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Abstract
Sandberg Melin, C. 2019. Morphometry of the Optic Nerve Head as a Diagnostic Tool for
Glaucoma. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1610. 67 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0798-5.

Glaucoma is a chronic optic nerve head (ONH) disease. Gradual retinal ganglion cell and nerve
fiber loss lead to morphological ONH change and visual field defects. Initial loss is often focal.
Rate of progression and life expectancy guide treatment. Currently, confocal scanning laser
tomoghraphy (HRT) and optic coherence tomography (OCT) are available for ONH imaging.
However, there is no consensus for which morphometric measurement of ONH nerve fiber
content to use for glaucoma follow-up.

Purpose: To measure ONH nerve fiber content as neuroretinal rim area (NRA) with HRT,
estimate NRA measurement variation and its impact on designing a follow-up strategy. To
develop a custom algorithm, Pigment epithelium central limit-Inner limit of the retina Minimal
Distance (PIMD), for measuring ONH nerve fiber content in OCT data cubes. To measure PIMD
in glaucomatous eyes, estimate the variance sources for PIMD and their impact on designing
strategies for glaucoma follow-up.

Methods: NRA was measured with HRT in non-glaucomatous and glaucomatous eyes.
Sources of variance for NRA were estimated. An OCT data cube of a non-glaucomatous eye
was used in developing the PIMD algorithm. PIMD was measured in 500 radii along the
ONH circumference. PIMD averaged over the circumference is PIMD-2π. Sources of variance
for PIMD-2π were estimated for glaucomatous eyes. Strategies for following PIMD-2π and
segments of PIMD-2π within subject over time were proposed.

Results: Variation among subjects was substantial for NRA and PIMD-2π. Contrarily, within
subject variation was small for NRA and PIMD-2π. When within subject variation, a previously
reported loss rate for progressing glaucoma, and measuring NRA 3 times every 4 months were
applied, a significant loss was detected after 54 months. When within subject variation and a
PIMD-2π loss rate resulting in blindness after 20 years were applied, a significant PIMD-2π loss
was detected in 16 months with visits every 4 months. Within subject segmental PIMD-2π loss
can be detected from the 3rd visit. Loss rate of each PIMD can be estimated with linear regression
from the 4th visit. Change in segmental PIMD-2π loss rate can be detected at a later visit.

Conclusions: Small within subject variation allows for within subject NRA and PIMD follow-
up over time. Segmental PIMD-2π has potential to detect focal glaucomatous defects and
worsening of existing defects. There is potential to detect a change in segmental PIMD-2π loss
rate. Segmental PIMD-2π has potential as a tool for within subject follow-up of glaucoma.
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OCT, Pigment epithelium central limit-inner limit of the retina minimal distance, PIMD,
PIMD-2π, Segmental PIMD-2π, confocal scanning laser tomography, HRT, NRA, variation,
variability, variance, loss rate, follow-up.
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OCT Optical Coherence Tomography 
ONH Optic Nerve Head 
OPCL ONH Pigment epithelium Central Limit 
NRA Neuroretinal Rim Area 
NFL Nerve Fiber Layer 
RGC Retinal Ganglion Cell 
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Introduction 

Glaucoma is a chronic progressive optic nerve neuropathy characterized by 
typical morphological changes in the optic nerve head (ONH) and the retinal 
nerve fiber layer. These morphological changes are associated with gradual 
retinal ganglion cell death and acquired visual field defects 1. Classification of 
the types of glaucoma varies. Foster et al. proposed a classification system 
where primary open angle glaucoma was defined as glaucoma with an open 
angle on gonioscopy and lacking in secondary causes. Secondary causes were 
neovascularization, uveitis, trauma or lens related. Exfoliations and pigment 
dispersion were not considered secondary causes 2. In this thesis the word 
glaucoma refers to open angle glaucoma (OAG). 

Old age 3–8 and elevated intraocular pressure(IOP) 2,3,5 are strong risk fac-
tors for glaucoma. However, high IOP levels are not essential for developing 
OAG 9–12. Further, individuals with high IOP levels do not necessarily develop 
glaucoma. 

The overall prevalence of glaucoma is 2 % 6,13. However, prevalence de-
pends on the definition of glaucoma, the studied age range as well as the geo-
graphical region and ethnicity of the study population. In the Reykjavik Eye 
study which includes exfoliative glaucoma, Jonasson et al found a prevalence 
of 4 % for individuals aged over 50 years as well as increasing prevalence 
with increasing age 14. A similar prevalence of 3.76 % for individuals aged 
over 50 years was seen in a Danish study 4. Individuals with a diagnosis of 
glaucoma were identified through prescriptions for IOP lowering medication. 
In the same study, the prevalence rose to over 10 % for individuals over the 
age of 80 years. Additionally, a higher prevalence was noted in urban areas 
than in rural areas. A recent study reported a prevalence of 2.7 % [95 % CI 
2.2-3.4] for possible and definite glaucoma in individuals aged 45-49 years 
and born during 1966 in northern Finland 10. Further, the authors emphasized 
the difficulty of diagnosing mild early glaucoma. General ophthalmologists 
demonstrated moderate agreement in classifying eyes as healthy or glaucoma-
tous. Experienced glaucoma experts only disagreed when discriminating be-
tween glaucoma suspects and mild early glaucoma. 
About half of the glaucoma population is considered to be undiagnosed 5,7,15–

18. Moreover, 95 % of the 45-49 year old participants in the Northern Finland 
Birth Cohort Eye Study, diagnosed with glaucoma during the study, were pre-
viously unaware of their glaucoma diagnosis 10. 
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Glaucoma is the second leading cause of blindness in the world 19–21 as well 
as being the leading cause of irreversible blindness 20. For treated glaucoma 
patients, Hattenhauer et al. reported a 54 % and 22 % risk, over 20 years, for 
unilateral and bilateral blindness, respectively 22. In a Swedish retrospective 
chart review study, 15 % of patients diagnosed with OAG became bilaterally 
blind during their lifetime 23. Heijl et al. reported varying rates of glaucoma 
progression among patients. Further, visual impairment with a reduction of 
quality of life after 10-15 years was not uncommon 24. In addition to rate of 
progression, the risk for visual impairment that reduces quality of life depends 
on the patients current stage of glaucoma and expected life expectancy 25. 

Anatomy and pathophysiology 
Retinal ganglion cell axon path 
The retinal ganglion cells (RGCs) are situated in the ganglion cell layer of the 
neuroretina throughout the retina. The human foveal region contains up to 50 
% of the RGCs 26 and the density of RGCs decreases towards the periphery 
26,27. The RGC axons follow both a horizontally and vertically ordered path 
from each cell body to the superficial layer of the optic nerve. The axons aris-
ing from the peripheral RGCs travel deep in the neuroretina and stay periph-
eral in the ONH. Axons arising from the peripapillary RGCs travel superfi-
cially in the neuroretina and course through and over the peripheral axons to 
reach the central ONH. Axons arising from RGCs situated near the fovea 
along the horizontal raphe occupy a mid-depth in the neuro-retina and enter 
the ONH superficial to the peripheral axons and stay in between the peripheral 
and central axons in the ONH. Axons arising from the RGCs in the Bjerrum 
area, central temporal 30° of the retina, retain either an inferior or a superior 
path on entering the ONH 28,29 

The axons are organized into bundles partitioned by tunnels of Müller cell 
processes 30. Histologically, the non-human primate retinal nerve fiber layer 
(RNFL) contains mainly RGC axons, astrocyte processes and Müller cells 30. 
Histologically, monkey RNFL contains about 20-30 % and at least 18 % glial 
material 31. Dichtl et al. reported a histological remaining mean RNFL thick-
ness of 40µm ±18 µm in human absolute glaucoma and found the measure to 
correspond to measures in monkey eyes 32. Nerve fiber layer thickness (NFL) 
and density increases towards the ONH in both monkey 33 and human eyes 34. 
Histolologically, the peripapillary monkey 30 and human 32 RNFL thickness 
have a double hump distribution with thicker RNFL in the inferior and supe-
rior locations. 

All the RGC axons exit the eye and enter the ONH. The nerve fibers make 
up the histological neuroretinal rim. The ONH contains mainly nerve fibers. 
The RGC axons are most densely packed in the ONH 32. The retinal axon order 
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persists to the anterior part of the lamina cribrosa (LC) 29. The axons are un-
myelinated in the retina to allow light to reach the photoreceptors. The axons 
remain unmyelinated in the superficial and prelaminar part of the ONH. My-
elination starts as the axons pass through the LC 35,36. 

The LC is a lattice shaped structure, built up of several perforated connec-
tive tissue plates, that spans the ONH at the level of the sclera. The perfora-
tions form pores through which all the RGC axon bundles pass 37. Larger pores 
along with thinner connective tissue are seen in the superior and inferior re-
gions 32,38–40. 

ONH size and shape 
The LC and peripapillary sclera structurally support the ONH 41. The size and 
shape of the scleral canal and thickness of the peripapillary sclera differs 
among individuals. The LC thickness and pore dimensions also differ among 
individuals 41. 
The ONH size and shape varies considerably among individuals. Measured 
histologically in 60 human eyes with Bruch’s membrane as the outer border, 
the mean vertical and horizontal disc diameters were 1.88 mm and 1.77 mm 
respectively 42. Further, the angle of insertion differed among individuals. 
Larger discs have larger physiological cups 42,43. The optic disc area is corre-
lated to rim- and cup area 44.  In normal eyes the neuroretinal rim width is 
often widest in the inferior pole followed by the superior pole, the nasal region 
and thinnest in the temporal region. The regional rim width distribution is in 
accordance with the RGC axon arrangement on entering the ONH. The verti-
cal disc diameter is commonly longer than the horizontal diameter. Con-
versely, the horizontal ONH cup diameter is usually wider than the vertical 
diameter 44. 

Number of RGCs and nerve fibers 
The number of RGCs and axons in normal monkey and human eyes is approx-
imately 770 000 to 2 million 26,36,45–47. The number will depend on age at the 
time of measurement, location of measurement and histological method of 
fixation and staining. The diameter of the RGC axons have been seen to vary 
with location. In the peripapillary region, the inferior and nasal axon diameters 
are larger than the superior and temporal. The foveal RGC axons have the 
smallest diameter. Further, axon diameter increases after myelination 48. The 
human mean and median axon diameter, in the ONH, has been measured his-
tologically to 0.96 ± 0.29 µm 48 and 0.77 ± 0.4 µm 47, respectively. 
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The aging eye 
A normal age related decrease in the number of RGCs and axons is reported 
27,46,47,49,50. Regardless of mammalian species, Neufeldt et al. noted a 40 % loss 
of RGCs due to normal aging over a lifespan 51. A loss rate of 0.29-0.58 % per 
year is considered normal 47,49. Further, the foveal RGCs and axons are as-
sumed to decrease less and at a slower rate 27,49. 

Histologically, the outer boundary of the ONH is the termination of Bruch’s 
membrane towards the center of the ONH and is assumed to maintain its di-
ameter in adult glaucomatous eyes 52. 

The sclera and cornea stiffen with age, which leads to an altered scleral and 
LC deformation in response to acute elevation of IOP 53. The LC thickens and 
stiffens with age due to an increase in collagen and elastin content 37,38. The 
young LC is thought to move posteriorly with increasing IOP and bounce back 
when IOP returns to a lower level. A more rigid LC responds differently to an 
elevated IOP 38,54. With aging the LC is assumed to reach a deformation limit 
beyond which the ability to bounce back or further deform posteriorly is lost 
38. 

Site of glaucomatous injury 
Several studies agree on the ONH as the primary sight of glaucomatous injury 
45,52,53,55–59. However, there are several theories as to the cause and mechanism 
of injury. 

The level of IOP depends on the balance between the amount and rate of 
aqueous humor production in the ciliary body and the amount and rate of uve-
oscleral and trabecular aqueous humor outflow 60. 

An IOP elevation is believed to deform the sclera and LC. The sclera moves 
laterally outwards. The LC is then pulled thin and taut causing a slight anterior 
shift with a slight rise in IOP and a posterior shift with an increased elevation 
of IOP 45,54,61. Initially in the young eye, the LC is thought to bounce back 
when the IOP decreases. In young monkey eyes Belleza et al. noted outward 
expansion of the scleral wall along with thinning and tautness of the LC with 
elevated IOP 62. 

Due to the larger pores and less dense connective tissue in the superior and 
inferior LC locations, the superior and inferior axons are likely more suscep-
tible to damage 59,63. Compression of axons is a proposed cause of pre-laminar 
rim thinning 45. 

Axonal transport impairment at the level of the LC is a proposed mecha-
nism for degeneration of RGC axons 28,55,56. Axonal transport is crucial for the 
survival of neurons. Reduction in nutrient and oxygen supply is suggested to 
be involved in axonal transport impairment 45,52. Additionally, energy reduc-
tion caused by mitochondrial dysfunction is suggested to be involved in ax-
onal transport impairment 36,56,64. 
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Differences in IOP and cerebrospinal pressure, trans-laminar pressure gra-
dient, across the LC is a proposed cause of injury 53,64–66. Disturbed ocular 
perfusion pressure caused either by fluctuations of high IOP or fluctuations of 
low blood pressure is suggested to cause mild reperfusion injuries resulting in 
chronic oxidative stress. Further, the oxidative stress can disturb mitochon-
drial function and lead to RGC apoptosis 67. 

The RGC bodies are assumed to undergo apoptosis 36,63,64,68,69. 

Management of Glaucoma 
There is no cure for glaucoma. Untreated glaucoma can result in blindness. 
The goal for treatment is to retain visual function and preserve a reasonable 
quality of life during an individual’s life span. Reduction of IOP is the only 
available treatment. In the Early Manifest Glaucoma Trial, progression of vis-
ual field loss after six years occurred in 62 % of untreated eyes and 45 % of 
treated eyes 70. In the Collaborative Normal Tension Glaucoma Study, a 30 % 
IOP reduction in individuals with normal tension glaucoma reduced glaucoma 
progression. Thirty five percent progressed in the untreated group and 12 % 
progressed in the treated group 71. IOP reduction is the only available method 
for preventing the development of glaucoma. In the Ocular Hypertension 
Treatment Study the cumulative probability of developing glaucoma after 5 
years was 4.4 % in the medicated group and 9.5 % in the un-medicated group 
11. In the same study, a 20 % reduction of IOP in individuals with ocular hy-
pertension (OHT) reduced the risk of developing glaucoma. 

Since glaucoma cannot be cured, current management focuses on prevent-
ing blindness by reducing the rate of progression. In clinical practice a com-
bined assessment of the level of IOP, the morphological appearance of the 
ONH and/or the RNFL and the visual fields is evaluated. Progression can be 
detected by observing a change in the morphological appearance of the ONH 
and/or RNFL or a change in the visual field. Currently, the gold standard for 
following progression is by repeated visual field measurement. There are clin-
ically accepted guidelines for computer assisted evaluation of automated vis-
ual field perimetry. A visual field rate of progression of -2 dB/year is consid-
ered a rapid progression rate 72,73. Assuming a rate of MD change of -2 dB/yr., 
at least 6 visual field examinations over a 2 year period are required to detect 
a significant change from baseline, 72.Visual field testing relies on patient per-
ception and co-operation. 

Several studies report observations of ONH and or RNFL changes prior to 
detection of visual field changes. Detection of a statistically significant 
Humphrey 24-2 visual field defect was seen to represent a 25-35 % loss of 
RGCs 74. Hoyt et al. noted slit and wedge shaped RNFL defects either by oph-
thalmoscopy or in fundus photographs earlier than detectable visual field de-
fects 75. Pederson et al. detected conversion from OHT to glaucoma in stereo 
photographs of the ONH 1-6 years earlier than the appearance of Goldman 
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visual field defects 76. In another study, 83 out of 1344 individuals with OHT 
followed with red free photographs and visual fields developed visual field 
defects. In 50-85 %, a decrease in RNFL was detected earlier and in 60 % up 
to 6 years earlier than detection of visual field loss 77. Johnson et al. noted that 
a glaucomatous ONH appearance lead to a subsequent visual field loss in 75-
80 % 78. In a longitudinal study of early glaucoma, changes in rim area on 
consecutive ONH stereo photographs were detected earlier than changes in 
automated Octopus visual fields 79. In individuals with OHT and normal visual 
fields, 47 out of 164 developed an ONH change measured with HRT while the 
visual fields remained unchanged 80. Reduction of RNFL thickness, measured 
with TD- and SD-OCT in glaucomatous eyes, appeared up to 8 yrs. prior to 
Humphrey SITA standard 24-2 visual field defects 81. Park et al. reported a 26 
% loss of nerve fibers in the ONH, measured as global BMO-MRW in SD-
OCT images, before VF loss was detected 82. Two recent studies reported 8.4-
17 % mean RNFLT loss, compared to age matched normal eyes, before VF 
defects were detected 83,84. Additionally the amount of RNFL loss, before VF 
defects were detected, was larger in the inferior- and superior temporal peri-
papillary regions 83. These studies suggest that morphological ONH and RNFL 
changes may be detected at an early stage of glaucoma. However, there is no 
consensus for which method to use as a quantitative morphological measure 
of the NFL in the ONH. 

Morphological assessment of the ONH and RNFL 
Clinical ONH assessment 
Traditionally, indirect slit lamp ophthalmoscopy is used for evaluating the 
ONH. The size and shape of the ONH is assessed. The color and evenness of 
the neuroretinal rim is evaluated. Signs of RGC axon loss are seen as thinning 
of the rim either locally as a notch or as an overall circumferential thinning of 
the rim. Presence of sharp rim edges indicate undermined rim. Vessel kinking 
suggests local rim loss. A presence of splinter hemorrhages may represent ab-
normal activity. Nasal dislocation of the central vessel trunk implies rim loss. 
Assessment is subjective and agreement between observers depends on expe-
rience. 

Optic disc photographs 
Both mono- and stereo- photographs of the ONH documented at different time 
points are evaluated for differences in appearance over time. However, the 
agreement on evaluation of consecutive ONH photographs is only fair 85,86. 
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Clinical assessment of RNFL 
The RNFL can be visualized with indirect slit lamp ophthalmoscopy. Nerve 
fiber bundles are seen as bright striations and less reflective glial tissue be-
tween the bundles is seen as darker lines. The loss of axons is seen as thicker 
dark striations or wedges. The visibility is enhanced with red free light 75. The 
striations are more visible in the inferior and superior peripapillary poles and 
less visible in the nasal and temporal poles. In addition, the striations are 
brighter closer to the disc margin. Decreased brightness and clear visibility of 
vessels is a sign of RNFL reduction, since the vessels are normally imbedded 
in the RNFL 87. 

RNFL Photographs 
Photographs of the RNFL can be used for comparison of RNFL appearance 
over time. Red free photographs enhance visibility of the RNFL 75. 

Imaging 
Due to the transparency of the eye, it is possible to image the structures at the 
back of the eye 88. Techniques for objective imaging of the RNFL and ONH 
started to develop in the 1980’s. The machines are good at acquiring data from 
structures of the eye. However, software analysis of the acquired data is still 
being investigated. 

Confocal scanning laser tomography (CSLT) of the ONH 
CSLT can be used as a quantitative measure of the ONH. In CSLT, a laser 
beam is sent through a pinhole to a point on a focal plane at the back of the 
eye. A reflection from the point is sent back along the same path, deflected by 
a beam splitter and detected by a photodetector. In a confocal system, a pin-
hole ensures that almost only the reflected light from a point on a focal plane 
is detected. The reflected light from points derived from unfocused planes is 
mostly suppressed (Figure 1). 
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Figure 1. Schematic drawing of a confocal laser scanning tomography system. 

All the points on a focal plane make up a 2D image. Successive 2D focal plane 
images in equal increments along the optic axis render a 3D image of the 
ONH. 

The CSLT was first tried in the 1980’s as the Laser Tomographic Scanner, 
Heidelberg. The device was further developed into the Heidelberg Retina 
Tomograph (HRT) (Heidelberg Eye Engineering, Germany) in 1991 and 
mainly used for research. The HRT I hardware was upgraded into the HRT II 
and manual options such as scan depth and field of view were automated for 
use in a clinical setting. The software is upgraded in the HRT III, while the 
acquisition hardware remains unchanged from the HRT II. The radiation 
source in the HRT II is a 670 nm diode laser. The field of view is 15° times 
15°. Scan depth for an individual ONH is automatically determined by a pre-
scan at the beginning of each acquisition session. Scan depth along the optical 
axis (z axis) varies between 1 to 4 mm. Depending on the scan depth a 3D 
representation of the ONH is built up of 16 to 64 2D focal planes. Each focal 
plane is 0.0625 mm deeper. Each 2D plane consists of 384 x 384 pixels. Each 
2D plane takes 0.025 seconds to acquire. After the pre-scan the HRT II ac-
quires three 3D representations of the ONH. The three 3D ONH representa-
tions are averaged into a mean topographic image. The device will automati-
cally replace a scan if it detects blinking or loss of fixation. The optical trans-
verse and axial resolution is 10 and 300 µm, respectively. The digital trans-
verse and axial resolution is 10 µm/pixel and 62 µm/plane 89. 

The Heidelberg Eye Explorer (Heidelberg Eye Engineering Germany) soft-
ware evaluates the quality of the mean topographic images. The standard de-
viation of each pixel height in the reference plane is calculated. A mean of the 
pixel height standard deviations is estimated (MPHSD) for the mean topo-
graphic image. The MPHSD is a measure of recording quality and is graded 
according to the following scale: less than 10 µm (excellent), 10-20 µm (very 
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good), 20-30 µm (good), 30-40 µm (acceptable) and 40-50 µm (poor), over 
50 (unacceptable) 89. 

Several approaches to measuring the ONH are supplied by the HRT soft-
ware. The neuroretinal rim area (NRA) measure in the HRT is a representation 
of what is evaluated as ONH rim with ophthalmoscopy. An NRA measure-
ment is the cross section of the nerve fiber layer in the ONH at a defined ref-
erence plane parallel to the frontal plane. The zero pixel height level in the 
frontal plane, the retinal surface, is generated by the software as a ring cen-
tered on the image frame and located in its periphery with a diameter of 94 % 
and a width of 3 % of the image frame 90. This ring is referred to as the refer-
ence ring. The reference ring is aligned to retinal features and used for align-
ment of consecutive images. The HRT software uses a reference plane to de-
fine NRA. The reference planes are defined from a zero reference height. Dif-
ferent reference planes 90 nearly parallel to the reference ring are used to define 
NRA (Paper I, Appendix Figure 1). The outer border of the ONH is defined 
by manually drawing a contour line along the inner border of Elschnig’s ring. 
The contour line position for an individual eye is kept constant by a manufac-
turer algorithm. The NRA is a measure of the area between the contour line 
and the central border of the cross section of the nerve fiber layer within the 
ONH at a specified reference plane (Paper I, Appendix Figure 1). 

Tan et al reported lower variability for NRA than other built in ONH pa-
rameters in the HRT 91. HRT is used clinically for glaucoma follow-up and 
diagnosis 92. 

Loss of NRA due to normal aging has been reported in both a cross sec-
tional and a longitudinal study 93,94. In a cross-sectional study on 88 normal 
eyes, mean NRA decreased with 0.39 % per year 93. In a longitudinal study, a 
median NRA loss rate of -1.25 (interquartile range: -5.45 to 0.42) x10-3 mm2/ 
year was seen in normal control eyes 94. 

Previous rates of NRA loss per year for subjects diagnosed with ocular hy-
pertension and/or glaucoma are presented in Paper I, Table1. 

Variability for NRA measurements has been reported. A previous study on 
ocular hypertensive patients that converted to glaucoma, reported a combined 
residual standard deviation for NRA measurements and visits of 0.057 mm2 
using the standard reference plane. The HRT I was used for acquisition and 
the HRT III software was used for NRA analysis 90. Another study on glau-
coma patients and normal subjects reported a coefficient of variation of 9-12 
% between measurements and 7-8 % between visits. The HRT II was used for 
acquisition and the HRT II software was used for NRA analysis 95. Studies 
report larger variability for NRA measurements in glaucomatous eyes than in 
normal eyes 96,97. Variability can be reduced by accepting only good quality 
images 98–100. Wang et al found differences in the global mean NRA between 
the HRT I and HRT II within the same ONH, and concluded that follow-up 
with different devices would result in change rates that include systematic er-
ror 101. 



 20

Optical Coherence Tomography 
Optical coherence tomography (OCT) is a non-invasive method that images 
the structures at the back of the eye using backscattering of low coherent broad 
bandwidth radiation 102–104. The speed of light is too fast for direct electrical 
measurement of backscattered radiation. Instead, low coherence interferome-
try is used to measure the echo time delay and intensity of backscattering 
103,105. The echo time delay and intensity of the back scattering are compared 
to a reflectance from a known path length and time delay. 

One dimensional OCT A scans along the optical axis were acquired in the 
1980s for measuring the axial length of the eye 102. Cross-sectional 2 D OCT 
images of the human eye were imaged in vitro in 1991 104,106. The human retina 
107,108 and optic nerve head 107 were imaged in vivo in 1993. In 1995 Hee im-
aged normal human retinas and noted high contrast in the vitreo-retinal inter-
face and in an area assumed to be the RPE 109. The first commercial OCT was 
introduced in 1996 110. Currently, OCT imaging of the eye is part of routine 
clinical practice. 

Time Domain OCT (TD-OCT) 
Low coherent broad bandwidth near infrared radiation is generated by a super 
luminescent diode source and focused into an optical fiber and directed to a 
fiber coupler. The beam is split into a reference beam and a sample beam 
104.The reference beam is reflected by a movable reference mirror. The sample 
beam is focused onto the retina and backscattered by the retina. The reflected 
reference beam and back scattered beam from the sample are collected by the 
fiber coupler and allowed to interfere. An interference signal is generated only 
if the reflectance and backscattered path echo time delays are in phase within 
the coherence length of the radiation source 103. The interference signal is de-
tected by a photodetector 111. Mechanical movement of the reference mirror 
produces different reference echo time delays. Therefore, the interference sig-
nal from different depths in the retina are measured as a function of reference 
mirror position. An A-scan is measured sequentially 102. Hence, scanning 
speed is limited by the mechanical movement of the reference mirror 102. 
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Figure 2. Schematic drawing of a TD-OCT system 

Spectral Domain OCT (SD-OCT) 
In 1995 Fercher 112 introduced the concept of spectral domain OCT (SD-
OCT). Wojtowski et al. acquired the first in-vivo tomograms of the ONH and 
retina with SD-OCT in 2002 113. In SD-OCT broad bandwidth radiation is 
generated by a super luminescent radiation source, focused into an optical fi-
ber, and directed into a fiber coupler. The beam is split into a reference beam 
and a sample beam. The reference beam is reflected by a stationary reference 
mirror which has a fixed time delay. The sample beam is focused onto the 
retina and ONH. The reflectance from the reference mirror and the backscat-
tering from the sample are collected in the fiber coupler and allowed to inter-
fere. Interference signals are generated only if the reflectance and back scat-
tered path time delays match and are in phase within the coherence length of 
the broad bandwidth radiation source. High frequencies of the sample beam 
travel faster and further than low frequencies within the same amount of time. 
The interference spectrum is separated into wavelengths and detected by a 
spectrometer and high speed line scan charged coupled device (CCD) camera. 
The spectrometer output in wavelength is numerically changed into frequen-
cies. The frequencies are Fourier transformed to echo amplitude vs. time de-
lay. Then, the Fourier transformed interference frequencies are converted 
from echo amplitude vs. time delay to distance in a computer using a defined 
assumed refraction index for the tissues in the eye (Figure 3). 
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Figure 3. Schematic drawing of an SD-OCT system 

The choice of refractive index depends on the central wavelength and band-
width of the radiation source as well as the sample of interest. Speed in a SD-
OCT system is limited by the read out rate of the CCD camera 102,114. Spectral 
domain OCT concurrently measures the entire back scattered optical signal or 
A scan. Thus, SD-OCT is faster than time domain OCT 102An A-scan is the 
intensity of backscattering from the retina and or ONH along a one dimen-
sional depth path. A B-scan is a two dimensional cross-section comprised of 
sequential A-scans in a transverse direction. The increase in imaging speed 
with the development of SD-OCT allows for 3D imaging of the back of the 
eye with adequate resolution. Sequential B-scans comprise a 3D volume scan. 
Current commercial SD-OCT devices have an axial resolution of up to 2-7 µm 
115. 
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OCT Resolution 
Penetration depth is dependent on the interaction between the radiation source 
and chromophores 102. Imaging depth is limited by attenuation due to scatter-
ing and absorption. 111. The center wavelength of the radiation source also de-
termines penetration depth 102. Most commercial SD-OCT devices use a radi-
ation source with a central wavelength of ̴ 850 nm which penetrates the retina. 

The axial resolution 
The bandwidth of the low coherent radiation source determines the axial res-
olution. A broader bandwidth increases the resolution 102,111. Increasing power 
of the incidence radiation source increases resolution. Increasing power is, on 
the other hand, limited by safety limits. Earlier TD-OCT devices had an axial 
resolution of approximately 10-15 µm. Current commercial SD-OCT devices 
reach an axial resolution of up to 2-3 µm 111 in the eye. 

Transverse resolution 
Transverse resolution depends on the numerical aperture (pupil size) and fo-
cused spot size 102,105 of the scanning beam on the retina. The smallest focus 
spot on the retina yields the highest transverse resolution 102. 

OCT and histology 
In histology staining is used to produce contrast. In OCT backscattering from 
structures with varying optical properties and borders between structures with 
different spatial mass (refractive indexes) generate contrast 102,111. Hence, not 
all histological structures can be detected with OCT. 

Current use of OCT 
OCT has been used extensively for measuring the peripapillary RNFL and the 
ONH. Computer assisted segmentation algorithms allow for identification and 
estimation of geometrical relationships between and within different struc-
tures. However, there is no consensus for which structure to measure and how 
to assess the geometrical variable. Algorithms for measuring the RNFLT and 
the ONH differ among commercial devices. 

OCT measurement of peripapillary RNFL thickness 
Measurement of peripapillary RNFL thickness (RNFLT) is frequently used in 
the clinic. The RNFLT is measured from the vitreo-retinal interface to its outer 
boundary towards the RGC layer. The contrast between the vitreous and retina 
is good. Contrarily, there is little contrast between the RNFL and the ganglion 
cell layer as they approach the ONH. Different commercial devices use dif-
ferent optical properties, acquisition protocols, and software algorithms to 
measure the peripapillary RNFLT 116,117. Therefore, the RNFLT measure-
ments differ between devices. Measurement of the RNFLT in normal eyes 
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using different OCT devices reproduces the histological double hump shape 
of the peripapillary RNFL distribution 117. The potential for RNFLT measured 
with OCT for longitudinal change detection was demonstrated in 2005 using 
a prototype TD-OCT 118. A gradual decrease in RNFLT has been associated 
with glaucoma 116,119. In non-glaucomatous human eyes, the vascular compo-
nent of circumpapillary RNFLT, has been estimated to approximately 13-14 
% 120,121. 

OCT measurement of the ONH 
In 2007, Považay et al. suggested measuring the NFL within the ONH as the 
minimal distance between the vitreoretinal interface and the central limit of 
the retinal pigment epithelium averaged over the circumference of the ONH 
and termed this measure the Minimum Circumpapillary Band (MCB) 122. 
Hence, MCB is a measure of the minimal cross-section of NFL content in the 
ONH. The concept was recognized by Chen and re-named Minimal Distance 
Band (MDB) 123. 

Hu et al. used Cirrus SD-OCT cube representations of the ONH and auto-
matically delineated the ONH central limit of the RPE at a reference plane at 
the RPE level to estimate rim area 124. Additionally, Mwanza et al. used Cirrus 
SD-OCT cube representations of the ONH and automatically delineated ONH 
central limit of the RPE at a reference plane defined 200 µm above the RPE 
level to estimate rim area 125. 

In 2016, Tsikata et al. published a custom algorithm for segmentation of 
the Minimal Distance Band from a 3D cube representation captured with the 
Spectralis SD-OCT (Heidelberg, Germany) 126. During the same year, a cus-
tom algorithm for delineation of the central limit of the Bruch’s membrane 
from an ONH cube representation captured with the Cirrus HD-4000 SD-OCT 
(Carl Zeiss Meditech, Dublin, CA, USA) was introduced 127. 

The concept was also applied to segmentation of 24 equally spaced 2D ra-
dial B-scans centered on the ONH with manual delineation of the central limit 
of Bruch’s membrane and re-named Bruch’s Membrane Opening-Minimum 
Rim Width (BMO-MRW) 128. Additionally, 48 equally spaced 2D radial B-
scans centered on the ONH were segmented with manual delineation of the 
BMO as Bruch’s Membrane Opening-Minimum Rim Area (BMO-MRA) as 
an estimation of NRA in the ONH 129. An automatic algorithm for delineation 
of BMO in 2D radial B-scans centered on the ONH was also introduced 130. 
BMO-MRW segmentation software is available for the Spectralis (Heidel-
berg, Germany) device. Currently, this built in software requires inspection of 
BMO-MRW segmentation and manual correction of incorrect BMO delinea-
tion 131. 

Miri et al. used a machine-learning graph based semi-automatic algorithm 
to segment BMO-MRW in Cirrus SD-OCT cube acquisitions 132. 

Measures of the minimal NFL cross-section in non-glaucomatous and glau-
comatous ONHs, in SD-OCT scans are presented in (Table 1). 
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Table 1. Measures of the minimal NFL cross-section in non-glaucomatous ONH and 
glaucomatous ONH in SD-OCT scans 
Study 
 

Device/ 
Protocol 

Algorithm 
 

Measurement 
(µm) 

Comment 
 

Non-glaucomatous     

   Mean ± SD  
Kabbara et al 2017 133 
 

Spectralis/C 
 

BMO-MRW 
SALSA 

302 ± 57 
  

Tsikata et al 2016 126 Cirrus/C MDB 312 ± 41  
Shieh et al 2016 134 Spectralis/C MDB 306 ± 41  
Enders et al 2016 135 Spectralis/R BMO-MRW 235 ± 48  
Enders et al 2017 136 Spectralis/R BMO-MRW 344 ± 64  
Gmeiner et al 2016 137 
 

Spectralis/R 
 

BMO-MRW 
 

307 ± 84 
294 ± 62 

Healthy 
OHT 

Zangalli et al 2018 138 Spectralis/R BMO-MRW 
Mean ± SD [range] 
334 ± 50 [242-461] Europ. Desc. 

Vianna et al 2015 139 Spectralis/R BMO-MRW 
Median (interqrt.) 
305 (275.-.336)   

Danthurebandara 
et al 2016 140 

Spectralis/R 
 

BMO-MRW 
 

293 (262 - 334) 
  

Glaucomatous     
   Mean ± SD  
Kabbara et al 2017 133 
 

Spectralis/C 
 

BMO-MRW 
SALSA 

181 ± 63 
  

Gmeiner et al 2016 137 
 

Spectralis/R 
 

BMO-MRW 
 

211 ± 61 
164 ± 48 

Pre-perim. 
perimetric 

Shieh et al 2016 134 
 

Spectralis/C 
 

MDB 
 

204 ± 44 
171 ± 52 

Early stage 
glaucoma 

Bowd et al 2017 141 
 

Spectralis/R 
 

BMO-MRW 
SALSA 

142 ± 15 
 

Advanced 
 

Gardiner et al 2015 142 Spectralis/R BMO-MRW 
Mean [range] 
247 [87 - 390]  

Vianna et al 2015 139 Spectralis/R BMO-MRW 
Median (interqrt.) 
182 (157 - 219)  

Danthurebandara 
 et al 2016 140 

Spectralis/R 
 

BMO-MRW 
 

180 (148 - 221) 
  

Cube protocol = C, Radial protocol = R 
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Measurements of NFL content in the non-glaucomatous ONH vary. A cause 
for variation is the anatomical difference in ONH size 135–138. 

A few previous studies reported variability for BMO-MRW (Table 2). The 
variability was low, regardless of method used for estimating variability. 
Within subject standard deviation (SW) 143 is the square root of the mean within 
subject variances. Repeatability 143 is calculated as (√2 x 1.96) x SW. Multiply-
ing by 1.96, is used to estimate the 95% confidence interval using the Z dis-
tribution. Multiplying by √2 is used to estimate the difference between any 2 
measurements. Standard deviation (SD) is the square root of variance. 

Table 2. Previously estimated variability for BMO-MRW. 
Study 
 

Variability (µm) 
 

Comment Subject 
 

Park et al 2017 144 
 
 

Repeatability (CI 95%) 
2.97 (2.61-3.33) 
3.31 (2.88-3.73) 

Intraday  
Healthy 
Glaucoma 

Reis et al 2017145 Sw (CI 95%) 
2.88 (2.37-3.4) 
2.54 (2.06-3.03) 
Sw (CI 95%)  
4.17 (3.42-5.74) 
4.82 (3.89-5.74) 

Intraday, intra-observer 
 
 
Intraday, inter-observer 

 
Healthy 
Glaucoma 
 
Healthy 
Glaucoma 

Schrems-Hoesl 
 et al 2018131 

SD (CI 95%) 
2.3 (2-2.6) 
1.2 (1.1-1.3) 

Within subject 
Intra-device + observer 
Inter-device + observer 

 
Healthy + Glaucoma 
Healthy + Glaucoma 

Previous rates of change for NFL in the ONH, measured with different mini-
mal cross-section algorithms are presented in Table 3. The rates of change 
measured in non-glaucomatous and otherwise healthy eyes can represent a 
loss of nerve fibers due to normal aging. 
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Table 3. Previous rates of change for NFL in the ONH, measured with minimal 
cross-section algorithms. 
Study 
 

Algorithm 
protocol 

Rate of change 
(µm/year) 

Follow-up 
(years) 

Age 
(years) 

Non-Glaucomatous     
  Mean (CI95%)   
Kabbara et al 2017 133 
 
 
 

BMO-MRW 
SALSA 
Cube 
Radial 

 
 
-1.47(-2.56, -0.06) 
-1.53(-2.8, -0.02) 

Mean (range) 
1.6 (1.2-1.8) 
 
 

Mean ± SD 
48 ± 12 
 
 

Zangalli et al 2018 138 
European descent 

BMO-MRW 
Radial 

-1.28 (-1.87, -0.70) 
  

Dec. grps. 
18-78 

  Mean   
Vianna et al 2015 139 
 

BMO-MRW 
Radial 

-1.92 
 

Mean (range) 
4 (2-6) 

Median(interqrt.) 
65 (59-72) 

Tsikata et al 2016 126 
 

MDB 
Cube 

-0.75 
  

Mean ± SD 
54 ± 16  

Enders et al 2016 135 
 

BMO-MRW 
Radial -1.0  3-83 

Chauhan et al 2015146 
 
 

BMO-MRW 
Radial 
 

-1.34 
Median 
4 %/decade  

Age groups 
20-87 
 

Glaucomatous     
  Mean (CI95%)   
Kabbara et al 2017 133 
 
 
 

BMO-MRW 
SALSA 
Cube 
Radial 

-2.37(-3.93, -0.76) 
-2.28(-4.26, -0.15) 

Mean (range) 
2.6 (2.1-3.4) 
 
 

Mean ± SD  
71 ± 11 
 
 

Bowd et al 2017 141 
Advanced 
 

BMO-MRW 
SALSA/ 
Radial 
 

-1.51(-2.30, 0.40) 
 
Mean 

2 (2 visits) 
 
  

Vianna et al 2015 139 
Slow visual field 
progression 
 

BMO-MRW 
Radial 
 
 

-3.18 
 
 
Mean (range) 

Mean (range) 
4 (2-6) 
 
  

Gardiner et al 2015 142 
OHT + Glaucoma 
 

BMO-MRW 
Radial 
 

-1.6 (-24.5 to 9.9) 
 
 

Linear regr. 
6mo visits,  
6-11 visits  

Previous studies divided the ONH into different numbers of fixed sectors, to 
measure sectoral NFL in the ONH with OCT. The size of the sectors differs 
between studies. Global BMO-MRW has been divided into 6- 137,140 and 8- 
147fixed sectors. After dividing global BMO-MRW into 6 sectors, a predilec-
tion for glaucomatous damage was noted in the inferior and superior regions 
of the ONH 137,140. The inferotemporal sector discriminated best between non- 
glaucomatous eyes and eyes with perimetric glaucoma 137. While the su-
perotemporal region discriminated best between non glaucomatous eyes and 
eyes with preperimetric glaucoma 137. After division of global BMO-MRW 
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and MDB into 8 sectors, the inferior and inferotemporal regions discriminated 
best between non glaucomatous and glaucomatous eyes 147. 

Previous studies compared BMO-MRW and MDB measures with norma-
tive measures in to discriminate between non glaucomatous and glaucomatous 
eyes 137,140,147. 
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AIMS 

The overall aim of this thesis was to measure the nerve fiber content in the 
ONH, estimate the variation for measurements, and finally, to analyze the ap-
plication of repeated within subject measurements over time as a strategy for 
clinical follow-up of glaucoma. 
 
To estimate the variation in measurements of neuroretinal rim area (NRA) 
determined by confocal scanning laser tomography and consequences for clin-
ical follow-up (Paper I) 
 
To develop an algorithm to estimate Pigment epithelium central limit-Inner 
limit of the retina Minimal Distance, PIMD, averaged over the ONH circum-
ference, PIMD-2π, and to estimate the precision in segmentation of PIMD-2π 
(Paper II) 
 
To prospectively estimate the variance components in measurements of 
PIMD-2π in eyes with early to moderate stage glaucoma and to analyze the 
possibility to detect clinically significant PIMD-2π loss in glaucomatous eyes 
(Paper III) 
 
To develop a strategy for detection of segmental PIMD loss and to develop a 
strategy for estimation of both the rate of segmental PIMD loss and the change 
in rate of segmental PIMD loss (Paper IV) 
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Materials and Methods 

Subjects 
Paper I 
In study 1 all subjects were Caucasian and recruited from Uppsala University 
Hospital Eye Clinic clinical staff, university employees and students. The fe-
male/male ratio was 24/6 and age ranged between 27 and 65 years (Paper I, 
Table 3). The inclusion criteria are listed in Paper I, Table 2. 

In study 2 all subjects were Caucasian and retrospectively recruited from a 
longitudinal glaucoma follow-up study at Uppsala University Hospital Eye 
Clinic. The inclusion criterion was repeatable visual field defects measured 
with Humphrey 24-2 SITA standard software. The female/male ratio was 
15/17. Further subject characteristics are presented in Paper I, Table 3 and 
Figure 1. 

Paper II 
Data from one healthy eye of a volunteer was used in the development of the 
semi-automatic algorithm for segmentation of PIMD-2π. Additionally, the 
first six subjects in a prospective study on subjects with early to moderate 
stage glaucoma were included. All subjects were Caucasian and patients at 
Gävle Hospital Eye Clinic, Sweden. The female/male ratio was 4/2. Further 
subject characteristics are presented in Paper II, Table 1. 

Paper III and IV 
All subjects were Caucasian and patients at Gävle Hospital Eye Clinic, Swe-
den. All subjects had early to moderate stage glaucoma in at least one eye. If 
both eyes were glaucomatous, the eye with least severe glaucoma was in-
cluded. The distribution of diagnosis was 18 primary open angle -, 17 exfoli-
ative - and 5 normal tension glaucoma. Further inclusion criteria are presented 
in Paper III, Table 1. Subject characteristics are presented in Paper III, Table 
2. Glaucoma was defined as glaucomatous ONH damage on ophthalmoscopy 
in addition to two consecutive Humphrey 24-2 SITA fast visual fields with 
glaucomatous defects. Early to moderate stage glaucoma was defined as mean 
deviation between -0.01 and -12.00 dB in 2 consecutive visual field tests 148. 
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Procedure and equipment 
Paper I 
Prior to measurement, the pupil was dilated with tropicamide 5mg/ml. Each 
subject was examined with the HRT hardware version II. All measurements 
were analyzed with Heidelberg Eye Explorer ver.3.02 (Heidelberg Eye Engi-
neering, Germany). Only recordings with MPHSD ≤ 30 µm and rated ‘good’ 
or higher by the manufacturer software quality score were included. 

Paper II, III, and IV 
Prior to acquisition the pupil was dilated with tropicamide 5 mg/ml. The light 
in the room was dimmed. The contralateral eye that was not to be examined 
was occluded. The OCT image was acquired with SD-OCT (Topcon 3D OCT 
2000, Topcon, Japan). The device has an A-scan speed of 50 000 scans per 
second. The light source has a center wavelength of 840 nm and a bandwidth 
of 100 nm. A refractive index of 1.38 is used to convert time of flight to dis-
tance (communication with the manufacturer). The 6x6 mm 3D disc cube ac-
quisition protocol was used. The dimensions of the captured ONH volume are 
6 mm along the frontal axis (X axis), 6 mm along the longitudinal axis (Y 
axis) and 2.3 mm along the sagittal (Z axis). There are 885 pixels along the 
sagittal axis. A B-scan is comprised of 512 adjacent A-scans. A 3D disc cube 
is comprised of 128 B-scans along the longitudinal axis (Figure 4). 

 
Figure 4. Left: Schematic representation of the 6x6 mm 3D Disc protocol (Topcon 
OCT 2000, Topcon, Japan).Right: Schematic representation of the voxel resolution. 

The resolution of the voxels in the captured data cube along the longitudinal, 
frontal and sagittal axis is 47 µm, 12 µm and 2.6 µm, respectively (Figure 4). 
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A cube of ONH data is captured in 1.3 sec. The manufacturer built in fixation 
algorithm was used during capture. 

Segmentation of PIMD-2π 
The raw data cube was exported to a research computer for segmentation of 
PIMD-2π with a semi-automatic custom algorithm. The inner limit of the ret-
ina was automatically segmented (Figure 5). 

 
Figure 5. Left: Image after filtration with a small Gaussian filter kernel. Schematic 
illustration of thresholding of the Inner limit of the retina by identification of the 
first voxel exceeding a set threshold value in each vertical column. Right: Schematic 
3D illustration of the rendered Inner limit of the retina. 

Noise, in the raw data cube, was reduced by applying a small kernel Gaussian 
filter to the cube. (Figure 5, left). Next, the first filtered voxel with an intensity 
exceeding a set threshold value was identified in each column (Figure 5, left). 
The co-ordinates of each identified voxel represents a point on the surface of 
the inner limit of the retina. Each column is assumed to be intersected at only 
one point by the surface of the inner limit of the retina. Together, all the inter-
sected points render a 3D surface of the inner limit of the retina in co-ordinates 
(Figure 5, right). 

The ONH Pigment epithelium Central Limit (OPCL) was manually delin-
eated. First, the center of the ONH was approximated in a frontal sum projec-
tion of the data cube (Figure 6, left). The cube was then resampled into polar 
co-ordinates and subsequently, sliced into 500 evenly spaced radii (Figure 6, 
left). 
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Figure 6. Left: Schematic frontal sum projection of the data cube. Hairline cross 
marks the ONH center. The black line represents one of 500 evenly spaced radial 
slices. Middle: Manual marking of ONH Pigment epithelium Central Limit (OPCL) 
in one of 500 radial planes. Right: Schematic illustration of one of 500 Pigment epi-
thelium central limit-Inner limit of the retina Minimal Distance, PIMD. IRCP = In-
ner Limit of the Retina Closest Point. (Author modification of Figures 2 and 3 in Pa-
per II). 

Each of the 500 radial planes is intersected only once by the central limit of 
the retinal pigment epithelium in the ONH. Each OPCL was manually marked 
in a custom visual toolkit program (Figure 6, middle). All 500 radii were con-
secutively scrolled through. The OPCL location was marked only when the 
location differed from the most recently marked location. Marking was 
avoided in areas with poor OPCL visibility due to vessel shadowing and/or 
artefacts. After delineation of all the 500 radii, the observer scrolled through 
the marked OPCLs and corrected inaccurate OPCL markings. A complete 
manual delineation takes about 7.5 min. The location of OPCL in unmarked 
radii is rendered by linear interpolation from the 2 closest marked OPCL lo-
cations. 

After manual delineation of OPCL, the data is converted back into the orig-
inal Cartesian co-ordinates. For each OPCL along the curve, all the points on 
the inner limit of the retina are iterated and the Euclidean distance between 
each OPCL and its corresponding Inner limit of the Retina Closest Point 
(IRCP) is calculated. The distance is the minimal distance between each 
OPCL and corresponding IRCP. This minimal distance is the Pigment epithe-
lium central limit-Inner limit of the retina Minimal Distance, PIMD (Figure 6, 
right). Average PIMD over the entire ONH circumference is PIMD-2π. 

Angular notation (Paper IV) 
The angular variation of PIMD in the frontal plane can be presented both in a 
Cartesian and a polar plot. In the Cartesian plot, PIMD is plotted as a function 
of angle. Angle 0 is set nasally and increments towards the superior, temporal 
and inferior position (Paper IV, Figure 1). 

Notation of nerve fibers in a segment of PIMD-2π (Paper IV). 
The average of PIMD within a segment from a to b degrees in the frontal 
plane, including angles a and b is denoted PIMD-[a;b]. 
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Alignment of PIMD angle position between OCT volumes (Paper IV). 
Within a visit 
The three segmentations of each volume are averaged. Then the location of 
the 500 PIMDs in the three captured ONH volumes are aligned by cross cor-
relation and phase shifting. 

Between visits 
The ONH volumes at the second occasion were cross correlated and phase 
adjusted to the mean volume in the previous visit. 

Design 
Paper I 
In study 1, altogether 30 subjects were prospectively included. At the first 
visit, the subject was examined once in the morning and again 4 ± 1 hour later 
in the afternoon. Then, the subject was examined either in the morning or in 
the afternoon, at 1 week ± 1 day and at 4 weeks ± 3 days after the first visit. 
One eye from each subject was randomly selected. Each eye was measured by 
the same of 2 operators. At each visit, five iterations of the ONH were rec-
orded with HRT. The subject stood up between recordings. Totally, 41 of 600 
recordings were excluded due to insufficient quality. In 4 subjects, the NRA 
was found to be identical to the disc area. These subjects were excluded from 
further analysis. 

Altogether 32 glaucoma subjects were recruited for the retrospective study 
2. One glaucomatous eye from each subject was measured with 5 iterated HRT 
measurements at 2 consecutive visits. The interval between the visits was ≤ 4 
months. 

Paper II 
For the development of the PIMD-2π algorithm, the ONH of one healthy eye 
from one volunteer was recorded once with a commercial SD-OCT. The raw 
3D OCT ONH data cube was exported to a research computer for semi-auto-
matic segmentation of PIMD-2π with the custom developed algorithm 8 times. 

Additionally, six subjects diagnosed with glaucoma were prospectively re-
cruited. The ONH of one glaucomatous eye, from each of the six subjects, was 
recorded three times with a commercial SD-OCT. The subject was instructed 
to stand up between recordings. Each eye was recorded by the same operator. 
Each ONH OCT data volume was semi-automatically segmented three times 
for PIMD-2π by one and the same observer. The three segmentations of the 
same volume were segmented in a random order. 



 35

Paper III and IV 
Altogether 40 subjects, 20 females and 20 males, were prospectively included. 
One subject was excluded after the first visit. The subject was unable to par-
ticipate further due to a non-ophthalmological malignancy. One glaucomatous 
eye from each subject was examined at 2 visits. The planned visit interval was 
between 1 day and 3 months. Two subjects had a longer interval. At each visit, 
three iterated SD-OCT data volumes of the ONH were captured by one and 
the same operator. The subject was instructed to stand up between iterations. 
Each captured ONH volume was transferred to a research computer for semi-
automatic segmentation of PIMD-2π. Each ONH data volume was segmented 
three times in a random order by one and the same observer. 

Statistical parameters 
Paper I 
The significance level was set to α = 0.05. Power was set to 0.8. 
The minimum relevant significant difference (MRSD) for NRA was set to 6.0 
x 10-2 mm2 for the analysis of difference between means of independent groups 
of glaucoma subjects at one point in time. 
The MRSD for NRA was set to 6.0 x 10-2 mm2 for the analysis of difference 
of paired means of NRA change between independent groups of glaucoma 
subjects over time. 
The expected NRA loss rate was set to -1.0 x 10-2 mm2/year for healthy sub-
jects and to -2.0 x 10-2 mm2/year for glaucoma subjects. The loss rates were 
used in the analysis of an optimal design to detect a significant NRA change 
from baseline at a relevant power. 

Paper II 
The confidence coefficient was set to 0.95. 

Paper III 
The significance level was set to α = 0.05. Power was set to 0.8. 
The confidence coefficient was set to 0.95. 
The MRSD of PIMD-2π was set to 0.05 of the estimated mean PIMD-2π for 
the analysis of difference between means of independent groups of glaucoma 
subjects at one point in time. 
The MRSD of PIMD-2π was set to 0.05 of the estimated mean PIMD-2π for 
the analysis of difference of paired means between within glaucoma subjects 
over time. 
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For the analysis of the optimal design to detect a significant PIMD-2π change 
from baseline, the undesirable loss rate of PIMD-2π was set to 0.05 of the 
estimated mean baseline PIMD-2π per year. 

Paper IV 
The confidence coefficient was set to 0.95. 
Critical limits for the 1st, 2nd and 3rd visits were based on the lower tolerance 
limit for mean PIMD at each angle. For the 2nd visit the within subject varia-
bility for PIMD angle form 39 subjects (Paper III, Table 3) was applied. From 
the 3rd visit the patient specific within subject variability was applied. 
Critical limits for PIMD loss rate at each angle from the 4th visit were based 
on the lower confidence limit for the slopes of the regression lines for PIMD 
at each angle as a function of time. Patient specific within subject variability 
for PIMD angle was applied. 
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Results 

HRT (Paper I) 
Measurement variability in healthy subjects (Study 1). 
For 24 subjects, within subject NRA difference between morning and after-
noon was analyzed. A 95 % confidence interval for the mean difference be-
tween morning and afternoon indicated no systematic difference (CI (0.95) = 
6 ± 13 x 10-3 mm2, d.f. = 23). Hence, morning and afternoon measurements 
were considered random. 

Variance estimates 
The 24 subjects were divided into 3 groups of 8 for analysis with the -320 µm, 
Moorfields and Standard NRA plane strategy (Paper I, Appendix 1), respec-
tively. The data in each group was analyzed with an analysis of variance (Pa-
per I, Appendix 2). The variance components are presented in Paper I, Table 
4. 

The power to detect an NRA change as a function of follow-up time with 
3 measurements every 4 months and a linear NRA rate loss of -1.0 x 10-2 mm2 
/year was estimated. The within subject variance estimates among visits and 
among measurements within visits for the 3 NRA plane strategies (Paper I, 
Table 4) were applied (Paper I Appendix 3). A significant within subject NRA 
change was detected after approximately 25 months using the -320 µm NRA 
plane strategy and after approximately 40 months using the Moorfields and 
Standard NRA plane strategies (Paper I, Figure 2). 

Glaucoma subjects (Study 2) 
The Standard NRA plane strategy was used for analysis. 

For 32 subjects with glaucoma, a 95 % confidence interval for the within 
subject mean NRA difference between occasions indicated no systematic dif-
ference (CI (0.95) = -4.1 ± 54.8 x 10-3 mm2, d.f. = 31). 

Variance estimates 
The NRA data for the 32 glaucoma subjects were analyzed with an analysis of 
variance (Paper I, Appendix 2). Variance among subjects and variance within 
subject among visits and measurements are presented in Paper I, Table 4. 
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Independent group comparisons 
The sample size required to detect a MRSD between independent groups at 
one visit was estimated using the variance estimates for subjects, visits and 
measurements (Paper I, Table 4) (Paper I Appendix 4). Assuming a change to 
be detected in 3 years and an annual NRA loss rate of -2 x 10-2 mm2/year, the 
MRSD was set to 6.0 x 10-2 mm2. With 3 measurements per visit the required 
sample size per group was estimated to approximately 200 subjects (Paper I, 
Figure 3). 

Paired comparison 
The sample size required to detect a MRSD, of 6.0 x 10-2 mm2, for within 
subject paired comparison between independent groups over time was esti-
mated. Three measurements per visit per subject were assumed. The within 
subject variance estimates for visits and for measurements (Paper I, Table 4) 
were applied (Paper I Appendix 5). Approximately 15 subjects per group were 
required to detect a MRSD (Paper I, Figure 4). 

Detection of within subject NRA loss over time 
A model (Paper I, Appendix 3) was used to analyze detection of an NRA 
change as a function of follow-up time with iterated measurements at evenly 
spaced visits. The within glaucoma subject variances for visits and measure-
ments using the Standard reference NRA plane (Paper I, Table 4) were ap-
plied. A linear NRA loss rate of -2 x 10-2 mm2/year with visits every fourth 
month was assumed. The simulation indicated that 3 iterations per visit need 
to be averaged in order to detect an NRA change with 80 % power. A signifi-
cant change from baseline was detected in approximately 54 months (Paper I, 
Figure 5). 

OCT (Paper II) 
Estimation of PIMD 
In the healthy eye, PIMD varied depending on angle in the frontal plane and 
PIMD-2π had a double hump shape (Paper II, Fig.4). Further, the angular de-
pendence of PIMD varied only slightly among the 8 iterated segmentations 
(Paper II, Fig. 4). The sources of variation were estimated using an analysis 
of variance applying a hierarchal model (Paper II, Appendix 1). The variances 
for segmentations of PIMD and for PIMD among angles are presented in Ta-
ble 4. The variance for the mean of 8 PIMD-2π segmentations resolved over 
500 angles was estimated (Paper II, Appendix 2) and is presented in Table 4. 
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Table 4. Sources of variation determining the precision of mean PIMD-2π estimates. 

Source of variation Estimated variance 
µm2 

PIMD segmentations 130 
PIMD among angles 1280 
mean of 8 PIMD-2π segmentations resolved in 500 angles     16.6 

The mean PIMD-2π averaged over the 8 segmentations was estimated to 212 
± 10 µm (CI 95%; d. f. = 7). The coefficient of variation for segmentations 
was estimated to 5 %. 

Estimation of PIMD-2π in eyes with glaucoma 
The sources of variation for PIMD-2π estimations in the pilot sample of 6 
glaucomatous eyes were estimated with an analysis of variance applying a 
hierarchal model (Paper II, Appendix 3). Within subject at one visit, the vari-
ances for OCT volumes and segmentations were 10 µm2 and 50 µm2, respec-
tively (Paper II, Appendix 4). 

OCT (Paper III) 
Mean PIMD-2π for 39 subjects with glaucoma 
The estimated 95 % confidence interval for mean PIMD-2π was 215 ± 12 µm 
(d.f. = 38). There was no systematic difference for mean PIMD-2π between 
visits, CI (0.95) = 1.3 ± 2.6 µm (d.f. = 38) (Paper III, Figure 1). Hence, visits 
within subject were considered random. 

Variance sources for PIMD-2π in subjects with glaucoma 
The variance sources for estimates of PIMD-2π, for 39 subjects, were ana-
lyzed with an analysis of variance according to a hierarchal model (Paper I, 
Appendix 2). The sources of variation are presented in Paper III, Table 3. The 
variation among subjects was large. On the other hand, the within subject var-
iation among visits, volumes and segmentations were all small. 

Independent group comparison 
The estimated variances for subjects, visits, volumes and segmentations (Pa-
per III, Table 3) were applied to calculate the required sample size per inde-
pendent group to detect a MRSD between groups at one visit (Paper I, Appen-
dix 4).The required sample size per group was estimated to 180 subjects if 3 
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volumes per subject are captured and each volume is segmented 3 times (Paper 
III, Figure 2). 

Paired group comparison 
The sample size required per group to detect a MRSD between 2 visits of 2 
groups of paired individuals was 10 (Paper I, Appendix 5). The within subject 
estimated variances for occasions, volumes and segmentations (Paper III, Ta-
ble 3) were applied. Three volumes per subject were captured at each visit and 
each volume was segmented once. 

Power as a function of visits and follow-up time 
The power to detect a significant PIMD-2π change from baseline with evenly 
spaced visits over time was estimated (Paper I, Appendix 3) (Paper III, Figure 
3). An undesirable linear loss rate of 0.05 of baseline PIMD-2π per year and 
within subject variances for visits, volumes and segmentations (Paper III, Ta-
ble 3) were applied in the model. Three OCT ONH volumes, segmented three 
times each were averaged at each visit. The modelling suggests that a signifi-
cant within subject PIMD-2π change from baseline can be detected in approx-
imately 16- and 18 months with visits every 4- and 6 months respectively (Pa-
per III, Figure 3). 

OCT (Paper IV) 
Detection of segmental PIMD loss 
Data from 39 glaucoma subjects (Paper III, Table 3) were applied to estimate 
variability for PIMD within angle. The critical limit was the lower tolerance 
limit for PIMD at each angle based on PIMD within angle variability and 
mean PIMD at each angle at the 1st visit. When mean PIMD at each angle at 
the 2nd visit was within the critical limit, PIMD at each angle from the 1st and 
2nd visit were averaged as baseline (Paper IV, Figure 2). 

At the 3rd visit mean PIMD for each angle in the same eye within a subject 
was compared to the critical limit at baseline for each angle. The critical limit 
is the lower tolerance limit for baseline PIMD at each angle based on mean 
baseline PIMD at each angle and within specific subject variability of PIMD 
within angle. When mean PIMD at each angle for the same eye within a sub-
ject was within the critical limit there was no significant PIMD loss at any 
angle (Paper IV, Figure 3, left eye). When mean PIMD was below the critical 
limit for a segment of a few adjacent angles, a significant segmental PIMD 
loss was indicated. Presented as PIMD[100;140] in the example in Paper IV, Fig-
ure 3, right eye. 
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After the 3rd visit, within subject and eye data from all previous occasions 
is fitted to a linear regression model. There is a separate regression line for 
PIMD at each angle as a function of time. The slope of the regression line is 
an estimate of PIMD loss rate at the specific angle. The critical limit is then 
the lower confidence limit for the slope of the regression line. From the 4th 
visit, when mean PIMD at each angle is inside the critical limit, there is no 
segmental PIMD loss (Paper IV, Figure 4, left eye). 

Estimation of the loss rate for segmental PIMD. 
The slope of the regression line is an estimate of the rate of PIMD loss at the 
specific angle. When mean PIMD for an angle or segment of angles, PIMD[a;b] 

is below the critical limit, a significant loss rate for segmental PIMD loss is 
indicated (Paper IV, Figure 4, right eye). 

Detection of change in loss rate for segmental PIMD 
When a new observation, at a subsequent visit, of PIMD at an angle is below 
the critical limit for all the previous observations, a significant increase in rate 
for the specific angle or segment of angles is indicated (Paper IV, Figure 5). 
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Discussion 

The studies in Paper I aimed to estimate the sources of variation in measure-
ments of NRA recorded with HRT and their consequences for designing clin-
ical follow-up. A custom algorithm for measuring NFL in the ONH with OCT 
was developed (Paper II), Pigment epithelium central limit-Inner limit of the 
retina Minimal Distance (PIMD). The variability for PIMD measurements av-
eraged over the ONH circumference, PIMD-2π, was estimated (Paper III). 
Lastly, the variabilities were applied to strategies for within subject clinical 
follow-up of glaucoma with PIMD-2π and segmental PIMD-2π (Paper III, 
IV). 

It is reasonable to examine the nerve fibers in the ONH, since the ONH is 
believed to be the primary site of RGC axon injury 45,52,53,55–59 

HRT (Paper I) 
Since accepting only good quality recordings reduced variability in previous 
studies, only recordings rated MPHSD < 30 and ‘overall image quality of 
good’ in the manufacturer software were included 98,100. 

In study 1 on healthy subjects, the sample sizes were limited. The subjects 
were split into 3 equally small groups in order to achieve independent groups 
for estimating the sources of variation separately for each NRA plane strategy. 

In study 2 on glaucoma subjects, the sample size was chosen to achieve 
acceptable precision in variance estimates using only one NRA plane strategy. 
The Standard NRA plane strategy was chosen based on the results in study 1. 
For the simulation of power as a function of number of measurements per visit 
and number of visits over time, NRA loss rates/year were based on previously 
reported rates 90,149 that resulted in development of visual field defects. For 
glaucomatous eyes, an NRA loss rate of -2 x 10-2 mm2/year has been reported 
150,151. Under the assumption that a significant change should be detected in 3 
years, the minimum significant difference for glaucoma subjects was set to 
6.0 x 10-2 mm2. 

The estimated large variation for NRA between healthy subjects reflects 
the true variation in ONH appearance between individuals. The variation of 
NRA between glaucoma subjects is also large and in accordance with previ-
ously reported variation of HRT measurements between subjects 152,153. 
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As in previous studies, the NRA variation between visits was on the same 
order as the within visit variation between measurements 95. Furthermore, the 
variations were larger for glaucoma subjects than normal subjects, which also 
concurs with previous studies 96,97. 

In study 1 on healthy subjects, the variation for the -320 µm NRA plane 
strategy was the lowest and the variation for the Standard NRA plane was the 
highest. However, the NRA measurement with the -320 µm NRA plane only 
depends on the reference ring location. Hence, individual differences in ONH 
depth will not be detected. The NRA measurements with the Moorfields and 
the Standard NRA planes depend on an additional anchoring of the contour 
line temporally to a plane 50 µm below the contour line. Although, the addi-
tional anchoring contributes to a larger variation, it adjusts for individual dif-
ferences in ONH depth. The Moorfields NRA plane is locked to the reference 
ring after the first acquisition. The Standard NRA plane is anchored to the 
contour line at each visit which allows for adjustment due to true ONH change 
in depth over time. Variations over time in the height measure between the 
contour line and the reference ring plane have been reported 95,96. To maximize 
the possibility of measuring nerve fiber content over time as opposed to ONH 
depth change, the Standard NRA plane strategy was chosen for study 2 on 
glaucoma subjects. 

Cross- sectional comparison between independent groups of individuals at 
one point in time is not feasible, since the variation between glaucoma subjects 
was substantial. 

Cross- sectional group comparison using within subject paired differences 
from one time point to a later time point, is however feasible. The paired com-
parison depends on the variation between visits and measurements; but it does 
not depend on the variation between subjects. 

To detect a true change in NRA within a glaucoma patient over time, the 
change must be larger than the variability of NRA between visits and varia-
bility between NRA measurements within a visit. The variation between visits 
and iterated measurements per visit, implied that a significant NRA change 
using the Standard NRA plane strategy could be detected in 54 months. In the 
simulation, 3 measurements were iterated every 4 months and the rate of NRA 
change was set to -2 x 10-2 mm2/year. Three measurements per visit are clini-
cally possible. Each measurement takes less than a minute. Increasing the 
number of measurements per visit did not significantly increase the resolution 
to detect an NRA change. A significant change in NRA will be detected ear-
lier, if the individual rate of change is faster. 

OCT (Papers II, III, IV) 
Measuring nerve fiber content in the ONH with OCT is feasible, since OCT 
devices are currently widely available in clinical practice. To measure the 
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nerve fibers in the ONH between the vitreoretinal interface and the central 
limit of the retinal pigment epithelium, as proposed by Považay 122, appears 
rational. There is good contrast between the vitreous and the inner layer of the 
retina, which allows for detection with OCT. Furthermore, due to pigment 
granules, the RPE is highly detectable. 

Nomenclature 
All the slightly different algorithms, derived from Považay’s original concept, 
measure the minimal cross-section of the nerve fibers in the ONH with the 
vitreo retinal interface as the inner border and the central termination of 
RPE/Bruch’s membrane towards the ONH as the outer border. However, no-
menclature of the outer border differs. Commercial Spectral domain OCT 
identifies RPE and Bruch’s membrane as one band, ‘RPE/Bruch’s complex’, 
154. Since Bruch’s membrane, measured histologically, is only 1-5 µm thick 
102,155, commercial SD-OCT does not have sufficient resolution to always dis-
tinguish Bruch’s membrane from RPE 102. Histologically, the basement mem-
brane of the RPE is the innermost layer of Bruch’s membrane. Hence, we 
chose the name Pigment epithelium central limit- Inner limit of the retina Min-
imal Distance, PIMD, for our algorithm (Paper II, Figure 1). 

Mean distance or area 
As suggested by Gardiner 129 the surface area enclosed by the locations of the 
ends of PIMD can also be integrated over 2π radians (μm2) instead of PIMD 
averaged over 2π radians (μm). On the assumption that PIMD mirrors the 
number of nerve fibers crossing at a certain angle in the frontal plane, PIMD 
will be shorter in a larger ONH since the nerve fibers can distribute over a 
larger surface in the frontal plane. PIMD (μm2) and PIMD- 2π (μm) measure 
the same entity, the number of nerve fibers crossing the surface. To calculate 
the area, the radius has to be estimated which adds another source of uncer-
tainty. 

Capture Protocol 
A 3D cube capture protocol is in accordance with the original proposal 122,123. 
Capture using a 2D radial protocol has also been proposed 128. 

For the cube protocol the resolution along the sagittal (Z) axis depends on 
the penetration depth and the number of pixels along this depth. In the frontal 
(X) and longitudinal (Y) axis the resolution depends on the chosen lengths of 
the axis and the number of pixels along the axis (Figure 4). The frontal plane 
resolution is highest along the frontal (X) axis and lowest along a diagonal of 
the frontal plane. In addition, resolution is independent of the ONH diameter. 
The cube capture protocols differ between SD-OCT manufacturers 124–127. For 
the 2D radial scan protocol, the resolution is however dependent on the diam-
eter of the ONH. Further, resolution depends on the number of equally spaced 
radii that are scanned. Since there is no measured information between the 
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radii, a larger ONH diameter decreases resolution. Furthermore, the resolution 
is highest in the center of the ONH. Hence, the arc resolution for the radial 
scan protocols is lower than the arc resolution for the cube protocols. 

A commercial SD-OCT, Topcon 3D OCT 2000, was used to capture a 3D 
cube of data from the ONH. The time to capture the cube of ONH data using 
the 3D disc cube protocol exceeds the time for involuntary eye movements 156. 
Hence, resolution is limited by capture time. The manufacturer uses a refrac-
tive index of 1.38 to convert the sagittal (Z) axis measure of time of flight to 
a distance measure. The chosen refractive index is a general index for tissues 
in the eye. Therefore, distortions in the captured images may evolve from 
small local refractive index variations. Radial scans have an advantage of a 
shorter capture time. However, the radial scan capture protocols average 20-
30 B-scans at each radii 128,129 which decreases the advantage of a shorter cap-
ture time. 

The studies in this thesis, were not designed to estimate variation among 
observers. One observer captured all OCT volumes. A previous study reported 
higher within visit variability when more than one observer captured ONH 
volumes 145. Then again, another study did not report higher within visit vari-
ability when several observers operated different OCT devices 131. 

Custom Algorithm: Segmentation of PIMD 
The 3D ONH data cube was exported to a research computer for segmentation. 
Since there is contrast between the vitreous and the retina, the inner limit of 
the retina was automatically segmented using thresholding. 

The data cube was sliced into 500 radii for the manual delineation of the 
ONH pigment epithelium central limit, OPCL. Based on the amount of infor-
mation in the data cube, the engineer chose to slice the ONH circumference 
into 500 radii. This could be an oversampling. On the other hand, the radii are 
only marked by the observer when the OPCL is visible. Additionally, a radius 
is only marked when the location of OPCL differs from the previously marked 
location. Since the algorithm defines unmarked radii by interpolation between 
the closest marked points on either side of an obscured area, a large number 
of possible radii to mark is advantageous. Thus, the interpolated distance of 
the ONH circumference is reduced. 

For the non- glaucomatous eye used in the development of the algorithm, 
PIMD was dependent on angle (Paper II, Figure 4) and had a double hump 
shape along the ONH circumference. This is in accordance with previous ob-
servations 32,123,137. The variation for PIMD among angle is then as expected 
large (Table 4). The variation among the 8 segmentations of the non-glauco-
matous eye was, on the other hand, small (Paper II, Figure 4) (Table 4). Con-
sequently, the double hump shape was observed in all 8 segmentations. All 
PIMDs were segmented by one and the same observer. If more observers were 
to manually delineate OPCL, variability among segmentations may increase. 
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To avoid systematic error, the manual delineations of OPCL were delineated 
in a random order. 

Mean PIMD-2π for the 8 segmentations of the non-glaucomatous eye of 
212 ± 10 µm (CI 95 %; d. f. = 7) is consistent with previously reported global 
BMO-MRW and MDB for non-glaucomatous eyes (Table 1). Since PIMD-
2π, BMO-MRW and MDB are dependent on ONH size, the measures will 
vary with ONH size. Additionally due to the large inter individual difference 
in ONH size 41, PIMD-2π, BMO-MRW and MDB will vary largely among 
healthy eyes. Previous studies reported larger global BMO-MRW for smaller 
ONHs and smaller global BMO-MRW for large ONHs 135,136. 

All the glaucoma subjects included in Papers II-IV had early to moderate 
stage glaucoma. This category of subjects was chosen, as these subjects are 
likely to benefit from rapid detection of glaucoma progression. It is essential 
to detect progression early in this group of subjects, in order to assure prompt 
treatment adjustment to diminish the risk of continued rapid glaucoma pro-
gression. At an early to moderate stage, there are presumably enough remain-
ing nerve fibers in the ONH to measure. Subjects with advanced end stage 
glaucoma were not included. In a previous study, subjects with advanced glau-
coma had a slow rate of progression 141, which could be a result of few re-
maining nerve fibers. 

The OCT clinical data did not contain subjects with high myopia, high 
astigmatism or high hyperopia. Therefore, the strategy has not been tried on 
ONHs with extensive peripapilly atrophy. 

Mean PIMD-2π of 215 ±12 µm (CI 95 %; d.f = 38) for subjects with early 
to moderate stage glaucoma was not numerically different from mean PIMD-
2π for the non-glaucomatous eye. This is largely due to the natural anatomical 
difference in ONH size among subjects. The observed substantial variability 
for PIMD-2π among subjects with early to moderate stage glaucoma (Paper 
III, Table 3) is anticipated. Due to the substantial variability among subjects, 
large numbers of subjects per group are required to find a significant PIMD-
2π difference between independent groups at one visit (Paper III, Figure 2). 
For the same reason, comparing a single PIMD-2π measurement in an eye 
with a group of non-glaucomatous eyes is not clinically advisable. Large inter 
subject variability leads to large tolerance limits for normality. There is a risk 
of classifying a glaucomatous eye as within normal limits. 

On the other hand, within subject variability for PIMD-2π was small. The 
within subject variability was small within visits and between visits. This is in 
accordance with previous studies although variability was estimated using dif-
ferent methods (Table 2). Therefore since only within subject variability needs 
to be considered, it is possible to compare PIMD-2π in groups of paired indi-
viduals between different time points (Paper III). Further due to the small 
within subject variability between OCT volumes, precision can be increased 
with averaging over volumes at each visit. Clinically, averaging over 3 vol-
umes per visit is feasible. 
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In the simulation of power to detect an undesirable loss of PIMD-2π over 
time, the loss rate, 0.05 of baseline, was chosen to suggest total loss in 20 
years. The rate was chosen, since currently, glaucoma patients under care still 
have a risk of advanced visual impairment after 20 years 23,25. The small within 
subject variances were applied. Three ONH volumes were acquired per visit. 
Clinically possible intervals between visits were chosen. A significant change 
was then detectable within 16 or 18 months with 4 or 6 monthly intervals, 
respectively (Paper III, figure3). Faster rates of loss would naturally be de-
tected earlier. Rapid detection of undesirably rapid progression leads to earlier 
augmentation of treatment. On the other hand slower mean PIMD-2π rates 
would take longer to detect. For a specific patient, a pathological loss rate is 
dependent on the patients baseline mean PIMD-2π and expected remaining 
life time. A pathological loss rate needs to exceed the expected loss due to 
normal aging. The chosen undesirable loss rate is approximately 10 times 
faster than the loss rate of ONH nerve fibers due to normal aging previously 
reported for histological data 47,49 and for BMO-MRW 146 

However, since early glaucomatous change often occurs in segments of the 
ONH 59,63, a rapid change in a narrow segment of the ONH circumference can 
be overlooked when mean PIMD-2π is measured. Hence, it is essential to also 
measure PIMD at each angle or in small segments of angles. Previous OCT 
studies report a predilection for glaucomatous damage in the inferotemporal 
and superotemporal regions 59,63,137,140,147. Previous studies divide the ONH 
into different numbers of fixed sectors of the ONH 137,140,147. 

Alignment of PIMD angle position between OCT volumes 
In order to assure that the same region in the ONH is analyzed in subsequent 
SD-OCT scans, PIMD angle position between ONH volumes must be aligned. 
Within a visit the three segmentations of each captured volume were averaged. 
Owing to the natural dependency of PIMD on angle, the location of the 500 
PIMDs in each of the three captured volumes per visit can be cross correlated 
and phase adjusted. Then, the average of PIMD at each angle from the 1st visit 
can be cross correlated and phase adjusted to the average of PIMD at each 
angle at visit 2. The method avoids anchoring to external landmarks and thus 
avoids the introduction of an extra source of variation. Previous studies use 
external landmarks for alignment. An angle derived from a line between the 
center of the fovea and the center of the ONH relative to the horizontal axis of 
the acquired image frame (FoBMO) is used as a landmark to rotate and align 
2D radial captures of the ONH 157–159. Blood vessels in the enface image of 2D 
radial scans and 3D cube scans are used to align in the x and y direction 127,133. 

Strategy to detect segmental PIMD loss (Paper IV) 
The clinical data was limited to 39 subjects with early to moderate stage glau-
coma. Measured data was available for the first two visits. Data from the third 
visit were simulated. All the presented figures were based on one of the 39 
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subjects. The strategy was designed to detect segmental PIMD change within 
eye within a subject. Therefore, significant change cannot be detected at the 
1st and 2nd visits. At the 1st and 2nd visit the within subject variability for PIMD 
angle estimated for the 39 subjects was applied to the mean PIMD at each 
angle to calculate the tolerance limits. Since the tolerance limits are based on 
previous within subject variability for the 39 subjects and not specific within 
subject variability, the tolerance limits for the 1st and 2nd visit are wide (Paper 
IV, Figure 2). The critical limit is the lower tolerance limit. The first two visits 
are averaged as a baseline. The critical limit is the lower baseline tolerance 
limit. 

Starting at the 3rd visit, there is enough patient specific data to base toler-
ance limits on patient specific within eye and subject variability. Eye and pa-
tient specific variability for PIMD at each angle can be calculated. Applying 
eye and patient specific variability for PIMD at each angle to calculate the 
tolerance limits yield narrower tolerance limits. Critical limits are then based 
on narrower tolerance limits which leads to a narrowing of the accepted zone. 
Consequently, it is possible to identify a significant segmental PIMD loss from 
baseline (Paper IV, Figure 3). This strategy could be clinically applied to pa-
tients with ocular hypertension and/or family history to detect a conversion to 
glaucoma. Further, the strategy could be applied to patients already diagnosed 
with glaucoma to signal segmental progression. On the other hand, the strat-
egy cannot estimate rate of progression. More visits for the specific patient are 
needed to estimate a loss rate for PIMD. 

Segmental PIMD loss rate 
From the 4th visit there is enough patient specific data to estimate loss rate of 
PIMD at each angle using a linear regression model. Since the strategy in-
volves a separate regression line for mean PIMD at each angle, segmental loss 
rate can be estimated. The critical limits for each regression line are based on 
the confidence interval for the slope of each corresponding regression line. 
Thus, PIMD loss rate can be estimated at each angle. The rate of segmental 
PIMD loss can then be estimated. If only PIMD-2π loss rate is estimated, there 
is a risk of not detecting fast PIMD loss in a narrow segment. Even if the 
overall PIMD-2π loss rate is slow, a small glaucomatous notch may still be 
developing rapidly. The presented strategy does not divide the ONH into fixed 
sectors and therefore has the possibility to identify a small area with rapid loss 
at any measurable location along the ONH circumference. 

Change of PIMD loss rate 
Since there is a separate PIMD loss over time regression line for each angle, 
the strategy has potential to identify a change in segmental PIMD loss rate. 
Additionally, estimating segmental PIMD loss rate instead of overall PIMD-
2π loss has potential to assure faster detection of change in segmental loss rate. 
Consequently, worsening of previously estimated rapid glaucoma progression 
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may be promptly detected. Segmental PIMD loss rate has a potential to indi-
cate both rapid segmental PIMD loss and change in rate of segmental PIMD 
loss. The latter can also indicate a slower segmental PIMD loss rate after aug-
mented treatment. 

Within patient follow-up versus comparison to a normative database 
Several previous studies compare BMO-MRW and MDB measurements with 
a normative database to discriminate between glaucomatous and non-glauco-
matous eyes 137,140,147. There is no normative database for PIMD-2π. Since the 
ONH differs largely in size and shape among individuals a normative database 
would have to contain a large amount of individuals with the same size and 
shape of ONH. Further, there is a normal gradual loss of nerve fibers in the 
ONH due to aging. Therefore, a database needs to be age specific. There is no 
high precision longitudinal data over several years for BMO-MRW, MDB or 
PIMD-2π. Further since the variability among subjects for PIMD-2π is sub-
stantial, the tolerance limits for normality would be wide for a normative da-
tabase. Consequently, glaucomatous eyes can be classified as normal eyes. If 
PIMD-2π is compared among individuals with potentially different ONH di-
ameters, PIMD-2π area (μm2) may be more efficient due to the normalization 
for ONH radius. 

If comparing PIMD-2π measurements within a subject and a constant ONH 
radius is assumed, it is more efficient to use PIMD-2π (μm) or preferably seg-
mental PIMD-2π (μm) .The strategies presented in this thesis involve follow-
ing an individual eye in a specific patient over time. Then only within eye 
within specific patient variability needs to be considered from the third visit. 
Hence, the critical limit for change is based on narrow tolerance limits. Con-
sequently, there is potential to rapidly detect conversion from a non- glauco-
matous eye to an eye with glaucomatous damage. 

At diagnosis of glaucoma in a clinical setting, long term treatment options 
are considered. If possible, IOP should be measured more than once before 
initiating treatment. Thereby, there is an opportunity to capture the ONH with 
OCT at a 2nd visit that is close in time. If IOP lowering treatment is initiated 
at the 2nd visit, then there will be a 3rd visit after approximately a month for 
treatment assessment. Here again, the ONH can be captured with OCT. Con-
sequently, baseline segmental PIMD-2π can be estimated without adding to 
the burden on busy clinics. Likewise, the critical limits for PIMD at each angle 
can then be based on mean baseline PIMD at each angle and patient specific 
within subject and eye variability a few months after diagnosis. If you have 3 
close initial visits, then patient specific variability can be applied early on 
which results in narrow critical limits. Narrow critical limits lead to more rapid 
detection of possible segmental PIMD loss. Additionally, PIMD loss rates can 
then be estimated earlier. 
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Conclusions 

The variability among subjects for HRT NRA measurements and OCT PIMD-
2π were substantial and largely due to the natural anatomical variation in ONH 
size and shape. Hence comparisons of one NRA or PIMD-2π measurement to 
a normative database is not effective due to wide tolerance limits for normal-
ity. Consequently, there is a risk of classifying a glaucomatous eye as within 
normal limits. 

For NRA measured with HRT, the within subject variability within visit 
and among visits were small. Therefore it is possible to follow a patient over 
time. In the simulation to detect a within subject significant NRA loss over 
time, the ONH was recorded 3 times every 4 months, a previously reported 
loss rate for progressing glaucoma was assumed, and the within subject vari-
ability was applied. A significant NRA loss was then detected after 54 months. 

The within subject variability for PIMD-2π measurements within visit and 
among visits were very small. Therefore, the studies in this thesis suggest 
comparing measurements of the same eye within subject over time. 

In the simulation to detect a significant PIMD-2π loss over time, an unde-
sirably rapid loss rate of 0.05 of baseline PIMD-2π and within subject varia-
bility were applied. If 3 OCT ONH volumes were captured every 4 or 6 
months, a significant loss was detected in 16 or 18 months, respectively. A 
small developing local notch can, however, be overlooked if only PIMD av-
eraged over the circumference of the ONH, PIMD-2π, is measured. 

Since PIMD is highly dependent on angle, PIMD at each angle or segmen-
tal PIMD-2π can be compared over time. 

The strategy for segmental within subject PIMD-2π comparison over time, 
applies the within subject variabilities for the 39 subjects (Paper III) for the 
tolerance limits at the 1st two visits. Thus, initial critical limits are wide. 

From the 3rd visit, there are enough eye and patient specific measurements 
to apply patient specific within subject and eye variability in calculating the 
critical limits. Thus the critical limits are narrower. From the 3rd visit segmen-
tal PIMD-2π has potential to signal focal progression. Consequently, the strat-
egy can be applied to non-glaucomatous and glaucomatous eyes. In non-glau-
comatous eyes in individuals with ocular hypertension or family history of 
glaucoma, a conversion to glaucoma can be detected. In glaucomatous eyes 
progression can be indicated. 

From the 4th visit there are enough patient specific measurements to esti-
mate loss rate of PIMD at each angle with linear regression. The critical limits 
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are then based on the confidence interval for the slope of each regression line. 
Hence from the 4th visit, an initial segmental loss rate can be estimated. 

If the segmental PIMD-2π loss rate falls below the critical limit at a subse-
quent visit, a change in loss rate can be detected. Thus a more rapid progres-
sion in a segment has potential to be detected. In addition, the strategy has 
potential to signal a reduction in segmental loss rate after augmentation of 
treatment. 

The proposed strategies have potential to contribute to efficient detection 
of clinically relevant glaucoma progression and treatment decisions without 
increasing the burden on busy clinics. 
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Sammanfattning på svenska 

Glaukom är en kronisk synnervssjukdom som drabbar ca. 2% av befolkningen 
6,13. Prevalensen stiger med åldern och efter 80 års ålder beräknas ca. 10% av 
befolkningen ha glaukom 4. Vid glaukom sker en gradvis förlust av synnervs-
trådar och tillhörande retinala ganglieceller vilket leder till förändring av syn-
nervshuvudets utseendet och synfältsbortfall. Glaukom går inte att bota men 
att sänka ögontrycket kan bromsa försämringshastigheten 70. Obehandlad kan 
sjukdomen leda till blindhet. Trots behandling riskerar även kända glaukom-
patienter blindhet i ett eller båda ögonen 22,23,25. Efter 10-15 års sjukdom löper 
glaukompatienter risken att få en synnedsättning som inskränker på det dag-
liga livet 24. Glaukomsjukvård går ut på att snabbt upptäcka försämring och 
intensifiera behandlingen. Ökad behandling kan bromsa fortsatt försämring. 
För att upptäcka försämring bör upprepade synfältsundersökningar utföras 
med jämna mellanrum. Det finns datoriserade analysprogram för upprepade 
synfältsundersökningar och för närvarande är standardmetoden för uppfölj-
ning av glaukom upprepade synfältsundersökningar. Försämring kan även 
upptäckas genom förändring av synnervshuvudets utseende över tid. Det sak-
nas ännu riktlinjer för vilken avbildningsmetod som ska användas för uppfölj-
ning av synnervshuvudet. 

Glaukomskadan antas uppstå i nervtrådarna i synnervshuvudet 45,52,53,55–59. 
Initialt sker glaukomskadan företrädesvis i övre eller nedre delen av synnervs-
huvudet 59,63. Storleken och formen av synnervshuvudets omkrets skiljer sig 
mellan individer. Alla retinala gangliecellers nervtrådar lämnar ögat genom 
synnervshuvudet. Det sker en normal förlust av nervtrådar med stigande ålder. 

Eftersom strukturerna i ögat fram till näthinnan är genomskinliga, kan syn-
nervshuvudet avbildas med konfokal scanning laser tomografi (HRT) (Figur 
1) och optisk koherenstomografi (OCT) (Figur 2,3). Metoderna är objektiva 
och icke invasiva. Det tar endast sekunder att avbilda synnervshuvudet med 
HRT och OCT. HRT använder olika referensplan för att mäta nervbrämet 
(NRA). Považay 122 introducerade en metod för att mäta det minsta tvärsnittet 
av nervtråder i synnervshuvudet med OCT. Metoden är inte beroende av refe-
rensplan. Minsta avståndet mellan näthinnans inre gräns och retinala pigmen-
tepitelets centrala gräns mot synnnervshuvudets centrum mäts runtom syn-
nervshuvudet 122 som ett mått på mängden nervtrådar i synnervshuvudet. Flera 
forskargrupper har utvecklat metoder baserade på Povazays metod. 

Syftet i avhandlingens första del var att mäta mängden nervtrådar i syn-
nervshuvudet som NRA med HRT i ögon med och utan glaukom, att skatta 
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variationerna för dessa mätningarna och att skatta betydelsen av variationerna 
för klinisk uppföljning av glaukom. I den andra delen, var syftet att utveckla 
en metod för att mäta mängden nervtrådar i OCTavbildningar av synnervshu-
vudet som Pigment epithelium central limit-Inner limit of the retina minimal 
distance (PIMD) och att skatta variationerna för mätningar av PIMD. Därutö-
ver, beroende på variationerna, att utveckla strategier för att skatta inom indi-
vid PIMD förlust över tid som ett potentiellt verktyg för glaukomuppföljning. 

I den första delstudien i artikel 1 mättes nervbrämet (NRA) i ett öga var på 
30 individer utan glaukom med HRT i 3 olika referensplan. Fem mätningar av 
varje öga utfördes vid fyra besök. Besök ett och två utfördes med fyra timmars 
mellanrum under dag ett. Besök tre skedde efter en vecka och besök fyra efter 
fyra veckor. Variationerna för NRA mätningar var mycket stora mellan indi-
vider och små inom individer. Det inbyggda standardreferensplanet gav upp-
hov till större variation mellan mätningarna än de andra referensplanen men 
tog samtidigt bäst hänsyn till synnervshuvudets form vid varje mätning. Där-
för användes standardreferensplanet för analys av NRA i HRT mätningar av 
glaukomögon i den andra delstudien. 

Individerna med glaukom i delstudie två rekryterades från en pågående 
långtidsstudie på ögonmottagningen på Akademiska sjukhuset i Uppsala. To-
talt inkluderades ett öga var från 32 individer med glaukom. Fem mätningar 
var togs vid två besök med upp till fyra månaders mellanrum. Variationerna 
för NRA mätningar mellan individer var mycket stora och variationerna inom 
individ små. Sammantaget var variationerna för NRA mätningar för glaukom-
patienter större än för individer utan glaukom. 

Eftersom variationerna mellan individer är mycket stora är det inte effektivt 
att jämföra en HRT NRA mätning med mätningar i en normaldatabas. Till 
följd av de stora variationerna mellan individer blir gränserna för vad som är 
normalt vida. Den stora variationen mellan individer beror till stor del på de 
naturliga skillnaderna i storlek och form av synnervshuvudet. 

Däremot går det att använda metoden för uppföljning med upprepade mät-
ningar i samma öga hos enskilda individer eftersom variationerna för NRA 
mätningar inom individ både inom besök och mellan besök är små. En modell 
för att upptäcka försämring i ett glaukomöga inom en individ över tid simule-
rades. I modellen antogs en NRA förlust per år som tidigare rapporterats i 
ögon med glaukom som försämrades 150,151. En signifikant NRA förlust upp-
täcktes efter 54 månader när 3 NRA mätningar utfördes var 4e månad. 

I artikel II, III och IV användes OCT för att avbilda synnervshuvudet i 3D. 
En halvautomatisk algoritm, Pigment epithelium central limit-Inner limit of 
the retina Minimal Distance (PIMD), för att mäta nervtrådarna i synnervshu-
vudet utvecklades (artikel II). En kommersiell OCT på ögonkliniken i Gävle 
användes för att avbilda synnervshuvudet i 3D. Avbildningen tar 1,3 sekunder. 
Den tre dimensionella datakuben exporterades sedan till en forskningsdator 
för segmentering av PIMD med den egenutvecklade algoritmen. Näthinnans 
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inre gräns mot glaskroppen hittades automatiskt (Figur 5). Mitten på synnervs-
huvudet uppskattades och synnervshuvudet delades i 500 jämnt fördelade ra-
dier. I varje radie markerades den centrala gränsen av näthinnans pigmentepi-
tel mot synnervshuvudets centrum (OPCL) manuellt (Figur 6). Endast de ra-
dier där OPCL skiljde sig från föregående markering markerades. Mellan mar-
keringarna interpolerades OPCL. Från varje OPCL hittades den närmaste 
punkten på näthinnans inre gräns, (IRCP) automatiskt (Figur 6). Distansen 
mellan varje OPCL och korresponderande IRCP är PIMD (Figur 6) och ge-
nomsnitts PIMD över synnervshuvudets omkrets är PIMD-2π. I ett öga utan 
glaukom är PIMD beroende av vinkel och PIMD-2π har ett dubbelpuckel 
mönster (artikel II, Figur 4). Variationen inom öga mellan vinklar är mycket 
stor. Datakuben segmenterades 8 gånger. Variationen mellan segmenteringar 
inom ögat var däremot liten. 

Variationer för mätningar av PIMD-2π i 39 ögon från 39 individer med 
glaukom skattades (artikel III). Tre OCT avbildningar av varje öga togs vid 2 
besök. Tiden mellan besöken var från 1 dag upptill 3 månader. Variationerna 
var mycket stora mellan individer. Däremot var variationerna inom indivi-
derna mycket små både under samma besök och mellan besök (Tabell 5). Ef-
tersom variationerna inom en enskild individ är små, är det möjligt att följa 
mätningar av samma öga hos individ över tid. Variationerna inom individerna 
användes i en modell för att upptäcka en oacceptabelt snabb förändring av 
glaukom. Eftersom glaukompatienter har rapporterats kunna bli blinda inom 
20 år 25, användes 0.05 av medel PIMD-2π per år som en oacceptabel försäm-
ringshastighet i modellen. Om 3 OCT avbildningar togs var 4e eller var 6e 
månad hitades en signifikant oacceptabel PIMD-2π förändring efter 16- re-
spektive 18 månader. 

Eftersom nervtrådar ofta förloras i små segment av synnervshuvudet tidigt 
i glaukomförloppet, är det viktigt att snabbt upptäcka nytillkomna små lokala 
förändringar. Om nervtrådarna i synnerven endast mäts och följs som medel 
PIMD-2π uppstår en risk att en förlust i ett litet segment av synnervshuvudet 
förbigås. Då PIMD är starkt beroende av vinkel kan positionen av PIMD mel-
lan OCT datakuber av samma öga matchas med korskorrelation och fasför-
skjutning. I artikel IV utvecklades en strategi för uppföljning av segmentellt 
PIMD-2π inom öga inom individ över tid. Beräkningar gjordes på kliniska 
data från 39 glaukompatienter (artikel III). För besök 1 och 2 fanns kliniska 
data och för senare besök simulerades data. 

Vid besök 1, beräknades medel PIMD för varje vinkel. Varianserna inom 
individ för de 39 individerna användes för att beräkna tolerans gränserna. To-
lerans gränserna var vida. Medel PIMD från besök 1 och besök 2 antogs som 
baseline. Kritisk gräns för baseline PIMD vid varje vinkel var den nedre tole-
ransgränsen. 

Vid besök 3 finns det tillräckligt många mätningar för den enskilda patien-
ten för att basera toleransgränser på variationer inom den specifika patienten. 



 55

Toleransgränserna blir därmed snävare. Kritiska gränsen är den nedre tole-
ransgränsen. Om medel PIMD vid varje vinkel är inom den kritiska gränsen 
finns ingen signifikant förlust av PIMD (artikel IV, Figur 3). Däremot om me-
del PIMD i någon vinkel eller segment av vinklar hamnar nedom den kritiska 
gränsen signaleras en försämring. 

Från besök 4 kan försämringshastigheten skattas med linjär regression. För-
lust av medel PIMD i varje vinkel skattas över tid med en separat regressions-
kurva för varje vinkel. Lutningen av kurvan är  hastigheten för förlust av 
PIMD i en vinkel per år. Kritisk gräns är den nedre konfidensgränsen för lut-
ningen på regressionskurvan. Om hastigheten istället skattas endast för PIMD-
2π per år, riskeras en försening i upptäckt av en snabbt utvecklande liten notch. 

Efter besök 4 kan en förändring av försämringshastigheten upptäckas. Om 
medel PIMD i en vinkel eller segment av vinklar hamnar nedom den kritiska 
gränsen, signaleras en ändring i försämringshastigheten. Både en snabbare och 
en långsammare förlust av PIMD i en vinkel eller segment av vinklar kan sig-
naleras. 

Behandlingen av glaukom styrs av försämringshastigheten i det specifika 
ögat. Målet är att förhindra blindhet under patientens livstid. I den här avhand-
lingen analyserades mätningar med två olika avbildningsmetoder. Gemensamt 
för båda metoder är att variationerna av mätningar mellan individer är mycket 
stora. Variationen beror till stor del på den naturliga skillnaden i storlek och 
utseende av synnervshuvudet mellan individer. På grund av de stora variation-
erna mellan individer, är det inte effektivt att jämföra en mätning på en patient 
med en databas innehållande mätningar av individer utan glaukom. Tolerans-
gränserna för vad som är normalt är beroende av variationen mellan individer 
och blir därmed vida. Därmed uppstår en risk att klassificera ett glaukomöga 
som ett normalt öga. 

Eftersom variationerna inom en individ är små både inom besök och mellan 
besök är det klart möjligt att följa mätningar för ett öga inom individ över tid 
för att upptäcka försämring och försämringshastighet. 

På grund av att tidiga glaukomskador ofta sker i ett litet segment av syn-
nervshuvudet är det viktigt att upptäcka små skador snabbt. Då det är möjligt 
att matcha positionen av PIMD vinkel mellan OCT datakuber, är det möjligt 
att inom samma öga jämföra PIMD i små segment över tid. Därmed finns 
potential att upptäcka att ett öga utan glaukom konverterat till ett öga med 
glaukom. I klinisk vardag inleds behandling om möjligt först efter andra be-
söket. Därefter, behövs ett tredje besök för att utvärdera behandlingseffekten. 
Ett fjärde besök infaller oftast inom 6 månader från det första besöket. Ef-
tersom avbildningen av synnervshuvudet med OCT endast tar sekunder, er-
bjuds möjligheten för 3 avbildningar vid varje besök. Försämringshastigheten 
i segment av PIMD kan börja skattas från det fjärde besöket. 
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Det är inte ovanligt att försämringshastigheten i ett öga med glaukom änd-
ras. Efter det fjärde besöket finns potential för att upptäcka en ändring av has-
tigheten för PIMD förlust i segment av PIMD. Samtidigt kan försämringshas-
tigheten avstanna efter ökad behandling. 

Förhoppningsvis har strategierna i den här avhandlingen potential att bidra 
till både snabb upptäckt av relevant glaukomförändring och snabba behand-
lingsbeslut utan större belastning på kliniken. 
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