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1. Introduction

Monitoring of glaucomatous damage is critical in a modern glaucoma practice. Confocal
scanning laser tomograph or Heidelberg Retina Tomograph (HRT) is one of the imaging
techniques that allow clinicians to examine more patients and to obtain objectives
measurements compared to the gold standard of optic disc stereo- photography.

It employs a diode laser with a wavelength of 670nm. In a confocal optical system light can
only reach the photo detector if it is reflected from a narrow area surrounding the set focal
plane. Light reflected outside of the focal plane is highly suppressed (Heidelberg
Engineering, 2005).

A two- dimensional sector of the retina is scanned sequentially. The amount of reflected
light at each point is measured using a light sensitive detector. To obtain a topography
image (three- dimensional image), the height of the retinal surface is computed at each point
(Heidelberg Engineering, 2005).

Analysis of glaucomatous progression is performed with the HRT operating software by
quantitatively describing temporal changes of the optic nerve head topography. It is
particularly important as glaucoma progression occurs slowly and changes often are subtle
and missed easily. The HRT has the advantage that the new technology enables backward
compatibility. So progression can be analysed since the introduction of the first HRT (HRT
Classic).

2. Progression analysis

2.1 Basis for a confident progression analysis

During the progression analysis the follow- up exam and the baseline are compared. To
ensure that differences between the images are for glaucomatous progression and not for
imaging conditions, the image quality, the alignment and normalization procedures should
be addressed.

The control label of good or better must be present in all the images (defined as a scan
standard deviation less than 30 pm). It means that the three 15°¢ scans used to generate a
mean topographic image are uniform. For each pixel in the topography image, the standard
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172 The Mystery of Glaucoma

deviation of the pixel height is calculated from the three scanned images and then averaged
over the entire topography image (Heidelberg Engineering, 2005).

The image quality can be affected by age, incorrectly adjusted refraction, eye movement, dry
eye, size of the pupil, media opacity or other physical characteristics of the eye. It is
recommended to perform HRT scan before other diagnostic measures are taken. In dry eyes
artificial tear fluid can be applied shortly before the examination while ointments,
fluorescein, among others should be avoided. If the pupil diameter is smaller than 3 mm or
if image quality is thought to be affected by media opacity, the pupil should be dilated with
0.5% tropicamide (Sihota et al., 2002; Heidelberg Engineering, 2005; Strouthidis & Garway-
Heath, 2008; Fogagnolo et al., 2011). The good quality of images is determinant for the
accuracy of the HRT progression analysis (figure 1).
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Fig. 1. This figure illustrates the importance of a good quality image in the progression
analysis. The two superior rows show the difficulties in the evaluation of glaucomatous
progression generated by a poor quality baseline. The inferior row shows the result when a
poor quality image is excluded of the progression sequences.

The HRT has the ability to monitor quality control during follow- up image acquisition.
There is a warning message which starts to blink if the current focus setting differs from the
previous setting. There is also a blue frame which appears close to the line image margin,
with a blue cross located in the center of the optic disc live image when the same retinal
region as the baseline examination is adjusted (Heidelberg Engineering, 2005).

After the examination, a quickly view to the follow- up images may give information about
the quality of the alignment. Black margins around the image appear when the optic nerve
head is not centered (figure 2).

For the progression analysis based on stereometric parameters the demarcation of contour
line is essential. It is manually located along the inner edge of the scleral (Elschnig’s) ring by
the operator. The margin of the optic disc is used as a reference. The contour line can be
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Fig. 2. Black margins around the images as a result of bad alignment during follow- up
image acquisition. May be the image differences are due to different imaging conditions.

modified at any time later on. Every modification of the contour line in the baseline or
follow-up examinations is transferred directly to all other examinations. Excluding a
baseline examination results in the loss of the contour line. This will delete the stereometric
parameter until a new contour line is drawn (Heidelberg Engineering, 2005).

The reference plane is parallel to the peripapillary retinal surface and located 50 um below
the retinal surface at the contour line and in the papillomacular bundle (3500 - 3569). It is
used to define structures above the plane as “rim” and below as “cup.” In general,
stereometric parameters are strongly influenced by the position of the reference plane.
(Kamal et al., 2000; Tan et al., 2003a; Strouthidis et al., 2005a; Breusegem et al., 2008). It has
been reported that the 320 Aum plane, which is offset from the reference ring in the image
periphery, is less likely to be affected by disease severity, resulting in more stable rim area
measurements (Deleon et al., 2007).

Image acquisition- induced variability seemed larger than operator-induced variability
(Miglior et al., 2002). Some factors such as image quality and the noise of HRT
measurements, among others, influence the results (Owen et al., 2006; Bowd et al., 2009). It
has been described that in some eyes, the optic nerve head is more elevated at the lower
pressure (Harju et al.,, 2008; Vizzeri et al., 2011). On the other hand, it was found that
intraocular pressure increases and decreases on the order of 5 mm Hg did not appear to
have an effect on optic disc topography (Nicolela et al., 2006).
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A follow- up examination is automatically normalized to its baseline examination. The six
images are aligned and normalized to each other. It includes correction of displacement,
rotation, tilt, magnification and prospective changes. It ensures that differences between the
images that are due to different imaging conditions are eliminated and that baseline and
follow- up examinations can be compared to detect glaucomatous progression. The
Glaucoma Module 3.0 software uses an enhanced automatic alignment and normalization
procedure, which is likely to improve progression analyses, both for assessment of surface
height change by topographical change analysis, and serial analysis of stereometric
parameters (Heidelberg Engineering, 2005; Strouthidis & Garway-Heath, 2008).

In rare cases, the automatic alignment procedure may not be able to precisely align the
images. As a result, the contour line appears misplaced in the follow- up examination. To
resolve this, a manual alignment procedure may be used (Heidelberg Engineering, 2005).

It is highly recommended to start a new progression analysis after any kind of invasive
surgery, as this will modify the optic properties of the eye. The images before and after the
surgery are not comparable to each other in most cases (Heidelberg Engineering, 2005).
When the baseline and the follow- up image are optimal to be compared, it is time to
looking for glaucomatous progression by the Topographic Change Analysis and by the
changes on Stereometric Parameters over time.

2.2 Topographic Change Analysis (TCA)

The most important method to detect glaucomatous progression is the TCA. It is a technique
that compares the variability within a baseline examination to that between baseline and
follow-up examinations. It is independent of the optic disc head contour line and it takes the
chronologically oldest follow- up examinations as the baseline.

The software compares the “within variability” of all baseline and follow- up examination
with the “pooled variability” of all baseline and follow- up examinations. If the pooled
variability of all baseline and follow- up examinations is significantly increased, then there is
a height change at the corresponding location. Super pixels with an error probability of less
than 5% for rejecting the equal variances hypothesis indicate a significant change at the
corresponding location (Heidelberg Engineering, 2005; Strouthidis & Garway-Heath, 2008)
(figure 3).

A region of at least 20 super pixels with significant changes in surface height that are
connected to each other is called a cluster. With the cluster analysis, it is possible to evaluate
the temporal change of the size and the amount of change in a cluster of significant super
pixels. For the computation of the cluster volume, all super pixels inside the cluster
boundaries are considered, but only the significant super pixels inside the cluster
boundaries contribute to the cluster area (Heidelberg Engineering, 2005; Strouthidis &
Garway-Heath, 2008) (figure 3). The largest clustered super pixel area within the optic disc
margin was the TCA parameter providing the best sensitivity/specificity tradeoff for the
detection of glaucomatous progression. Authors suggested early progression detection
using TCA (Bowd et al., 2009).

The TCA Cluster Change- Graph (figure 4) displays changes in cluster volume (red, right
vertical axis) and cluster area (blue, left vertical axis) over time for all follow- up
examinations compared to the baseline exam.

To successfully appreciate the follow- up information given by TCA it is necessary to know
the following reproducibility rules: in the first follow- up exam no results is displayed, in
the second follow- up exam only changes reproducible over both two follow- up exams are
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Fig. 3. Topographic Change Analysis- Details. It appears when double- click in an image of
the progression sequence. It shows the cluster in the significance map (color red). The
cluster volume and area are displayed on the right- inferior corner. The change of the local
surface height in microns of the selected super pixel and the probability error of this change
(corresponding to the current position of blue circle inside the cluster) are displayed below.

displayed, in the third follow- up exam only changes reproducible over all three follow- up
exams are displayed, and in the further follow- up exam only changes reproducible in any
three out of the last four follow- up exams are displayed (Heidelberg Engineering, 2005)
(figure 4).

It has been suggested that significant TCA change may precede the visible progression by
stereophotograph or by currently available visual field-based progression detection
techniques (Chauhan et al., 2001; Budenz et al., 2006; Strouthidis & Garway-Heath, 2008;
Bowd et al., 2009; Vizzeri et al., 2009; Asaoka et al., 2009). The TCA has demonstrated that it
performs at least as well as either the individual or best combination of observer for
detecting progressive glaucomatous disc changes of disc photographs (Chauhan et al., 2009).
It has been considered that assessment of the HRT and stereophotography may be
identifying different aspects of structural change. Some eyes progressing by TCA alone may
have only areas of surface height change, which is less easily appreciated from photographs
(Kourkoutas et al.,, 2007; Strouthidis & Garway-Heath, 2008). On the other hand,
stereophotographic examination can assesses certain features of the optic disc, such as rim
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pale, splinter haemorrhages, Alfa and Beta-Zone parapapillary atrophy, among others; that
are important to evaluate the individual risk for progression (Budenz et al., 2006; Teng et al.,
2010) (figure 5).

Sep/19/2007 (8) Decy10/2007 (129 Aprm;zuna (1 5) Jan/19;2009 (2?) Sep,"'|3,-"20'lﬂ (35) Mar/16/2011 (37)

[mm?]

20

1.5

1.0

05

oo

l__,:,_f—f"_—r————f_-ﬂ:',' !

1M0 1411
Cluster

M2

M3

1114

115

1ME

M7y

118

119

100

75

a0

25

[sww ooo il

Cluster Size Change Examination Date Cluster Wolume Change

Fig. 4. Probability map and TCA Cluster Change- Graph. The TCA Cluster Change- Graph
appears when double- click in a cluster area. Real progression of glaucomatous damage at
the inferior- temporal cup is suspected in the right eye of the patient showed in figure 1.
When there are more than four exams only significant changes reproducible in any three out
of the last four follow-up are displayed (cluster delineated by a blue circle first appeared in
the probability map in 2009 while it was first displayed in the significance map
superimposed on the reflectance image in 2011).

Fig. 5. Colour and red free photograph of the optic disc ad retinal nerve fiber layer in a
glaucomatous patient. A splinter haemorrhage is present at the inferior optic disc margin.
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Results suggested that ideal parameters for separating glaucomatous and healthy groups
are small clusters (between 1% and 2% of disc areas), with shallow depth changes (20-50
pm) (Bowd et al., 2009). Using the same cluster size in small and in large optic disc may
cause that the required change has to be relatively bigger in small disc. TCA may fail to
identify progressive structural damage in case of large disc with narrow neuro- retinal rim
or in the presence of advanced optic nerve head damage with little anatomic reserve
(Martinez de la Casa et al., 2006; Hudson et al., 2007).

At present, TCA progression alone should not indicate a treatment change. HRT change
must be evaluated in conjunction with other clinical features of deterioration before altering
therapy (Kourkoutas et al., 2007).

2.3 Glaucomatous progression in stereometric parameters

The progressions of stereometric parameters can be assessed by monitoring the change in a
particular stereometric parameter over time, the event analysis, the trend analysis and
different algorithms that have been described.

The event analyses identify progression when a measurement exceeds a predetermined
criterion for change (or an event); it is assumed that any change below the criterion
represents measurement variability and that changes above the criterion represent true
disease change.

The trend analysis examines the change of stereometric parameters over time, with each
value being normalized by using the ratio of the difference between a given value and
baseline to the difference between the average value in a normal eye and an eye with
advanced glaucoma. It does not give a statistical analysis of the rate of change (Strouthidis &
Garway-Heath, 2008).

It is recommended a minimum of 7-8 images to increase the accuracy in the detection of
progression, although a downward tendency in three consecutively images is suggestive of
change. Using the downward tendency of more that 0.05 (normalized parameter value) in
three consecutively image, as the criterion of progression, the specificity is increased to more
that 90% (Martinez de la Casa et al., 2006).

Two progression algorithms assessing rim area change have been described: a trend analysis
based on linear regression of sector rim area over time (Strouthidis et al., 2006) and an event
analysis based on defining the criteria for change according to sector rim area coefficient of
repeatability (Fayers et al.,, 2007). For both algorithms authors concluded that poor
agreement exists between HRT rim area progression and visual field progression and
suggested that on a practical level, both structural and functional measures need to be
monitored to have the best chance of identifying glaucomatous progression.

The greatest challenge in detecting progression is the ability to discriminate true change
(disease process) from measurement variability.

A difference of 10% or more in the standard reference height compared with the baseline is
considered excess variability. It has been identified that excess standard reference height
variability (average 24%) does occur in a considerable proportion of follow-up HRT 3 scans
(46% of all HRT 3 scans) and that more than half the variability in retinal nerve fiber layer,
rim area, and rim volume could be attributed to variability in the standard reference height
(Breusegem et al., 2008). Increased test-retest variability is associated with the degree of
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glaucomatous damage even after taking into account effects from age, visual acuity and lens
media (Deleon et al., 2007).

The top five parameters considered by Heidelberg manufacturer are rim area, rim volume,
cup shape measure, height variation contour and mean retinal nerve fiber layer (Heidelberg
Engineering, 2005).

Rim area has been identified as a repeatable and reliable parameter in test-retest studies; it
therefore represents a good marker for measuring disease progression (Kamal et al., 2000;
Tan et al., 2003; Strouthidis et al., 2005a, 2005b; Artes et al., 2005; Jampel et al., 2006;
Strouthidis & Garway-Heath, 2008). In a cohort study in ocular hypertensive and control
subjects, the rim area event analysis had a higher detection rate of progression, at 95%
specificity, than rim area trend analysis and the visual field progression criteria (Fayers et
al., 2007). In a comparative study, the scanning laser polarimetry ability to discriminate eyes
with progressing glaucoma by standard achromatic perimetry and/or stereophotographs
from stable eyes was significantly greater for retinal nerve fiber layer thickness measured
than for rim area measurements from HRT (Alencar et al., 2010).

Intertest differences in reference height and image quality had a strong relationship with
intertest rim area differences and together they are responsible for 70% of the intertest
variability of rim area measurements (Strouthidis et al., 2005a). The position of the reference
plane with respect to the optic nerve head was considered the most frequent contributor to
rim area variability (Tan et al., 2003b) and it has been demonstrated that the false positive
progression can be reduce by increasing the quality follow- up image acquisition (Owen et
al., 2006; Patterson et al., 2006; Bergin et al., 2008).

The detection of glaucomatous progression based on stereometric parameters, other than
rim area, has been proposed. The best correlation with glaucomatous progression was found
with the cup: disc area ratio (Saarela et al; 2010). In advanced glaucomatous damage the
vertical cup: disc ratio may have a higher potential for detecting progression, where it
maintains low test-retest variability (Deleon et al., 2007). In eyes with early glaucoma or
suspected glaucoma, perimetry progression showed higher correlations with the cup area
and the vertical cup: disc area. Those eyes with baseline Moorfields regression analysis
changes were at a higher risk of having perimetry abnormalities and a faster progression
(Garcia-Martin et al., 2010).

In a group of ocular hypertensive eyes converted to early glaucoma the parameters which
changed most frequently were inferonasal cup volume (11% of discs), inferotemporal cup
volume (8.5%), superotemporal cup area (7.3%) and global cup volume (6.7%) (Kamal et al.,
2000). In a similar subject group, the optic disc parameters detect only a small amount of the
converters, although the hit rate could be increased with the sectoral based analysis. The cup
shape measure showed the highest rate (Philippin et al., 2006).

In a group of progressive optic neuropathy, a statistically significant change between
baseline and follow-up examination was found for the following HRT parameters: cup
shape measurement, classification index, the third moment in contour, cup/disc ratio, cup
area, rim area, and area below reference while in the stable group no HRT parameters had
changed significantly (Kalaboukhova et al., 2006).

The cup shape measure could be a preferred HRT3 parameter to determine glaucoma
progression because it appeared to be independent of standard reference height, although
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considerable variability exists by other factors (Breusegem et al.,, 2008). It was the only
parameter which provides a significant correlation with progression of the retinal nerve
fiber layer defect, whereas the best combination of two parameters included the maximum
cup depth and the linear cup: disc area ratio; and the best combination of three parameters
included the maximum cup depth, the linear cup: disc area ratio and the horizontal cup: disc
area ratio (Saarela & Airaksinen, 2008).

It has been proposed that despite good image quality, the change in the stereometric
parameters did not have a high sensitivity and specificity for progression detected with
photographs. So evaluation of glaucomatous progression in the optic nerve head should not
rely solely on the stereometric parameters of the HRT (Saarela et al., 2010). At present, it is a
general opinion that further refinement is required to eliminate some of the inherent
variability of the stereometric parameter change analysis (Kamal et al., 2000; Philippin et al.,
2006; Deleon et al., 2007; Breusegem et al., 2008; Alencar et al., 2010; Saarela et al., 2010).

It is important to highlight that age-dependent changes occur in optic nerve head
topography detectable with the HRT. There were found significant changes indicating
increased optic nerve head cupping in cup area, cup-to disc area ratio, rim area, mean cup
depth and cup shape measure, after ten years of prospective follow- up in 36 healthy
volunteers (Harju et al., 2010).

2.4 Progression analysis application (HRT 3)

The following patient is an African origin boy of 16 years old who was diagnosed of
bilateral ocular hypertension in 2007. His grandfather received glaucoma filtration surgery
in both eyes.

On clinical examination the average intraocular pressure measured by dynamic contour
tonometer (Pascal tonometer) was 23.5mmHg (range 19.9-25.5) in the right eye and
23.7mmHg (range 20-27.7) in the left eye. The central corneal thickness was 642 and 630 for
the respective eyes. The fundoscopic characteristics of both eyes are shown in figure 6. The
visual field Octopus 101, 32 program, TOP strategy and Frequency- Doubling Technology
(Humphrey Zeiss 710 FDT) were normal for both eyes.

The first step to analyze if glaucomatous progression occurred is the assessment of image
quality in the baseline and the follow- up sequence. Those images with poor quality (more
than 30um) were excluded for the progression analysis in this patient.

The printed TCA and the trend analysis are displayed in figure 7 and 8 for the respective
eyes. The TCA shows the significant height variation in different super- pixels within the
disc margin (red colour) that do not form a cluster (both eyes).

The stereometric parameters were obtained after the contour line was delineated by an
expert. The HRT computation revealed a disc area of 1.6mm?2 and 1.83mm? for respective
eyes, so the disc size asymmetry may explain the slight asymmetry in cup appearance
(figure 6).

The average reference height was 539.7um and 516.5um for the respective eyes. There was
low variability between the baseline and the follow- up images in both eyes (average 1.6%
and 2.1% respectively). The reference height can be obtained from the stereometric
parameters window in each image analysis. The percentage of variability is then calculated.
Thanks to good quality images, proper alignment, and low variability in the standard
reference plane, the trend analysis become reliable and can help to identify if real
progression has occurred.
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Fig. 6. Red- free and coloured photographs of the retinal nerve fiber layer and optic disc in
the right eye (a) and in the left eye (b). As positive details the cup: disc area ratio and the
vertical cup: disc diameter are both slightly increased in the left eye. The superior
neuroretinal rim is larger than the inferior in both eyes.
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Fig. 7. Topographic Change Analysis and Trend Analysis of the right eye. The superior row
shows the significance map superimposed on the reflectance image in the progression
sequence. The inferior row shows the trend analysis. There were no significant changes on
stereometric parameters over time.
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Fig. 8. Topographic Change Analysis and Trend Analysis of the left eye. The superior row
illustrates a cluster in the superior retinal nerve fiber layer and significant height changes in
super- pixels of the supero- temporal neuroretinal rim. There were no significant changes on
stereometric parameters over time.

Progression analysis was also assessed following the changes on the main five stereometric
parameters over time (figure 9). There was no variability in the four years follow- up.
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Fig. 9. Variability on the main five stereometric parameters over time in the right eye (a) and
in the left eye (b). RA: rim area, RV: rim volume, HVC: height variation contour, CSM: cup
shape measure, RNFL: retinal nerve fiber layer thickness.
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In this patient longer follow- up is needed to identify if progression occurred by optic disc
deterioration or visual fields abnormalities. Until now he receives early preventive
treatment since he is considered at high risk of progression basis on his African origin,
positive family history of glaucoma and long life expectance (Kass et al., 2010).

3. Conclusion

No consensus yet exists as to how best to integrate the new technology into clinical
practice and what are the optimal operating criteria to enable their full potential to be
realized.

Some authors prefer the TCA for progression analysis because it provides appropriate
image alignment correction and considering guidelines for clinical versus statistical
significant progress, whereas stereometric parameters measurements show big variability
(Breusegem et al., 2008). Others consider that unlike rim area, the anatomical correlate of
TCA is less easily understood. The HRT rim area may be observed both by clinical
examination and by assessment of optic disc stereo-photographs (Asaoka et al., 2009). A
recent study concluded that statistical methods for detecting structural changes in HRT
images exhibit only moderate agreement with each other and have poor agreement with
expert-assessed change in optic disc stereophotographs (O'Leary et al.,, 2010). For the
most advantageous use of HRT it has been proposed the use of TCA as a tool for
screening and the trend analysis as a confirmation of positive TCA cases. (Martinez de la
Casa et al., 2006).

Different articles show evidence suggesting that there is poor agreement between structural
and functional measurements of progression despite similar high levels of specificity and
regardless of stage of disease. It has been suggested that it is the result of differences in
measurement variability between the two methods in individual patients or different forms
of presentation of the disease. It is not possible to be certain that there is an ordered
structure-function relationship in glaucoma until the issue of test variability has been
resolved fully (Fayers et al., 2007; Strouthidis & Garway-Heath, 2008).

The progression analysis by confocal scanning laser tomography is a powerful tool in the
management of glaucoma patients. Although it is not possible to guarantee that
glaucomatous damage is progressed only by HRT results, it is a strong complement to the
clinical examination and the visual field function.
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