reduced neuroretinal rim area or a thinned RNFL may be 
detected in eyes with normal SAP visual fields (also see chapter 5). 
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At the other end of the spectrum, SAP may be more sensitive to detecting changes in patients 
with severe glaucomatous functional loss as functional changes in this part of the decibel scale 
are maximized. However, the reproducibility of measurements with SAP has been shown to be 
fairly poor, notably at lower retinal sensitivities, which may limit its sensitivity for detecting 
more subtle changes. The reproducibility of measurements of both the HRT and the GDx VCC 
appears to be reasonably good over short periods of time.16-18 In the long term, however, the 
reproducibility of the HRT was reported to be only slightly better than that of SAP by means of 
the Octopus perimeter.19 The long-term reproducibility of measurements with the GDx VCC 
has not been determined yet. In addition, the dynamic range in eyes with severe glaucomatous 
loss is smaller for measurements with CSLO and SLP-VCC than with SAP, which may limit 
the number of statistically significant changes that can be detected with CSLO and SLP-VCC. 
Therefore, whether the HRT I and GDx VCC may be better at detecting subtle changes than 
SAP in eyes with advanced glaucomatous loss remains to be investigated. 

The present results do not indicate that structural losses occur before functional losses per se. In 
principle, changes in RGC function might even precede structural changes. However, current 
techniques for assessing structure, such as SLP-VCC and CSLO, appear to be more sensitive for 
detecting glaucomatous damage than the routinely used SAP. 
We presently determined the relationship between function and structure cross-sectionally. 
Only longitudinal studies assessing the relationship between function and structure by various 
techniques over time may determine which ones show any progressive change earlier than others, 
at various stages of the disease. Such studies may indicate if and when any of these techniques are 
best used in clinical practice.  

7.6 Pre-perimetric glaucoma
The studies in the previous chapter suggested that early detection were possible with SLP-VCC. 
Without longitudinal follow-up studies with SLP-VCC in which eyes with early SLP abnormalities 
but normal visual fields later showed perimetric defects, we resorted to investigating the RNFL 
in the perimetrically unaffected eyes of glaucoma patients who had visual field defects in only 
their fellow eyes (chapter 5). The eyes without visual field defects are at an especially high risk for 
developing field loss: between 7% and 26% of them will develop visual field defects by SAP during 
a follow-up period of 4 to 5 years.20-23 We showed that the RNFL in perimetrically unaffected 
eyes of patients with asymmetric open-angle glaucoma is thinner than the RNFL in eyes of 
healthy subjects as measured by SLP with VCC. Recently, Henderson et al24 demonstrated that 
ocular hypertension patients with thinner corneas, who also have an increased risk of developing 
glaucomatous field loss, had a statistically significantly thinner RNFL than those with thicker 
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corneas and healthy control subjects. These data support our findings presented in chapter 4 
that suggest that a mildly to moderately thin RNFL may not necessarily be associated with field 
loss by SAP.
It is yet unclear whether other forms of perimetry, such as FDT and SWAP, which have been 
shown to detect glaucoma earlier than SAP,25-28 are abnormal in the perimetrically unaffected eyes 
in our study. Such a study is under way. 

The present study was a first step towards investigating whether SLP-VCC measurements may 
precede functional deficits by SAP. Whether the eyes with an abnormal GDx VCC result are 
the ones that will eventually develop glaucomatous visual field defects and, if so, how long that 
would take, is being investigated in follow-up studies. 

The few studies that investigated the predictive value of CSLO measurements for the development 
of visual field defects by SAP, showed that CSLO by means of the HRT may indeed predict the 
development of glaucomatous visual field loss in patients with OH.29-32 Similarly, one recent study 
showed that OH patients with a thin RNFL,  as measured with the GDx NFA, have an increased 
risk of developing glaucomatous visual field loss.33 However, only one study30 determined the 
proportion of eyes in which functional defects by SAP preceded structural defects by SLP or 
CSLO and vice versa. Future studies will have to address this issue in more detail. In addition, 
in clinical practice, it would be important to be able to identify individual eyes that will later 
develop visual field loss with SAP. 

7.7 SWAP
SWAP has been reported to show glaucomatous visual field loss in ocular hypertensive subjects 
3 to 5 years earlier than SAP. In chapter 6, we determined the prevalence of abnormal SWAP 
visual fields in subjects with elevated IOP for 7 existing definitions of mild glaucomatous loss, 
and explored the agreement between them. We found a large variation in the proportion of 
these subjects classified as having glaucomatous field loss across the various definitions. More 
importantly, various definitions identified different individuals as having an abnormal SWAP 
field, and thus identified different individuals to be possibly at risk of developing glaucomatous 
field defects with SAP. We therefore speculate that a SWAP field classified as abnormal may vary 
considerably in its power to predict the occurrence of an abnormal SAP field, depending on the 
definition that is used. 
Our results may partly explain the large variation in abnormal SWAP fields in OH reported 
across studies.27,34 Although these results may not be entirely unexpected, they underline the 
importance of well-described criteria for identifying subjects with mild glaucomatous damage. 
Therefore, we feel that before SWAP is to be used routinely in clinical care, the diagnostic accuracy 
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of these definitions for predicting the development of glaucomatous functional defects with SAP 
must be explored empirically in follow-up studies. 

These recommendations also apply to other techniques, such as the GDx VCC and the HRT. 
For both techniques, various criteria have been reported to have a moderate to high accuracy 
for discriminating between healthy and glaucomatous eyes. However, criteria that have a high 
accuracy for discriminating between healthy and glaucomatous eyes may not be of much value 
for predicting future changes. Therefore, imaging techniques such as the GDx VCC and the HRT 
should be used with caution in clinical practice when used for monitoring glaucoma patients. 
However, when used in addition to SAP field testing they may be advantageous. 

7.8 Future developments in clinical care and research
Recently, OCT has developed into an increasingly promising technology for evaluating glaucoma. 
This technique has been shown to discriminate well between healthy and glaucomatous eyes.6 
Whether its measurements are reproducible enough for clinical follow-up of patients over 
time remains to be investigated. However, as stated before, such studies are also required for 
measurements with SLP-VCC, CSLO, and SWAP. 
Furthermore, the various OCT-related techniques such as PS-OCT,3 ultrahigh-resolution OCT,35 
and Fourier-domain OCT (De Boer, JF, et al. IOVS 2004;45:ARVO E-Abstract 1139; Leitgeb, 
RA, et al. IOVS 2004;45:ARVO E-Abstract 2201) all of which are still in their infancy, may 
assess different aspects of glaucomatous optic neuropathy and may prove to be valuable tools for 
diagnosing and monitoring glaucoma. 
In addition, clinically useful assets of the GDx VCC, such as ease of use, a color-coded map of 
RNFL morphology in a large area around the ONH, together with matching probability maps 
and an automated classifier for separating glaucomatous from healthy eyes, may be developed 
for the OCT. 
Moreover, healthy subjects, glaucoma patients and patients at high risk of developing glaucoma 
may be monitored with various perimetric and imaging techniques to determine their ability 
to detecting glaucomatous changes over time. In addition, the relationship between each other 
to detecting changes in individual eyes should also be investigated. However, as glaucoma is a 
slowly progressing disease, large samples of patients may need to be followed for several years to 
acquire a reasonably sized sample of eyes showing glaucomatous progression. Recently, Vermeer 
et al (Vermeer, KA, et al. IOVS 2005;46:ARVO E-Abstract 2533) developed a model to simulate 
progression in SLP images while retaining the important statistical properties of empirical data. 
With this model, an algorithm for detecting progression, including an optimal frequency of 
measurements and number of measurements needed to confirm progression, may be determined 
and subsequently validated in clinical trials. 
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7.9 Conclusions
In this thesis, several diagnostic modalities for managing glaucoma have been explored and 
discussed. They entailed both imaging and perimetry. Although perimetry, notably SAP, ranks 
among the more traditional diagnostic modalities, imaging devices such as the GDx VCC, OCT, 
and the HRT will, without doubt, become increasingly important in the clinical management 
of glaucoma. They allow objective and quantitative assessment, as well as documentation of the 
ONH and/or the RNFL. More traditional methods, such as measuring the IOP, examining 
the ONH and SAP, have ever more established limitations that call for adjunctive diagnostic 
techniques that are potentially offered by the imaging devices. 
I have shown in this thesis that SLP-VCC may provide a view of the RNFL similar to that 
obtained with red-free fundus photography. Furthermore, the GDx VCC may provide an 
easy and rapid evaluation of the RNFL in a wide range of subjects. With ECC, even more 
patients may be assessed reliably. In addition, I have shown that both the GDx VCC and HRT 
discriminate well between healthy and glaucomatous eyes. What is more, automated analysis of 
GDx VCC and HRT measurements compared favorably to subjective analysis of stereoscopic 
ONH photographs by general ophthalmologists in classifying healthy and glaucomatous eyes. 
Furthermore, measurements with both GDx VCC and HRT were shown to correlate well with 
those by SAP. Moreover, many eyes of glaucoma patients with normal function by SAP had 
abnormal GDx VCC measurements, suggesting that the GDx VCC may detect so-called pre-
perimetric glaucoma. 
The imaging techniques evaluated in this thesis, however, also have their limitations. For example, 
the curvilinear relationship between function and structure, presented in chapter 4, suggested 
that glaucomatous changes may be difficult to detect in more advanced stages, in which few 
nerve fibers are left. In addition, movements of the eye during image acquisition with either 
the GDx VCC or the HRT may produce measurement artifacts, significantly limiting reliable 
interpretation of the results. With regard to measurements with the GDx VCC, atypical RNFL 
retardation patterns and artifacts due to parapapillary atrophy may limit its use in clinical care, 
although I have shown in this thesis that these artifacts may occur less often with ECC. A 
limitation of the HRT may be that the ONH has to be outlined manually in the topography 
image, limiting a truly objective analysis. Furthermore, when comparing the HRT with the GDx 
VCC, measurements with the former instrument may be more degraded by media opacities, 
such as cataract, due to its shorter wavelength of 670 nm versus that of the GDx VCC, i.e., 785 
nm. 
Nonetheless, when used sensibly, imaging techniques may support clinicians in their management 
of glaucoma. To this end, clinicians should know which aspect of glaucomatous optic neuropathy 
is being evaluated by each technique, know how to judge the quality of the images, and, above 
all, be able to adequately differentiate between normal and abnormal measurements. Therefore, 
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continuing education on these imaging techniques of clinicians is of utmost importance. 
In the end, however, an abnormal measurement does not necessarily indicate disease. Clinicians 
should therefore also be able to interpret measurements, be it that of the GDx VCC, HRT, 
perimetry, or applanation tonometry, in relation to other findings. After all, supported by imaging 
techniques, it should be the clinician who makes a diagnosis of glaucoma or judges whether any 
progression has taken place. 
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8
Summary & Samenvatting





8.1 Summary

Glaucoma is a heterogeneous group of optic nerve diseases sharing an accelerated 
degeneration of retinal ganglion cells (RGCs) that, if untreated, leads to progressive 
and irreversible loss of visual function. Worldwide, glaucoma is the second leading 

cause of blindness. Of the many types of glaucoma, primary open-angle glaucoma (POAG) is 
probably the most common one in Western countries. Probably less than half of all people who 
have the disease are aware of it. 

Traditionally, the diagnosis of POAG is based on characteristic appearances of the optic nerve 
head (ONH), retinal nerve fiber layer (RNFL), and visual field (by standard automated perimetry 
[SAP]). There is, however, no consistent and generally approved acceptance of the diagnostic 
criteria. In addition, the diagnostic techniques that are being used routinely in clinical practice 
are subjective, have a poor reproducibility of measurements, and may not detect glaucoma at 
an early stage. Therefore, various techniques have been developed to better detect glaucomatous 
optic neuropathy. 

The aim of the research presented in this thesis was to evaluate some of these techniques in 
their ability to assess structure and function in glaucoma. To this end, we evaluated scanning 
laser polarimetry (SLP), confocal scanning laser ophthalmoscopy (CSLO), and short-wavelength 
automated perimetry (SWAP). 
SLP allows evaluation of the RNFL by assessing the amount of retardation exhibited by this 
birefringent structure, which is proportional to its thickness. Two structures in the anterior 
segment, i.e., the cornea and, to a lesser extent, the lens, are also birefringent. A previously 
commercially available instrument featuring SLP, the GDx NFA, was equipped with a so-
called fixed corneal compensator (FCC) to cancel a fixed amount of retardation. When corneal 
birefringence was shown to vary significantly between individuals, so-called variable corneal 
compensation (VCC), available in the GDx VCC, was introduced to allow an individualized 
compensation of anterior segment retardation. 
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CSLO, available in the Heidelberg Retina Tomograph (HRT), assesses the topography of the 
ONH by measuring, at various points in the ONH, the intensity of light that is reflected off 
the retinal surface at subsequent depths of focus. The depth of peak reflectance represents the 
interface between the retinal surface and the vitreous. 
SWAP is a perimetric test that assesses the function of a RGC subset, i.e., the small bistratified 
cells. By assessing only a proportion of the RGCs, loss of just a few cells might be detected by 
SWAP allowing earlier detection of glaucoma than with SAP. 

In chapter 2, we evaluated recent developments in SLP. More specifically, in chapter 2.1, we 
compared the assessment of RNFL morphology with SLP-VCC and SLP-FCC to that with red-
free fundus photography, a standard for evaluating the RNFL. We showed that measurements 
with VCC compared very well with red-free fundus photography and reflected RNFL morphology 
better than with FCC. 
We investigated in chapter 2.2 the extent to which various amounts of incomplete compensation 
of anterior segment birefringence could distort RNFL measurements by SLP. We showed that even 
relatively small amounts of residual anterior segment birefringence, which may occur by slight 
head tilt of a measured subject during routine use of SLP, can have a clinically significant effect 
on the appearance of the RNFL by SLP-VCC. Clinicians as well as GDx VCC operators should 
therefore be aware of such artifacts as they may mask or mimic glaucomatous progression. 
In chapter 2.3, we described and evaluated a new method, called enhanced variable corneal 
compensation (ECC). Measurements with ECC appeared to represent the expected RNFL 
morphology often better than or otherwise as well as those made with VCC. This may have been 
largely due to a better compensation of anterior segment birefringence with ECC over VCC. In 
addition, atypical patterns of retardation, especially apparent in SLP-VCC images of eyes with 
lightly pigmented fundi, in myopes, and in eyes of elderly subjects, were less frequent with ECC. 
We suspected that ECC may enhance the clinical utility of SLP in glaucoma management. 

In chapter 3, we determined the accuracy of various techniques for detecting glaucoma. In chapter 
3.1, we assessed the diagnostic accuracy of the GDx VCC for various severities of glaucoma. We 
showed that the NFI, a support-vector machine derived parameter, had a high accuracy for 
diagnosing glaucoma. Overall, its sensitivity and specificity were 89% and 96%, respectively. 
Furthermore, in chapter 3.2 we compared the diagnostic accuracy of clinical assessment of 
stereoscopic ONH photographs by various ophthalmic care providers with that of CSLO (HRT 
I) and SLP-VCC (GDx VCC) in a single population. We showed that automated analysis of 
GDx VCC and, to a lesser extent, HRT measurements compared well to subjective analysis of 
stereoscopic ONH photographs by general ophthalmologists, junior residents, optometrists, and 
even some glaucoma specialists in classifying healthy and glaucomatous eyes. More experienced 
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graders classified ONHs more accurately than did graders with less experience. We concluded 
that imaging techniques such as the GDx VCC and HRT may assist clinicians in their glaucoma 
management. 

In chapter 4.1 and 4.2, we evaluated the relationships between function by SAP and structure 
by SLP-VCC and CSLO, respectively. We showed that measurements of function correlated well 
with measurements of structure assessed with both imaging techniques. In addition, we found 
the relationship between function and structure to be curvilinear. We suspected that the shape 
of this relationship may be of clinical significance as large differences in structural measurements 
correlated with only small differences in function in areas with no to moderate glaucomatous loss. 
In more advanced glaucomatous loss, the opposite was true. We inferred that imaging techniques 
may be better used in mild to moderately severe stages and SAP in moderate to severe stages. 

Subsequently, in chapter 5, we evaluated the RNFL with SLP-VCC in perimetrically unaffected 
fellow eyes of glaucoma patients with glaucomatous field loss by SAP in only one eye. These 
perimetrically unaffected eyes run an especially high risk of losing visual function. We showed that 
many of these eyes already had a thinner RNFL compared to healthy age-matched control eyes. 
Their RNFL was still thicker than in their fellow eyes with field loss. These data supported our 
findings in chapter 4 that a mildly to moderately thin RNFL may not necessarily be associated 
with field loss by SAP. They further suggested that SLP-VCC may detect so-called pre-perimetric 
glaucoma. 

In chapter 6, the prevalence of glaucomatous defects with SWAP in subjects with an elevated 
intraocular pressure was determined for various published definitions of glaucomatous loss. In 
addition, the agreement between these definitions was explored. We showed that the prevalence 
of glaucomatous defects with SWAP varied significantly in eyes with elevated IOP depending on 
the definitions of field loss. More importantly, various definitions identified different individuals 
to have an abnormal field with SWAP. Therefore, we concluded that the diagnostic accuracy and 
clinical significance of all definitions must be determined before SWAP is to be used in routine 
clinical care. 

In summary, we evaluated various techniques that are being used in clinical practice for assessing 
structure and function in glaucoma. Imaging techniques such as the GDx VCC and HRT may 
provide objective and quantitative assessment, as well as documentation of the ONH and/or the 
RNFL. In addition, they have a high diagnostic accuracy for classifying healthy and glaucomatous 
eyes and may allow detection of glaucoma at an early stage. Standard automated perimetry may 
be of more use in later stages of the disease. With regard to SWAP, we think that more research is 
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required before it may be used routinely in clinical practice. Taken together (chapter 7), we think 
that the judicious use of imaging techniques such as the GDx VCC and the HRT may greatly 
benefit clinicians in their management of glaucoma. 
 



8.2 Samenvatting

Glaucoom is een heterogene groep van aandoeningen van de oogzenuw die gekenmerkt 
wordt door een versnelde degeneratie van retinale ganglion cellen (RGCs) die, 
onbehandeld, leidt tot een progressief en onomkeerbaar verlies van visuele functie. 

Wereldwijd is glaucoom de op één na belangrijkste oorzaak van blindheid. In Westerse landen 
is primair open kamerhoek glaucoom (primary open-angle glaucoma, POAG) waarschijnlijk 
één van de meest voorkomende typen glaucoom. Vermoedelijk is minder dan de helft van alle 
mensen die deze aandoening hebben zich hiervan bewust. 

Van oudsher wordt de diagnose POAG gesteld op basis van een karakteristiek aspect van de 
papil, de retinale zenuwvezellaag (RZVL) en het gezichtsveld (zoals gemeten met standaard 
geautomatiseerde perimetrie [standard automated perimetry, SAP]). Er zijn echter geen 
consistente en algemeen aanvaarde diagnostische criteria. De technieken die in de klinische 
praktijk gebruikt worden voor de diagnostiek van glaucoom zijn bovendien subjectief, hebben 
een slechte meetreproduceerbaarheid en zijn hoogst waarschijnlijk niet in staat glaucoom in een 
vroeg stadium op te sporen. Daarom zijn er diverse technieken ontwikkeld om glaucoom beter 
op te kunnen sporen.

Het doel van de onderzoeken die beschreven zijn in dit proefschrift was om enkele van deze 
technieken te evalueren in hun vermogen om structuur en functie bij glaucoom patiënten 
te meten. Wij onderzochten scanning laser polarimetrie (SLP), confocale scanning laser 
ophthalmoscopie (CSLO), en short-wavelength automated perimetry (SWAP, in Nederland vaak 
blauw-geel perimetrie genoemd). 
SLP maakt het mogelijk de RZVL te bestuderen door te meten hoeveel retardatie deze 
dubbelbrekende structuur veroorzaakt in gepolariseerd laserlicht; de hoeveelheid retardatie is 
proportioneel aan zijn dikte. Twee structuren in het voorsegment (de cornea en, in mindere mate, 
de lens) zijn ook dubbelbrekend. Een voorheen commercieel verkrijgbaar instrument met SLP, 
de GDx NFA, was uitgerust met een zogenaamde fixed corneal compensator (FCC) die een vaste 
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(fixed) hoeveelheid retardatie neutraliseerde. Toen ontdekt was dat corneale dubbelbreking sterk 
varieerde tussen individuen werd variabele cornea compensatie (VCC) geïntroduceerd waarmee 
een individuele compensatie van retardatie van het voorsegment mogelijk is. Deze techniek is 
commercieel verkrijgbaar in de GDx VCC. 
CSLO, beschikbaar in de Heidelberg Retina Tomograph (HRT), bepaalt de topografie van de 
papil. Op diverse plaatsen binnen de papil meet deze techniek op opeenvolgende focusdiepten 
de intensiteit van teruggekaatst licht. Het niveau met de hoogste reflectie wordt beschouwd als 
de interface tussen het netvlies oppervlak en het glasvocht.
SWAP is een gezichtsveldonderzoek dat de functie van een subpopulatie van de RGCs bepaalt: de 
kleine dubbelgelaagde (bistratified) cellen. Omdat SWAP slechts de functie van een deel van de 
RGCs meet zou het verlies van slechts enkele cellen al gedetecteerd kunnen worden. Zodoende 
kan glaucoom mogelijk eerder opgespoord worden met SWAP dan met SAP. 

In hoofdstuk 2 onderzochten we recente ontwikkelingen in SLP. Zo vergeleken wij in hoofdstuk 
2.1 het beoordelen van RZVL morfologie met behulp van SLP-VCC en SLP-FCC met die 
bepaald met roodvrije fundus fotografie, een standaard voor het evalueren van de RZVL. Wij 
toonden aan dat metingen met VCC zeer goed vergelijkbaar waren met roodvrije fundus 
fotografie. Metingen met VCC toonden de RZVL morfologie zelfs beter dan met FCC.
In hoofdstuk 2.2 onderzochten wij de mate waarin RZVL metingen met SLP verstoord konden 
worden door incomplete compensatie van dubbelbreking van het voorsegment. Wij toonden aan 
dat zelfs relatief kleine hoeveelheden niet-gecompenseerde dubbelbreking van het voorsegment, 
wat voor kan komen bij normaal klinisch gebruik van SLP doordat het hoofd een klein beetje 
schuin gehouden wordt, een klinisch significant effect kunnen hebben op het aspect van de 
RZVL gemeten met SLP-VCC. Clinici en GDx VCC operators dienen gespitst te zijn op zulke 
artefacten aangezien ze progressie van glaucoom zowel kunnen verhullen als kunnen nabootsen. 
Wij beschreven en onderzochten in hoofdstuk 2.3 een nieuwe methode genaamd enhanced 
variable corneal compensation (ECC). Metingen met ECC leken de verwachte RZVL morfologie 
vaak beter dan of anders zo goed als metingen met VCC te bepalen. Mogelijk is dit grotendeels te 
danken aan een betere compensatie van voorsegment dubbelbreking met ECC dan met mogelijk 
was met VCC. Atypische retardatie patronen, m.n. zichtbaar in SLP-VCC foto’s van ogen met 
licht gepigmenteerde fundi, myope ogen en ogen van oudere mensen, kwamen bovendien 
minder vaak voor met ECC. Wij vermoedden dat ECC de klinische bruikbaarheid van SLP in 
glaucoomzorg kan vergroten. 

In hoofdstuk 3 bepaalden we de nauwkeurigheid van verscheidene technieken om glaucoom op 
te sporen. In hoofdstuk 3.1 bepaalden we de diagnostische nauwkeurigheid van de GDx VCC 
voor diverse stadia van glaucoom. Wij toonden aan dat de NFI, een parameter getraind met 
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behulp van een support-vector machine, een hoge nauwkeurigheid had voor het diagnosticeren 
van glaucoom. Globaal waren de sensitiviteit en specificiteit respectievelijk 89% en 96%. In 
hoofdstuk 3.2 vergeleken wij de diagnostische nauwkeurigheid van de klinische beoordeling 
van papil stereofoto’s door diverse zorg professionals met de nauwkeurigheid van CSLO (HRT I) 
en SLP-VCC (GDx VCC) in dezelfde populatie. Wij toonden aan dat geautomatiseerde analyse 
van GDx VCC metingen en, in mindere mate, van HRT metingen goed overeen kwamen met 
classificatie tussen gezonden en glaucomateuze ogen op basis van subjectieve analyse van papil 
stereofoto’s door algemene oogartsen, junior assistenten in opleiding tot oogarts, optometristen 
en zelfs enkele glaucoomspecialisten. Meer ervaren beoordelaars classificeerden papillen 
nauwkeuriger dan beoordelaars met minder ervaring. Wij concludeerden dat beeldvormende 
technieken zoals de GDx VCC en de HRT clinici kunnen ondersteunen in glaucoomzorg.

In hoofdstuk 4.1 en 4.2 evalueerden we de relatie tussen functie gemeten met SAP en structuur 
gemeten met respectievelijk SLP-VCC en CSLO. Wij toonden aan dat metingen van functie 
goed overeen kwamen met metingen van structuur (zowel met SLP-VCC als met CSLO). 
Bovendien vonden we dat de relatie tussen functie en structuur curvilineair was. Wij meenden 
dat de vorm van deze relatie klinisch van belang kan zijn aangezien grote veranderingen in 
structuur gecorreleerd waren met slechts kleine verschillen in functie in gebieden met geen tot 
matig ernstig functioneel glaucomateus verlies. In meer gevorderd glaucoom was het omgekeerde 
waar. Wij concludeerden dat beeldvormende technieken mogelijk beter gebruikt kunnen worden 
in stadia van milde en matig ernstige glaucomateuze schade en SAP in matig ernstige tot ernstige 
stadia. 

Vervolgens evalueerden wij in hoofdstuk 5 de RZVL in het bij gezichtsveldonderzoek niet-
aangedane andere oog van glaucoompatiënten met glaucomateus gezichtsveldverlies (met SAP) 
in slechts één oog. Deze perimetrisch onaangetaste ogen lopen een hoog risico om hun visuele 
functie te verliezen. Wij toonden aan dat veel van deze ogen een dunnere RZVL hadden dan 
gezonde controle ogen van vergelijkbare leeftijd. De RZVL was dikker in het niet-aangedane 
oog dan die in hun andere oog met gezichtsvelduitval. Deze data bevestigden onze bevindingen 
in hoofdstuk 4 dat een milde tot matig dunne RZVL niet noodzakelijk geassocieerd is met een 
gezichtsveldverlies bepaald met SAP. Tevens suggereerden deze data dat SLP-VCC in staat zou 
kunnen zijn zogenaamd pre-perimetrisch glaucoom op te kunnen sporen. 

In hoofdstuk 6 bepaalden wij bij mensen met een verhoogde oogdruk de prevalentie van 
glaucomateuze defecten met SWAP voor verscheidene gepubliceerde definities van glaucomateus 
gezichtsveldverlies. Bovendien onderzochten wij de overeenkomst tussen deze definities. Wij 
toonden aan dat de prevalentie van glaucomateuze defecten met SWAP sterk wisselde in ogen 
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met een verhoogde oogdruk afhankelijk van de definitie van gezichtsveldverlies. Bovendien wezen 
verschillende definities verschillende individuen aan een abnormaal gezichtsveld te hebben met 
SWAP. Daarom concludeerden wij dat de diagnostische nauwkeurigheid en klinische betekenis 
van alle definities bepaald dienen te worden voordat SWAP gebruikt kan worden in routine 
klinische zorg.

Samenvattend evalueerden wij diverse technieken die in de klinische praktijk worden gebruikt voor 
de beoordeling van structuur en functie in glaucoom. Beeldvormende technieken zoals de GDx 
VCC en de HRT kunnen een objectieve en kwantitatieve beoordeling en documentatie van de 
papil en/of zenuwvezellaag geven. Bovendien hebben zij een hoge diagnostische nauwkeurigheid 
voor het classificeren van gezonde en glaucomateuze ogen en kan met behulp van deze technieken 
glaucoom waarschijnlijk in een vroeg stadium worden opgespoord. Standaard geautomatiseerde 
perimetrie kan meer nut hebben in latere stadia van de aandoening. Met betrekking tot SWAP 
denken wij dat meer onderzoek nodig is voordat het routinematig gebruikt zou kunnen worden 
in de kliniek. 
Al met al (hoofdstuk 7) denken wij dat een deskundig gebruik van beeldvormende technieken 
zoals de GDx VCC en de HRT zeer ten goede kan komen aan clinici in door hen geleverde 
glaucoomzorg. 
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