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Chapter 1
Standard Automated Perimetry

Francisco Javier Goiii and Krapez Maja

1.1 Introduction

Human beings interact with their environment through mechanisms designed to
perceive or in other words to detect, process, and interpret some of its physical char-
acteristics. Among them, we have evolved to detect a specific range of the electro-
magnetic wave spectrum that the earth’s atmosphere freely permits to pass through:
the light [1].

The human eye is able to discriminate some light properties including luminos-
ity, contrast, and color perception, as well as dynamic characteristics like spatial and
temporal changes. Thus, the human visual system has been arranged anatomically
to accomplish different visual functions working together to provide vision.

The visual system detects a wide extension of our environment at the same time,
the so-called visual field (VF). Within the VF, the central area gathers most of the
neuronal resources to perceive contrast and color, while the peripheral area is more
sensitive to movement. The posterior pole — the retinal area within temporal vascu-
lar arcades — covers approximately the 15 central degrees of the VF (Fig. 1.1).
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Fig. 1.1 (Left) Visual field representation of a right eye. The horizontal and vertical meridians
separate superior and inferior, and nasal and temporal hemifields, respectively. The fovea repre-
sents the fixation (coordinates 0,0) and the blind spot is located 15° temporally and 1° inferiorly
(15,-1). The visual field extension examined in glaucoma disease is usually restricted to the central
30° (blue dotted circumference). (Right) The limits of the retinal posterior pole of a right eye,
superimposed on a 30° central visual field (inverted image has been turned for better

understanding)
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1.2 How Can the Visual Field Be Measured and Displayed?

The VF can be examined using several methods to test the different visual functions.
The most widely and accepted technique is Standard Automated Perimetry (SAP).
SAP measures both achromatic light and contrast perception and is used in clinical
practice to diagnose and monitor visual diseases more characteristically affecting
the visual field, like glaucoma. Among the different strategies to examine the VF
with SAP, standard conditions (size III Goldmann stimulus) within the 30° central
VF are most frequently used.

VF results can be displayed by several formats'. The single field printout is gen-
erally represented as a seven-in-one format (Fig. 1.2). The source of true, observed
data is shown at the thresholds map. Every location shows a number representing
the patient’s differential light sensitivity threshold, expressed in decibels (dB). The
other maps are obtained from statistical corrections according to age (from a data-
base of normality), sensitivity cutoff at percentile 85 (to remove diffuse sensitivity
loss), and corresponding, interpolated gray or color scale representations.

VF data are summarized in global summary indices [2, 3]. Mean Defect (MD)
expresses the difference between observed and expected mean sensitivity. Pattern
Standard Deviation (PSD) represents the standard deviation of thresholds’ distribu-
tion. Visual Field Index (VFI) reflects the amount of VF capacity, in terms of per-
centage, ascribing a stronger weight to the macular area than periphery [4]. A normal
subject will show MD, PSD, and VFI values around cero. When a cataract is present,
only MD is generally affected. In the case of any pathology eliciting the appearance
of a scotoma, as seen in glaucoma, the three indices will likely be altered.

Glaucoma is a progressive condition, and VF deterioration continues over the
course of the disease. VF series must be obtained over time to detect and measure
progression. They can also be displayed by different formats. Guided Progression
Analysis (GPA, HFA) software yields the GPA summary report, a single page, user-
friendly printout showing the most relevant results of a VF series, including the first
two reliable VF (baseline), the last VF and a graph displaying VFI evolution over
time against the patient’s age. MD and PSD values are also displayed for baseline
and last fields. A regression analysis helps to interpret the statistical significance of
VFI trends (Fig. 1.3) [5].

It is important to note that the relation between MD and PSD is not linear across
the entire SAP dynamic range. Glaucoma progression manifests as a linear-like,
parallel change of both MD and PSD till approximately half of the VF capacity is
damaged. From this point, VF deterioration will continue increasing MD? but
decreasing PSD (Fig. 1.4).

'In this chapter, all the examples of VF printouts come from Carl Zeiss-Meditec Humprey Field
Analyzer (HFA) system.

2In the HFA system, MD values are represented as negative values, but terms like “increased” or
“elevated” are frequently used in clinical practice, as MD is intuitively considered an absolute
number. In the written text, we will preserve the negative sign for MD and VFI, and “increased” or
“elevated” will actually refer to more negative values.
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Fig. 1.2 Single visual field printout, central visual field of a right eye. First, reliability indices
must be checked to evaluate the quality of results. At the threshold values map, the number dis-
played at each location of the grid represents the individual light sensitivity. Note that at the level
of the blind spot, sensitivity is <0 dB, meaning no response after projecting the strongest, totally
unfiltered light stimulus. Total and pattern maps identify significant deviations from age and high-
est sensitivity of data distribution, respectively. Deviations are highlighted as dots or boxes on the
map of symbols. The lower the probability of normality, the darker the box. Both maps show a
clustering of dots and boxes at the nasal inferior aspect of the field, also depicted at the gray-scale
map, a typical appearance of early glaucoma focal damage
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Fig. 1.3 Guided Progression Analysis (GPA) printout, central visual field series of a right eye.
Baseline tests (fop) must be reliable and similar. Last test (bottom) shows the last available visual
field of the series. Events’ Progression Analysis (bottom, right) depicts change from baseline
mainly as open triangles, and no progression is detected yet. The VFI trend graph (middle) displays
VFI evolution over time against the patient’s age. After 8 years follow-up, VFI regression analysis
has classified the trend as nonsignificant. Although some indicators suggest progression (global
indices have increased absolute numbers and the nasal superior aspect of the field apparently
shows a deepening of the scotoma), confirmation is required according to the statistical analysis
approach
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Fig. 1.4 Schematic representation of the nonlinear relationship between PSD and MD in glau-
coma. The black and blue lines represent the central tendency and 95 % interval of confidence,
respectively. Note that at the ascendant part of the curve the relationship between PSD and MD is
linear-like, as represented by the dotted line. Case (/) shows a typical situation of VF loss due to
cataract. MD is significantly affected (p of normality <0.5 %), but PSD remains within the normal
limits. Case (2) shows an example of moderate glaucoma, where both PSD and MD will usually
show abnormal values. When an early/moderate glaucoma progresses, both indices generally
increase at the same time. From the top of the curve to the right, any worsening of MD due to
glaucoma progression will be associated by a PSD decrease. Differently than MD or VFI, PSD is
not useful to follow glaucoma across the entire dynamic range of SAP.
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1.3 Quality of Results

SAP results must have sufficient quality to provide useful information in clinical
practice. There are two different aspects of VF examination that can be considered
separately when evaluating quality: (i) the single test and (ii) a series of tests.

1.3.1 Single Field Examination

When judging a single field examination, it must be both reliable and consistent
with the clinical picture. Reliability is estimated using catch trials to calculate the
so-called reliability indices (Fig. 1.2). Most frequently, the original manufacturer’s
standard for a reliable field using HFA (false positive [FP] and false negative [FN]
responses less than 33 % and less than 20 % for fixation losses [FL]) had been used.
For the Swedish Interactive Thresholding Algorithm (SITA), the limits of the FP
response rate have been reduced to 15 %. SITA examinations showing higher FP
rates are considered unreliable and excluded for analysis within a VF series. SITA
has been reported to underestimate the rate of FP, in comparison to classic catch
trials used in full threshold algorithms [6, 7] and quality control during VF testing
by the technician has also been stressed [8]. Low-quality results may influence the
ability of SAP to correctly diagnose glaucoma [9] but frequencies of unreliable
examinations appear to be low in clinical trials. The Ocular Hypertension Treatment
Study (OHTS) reported a rate of 2.4 % unreliable VF results [10]. The first SAP
examination has a limited specificity, depending on the different criteria used to
classify the VF. This is related to both the algorithm selected and subject inexperi-
ence. Next examination usually reduces the number of false positives and improves
overall test performance, the so-called learning effect. Even this phenomenon is
mainly seen between the first and second examination [11]. It may continue after
several examinations [12]. In fact, a study has reported frequencies of prolonged
learning effect in 31 % of glaucoma patients [13]. Thus a learning effect must be
considered when selecting baseline examinations and evaluating a VF series.
Baseline is composed of two fields which must be reliable, similar and consistent
with the clinical picture. In general it can be recommended to exclude only clearly
unreliable tests, in order to preserve as much information as possible.

A single field examination must be consistent with the clinical picture. The pres-
ence of a visual field defect should correlate with clinical findings. Artifacts are
frequently seen in perimetry, including those produced by physical barriers (nose,
superior lid, eyebrow, trial frames), blur (media opacity, uncorrected refractive
errors) and poor collaboration or malingering (Fig. 1.5). In other cases, VF defects
are due to anatomical or pathological reasons occurring at the retina. Here, an
evaluation of spatial correlations between retinal and functional changes will help
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to identify causality (Fig. 1.1). Optic nerve diseases must also be considered, as they
can mimic glaucomatous VF loss. Chiasmal and retrochiasmal diseases may elicit
specific visual field defects that require careful evaluation and comparison of both
right and left VF at the same time.

Fig. 1.5 Examples of typical perimetric artifacts. 1a and 1b Trial (a) and glasses frame (b). 1c Ptosis.
1d Nose interference. le Fatigue, cloverleaf pattern (only for HFA). 1f diffuse loss, first exam in
naive subject
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1.3.2 Visual Field Series

A VF series including a sufficient group of examinations to generate a regression
analysis, will depict a trend over time. The main factor influencing the quality of a
trend is variability. When a test is repeated over time, results are not exactly repro-
duced. This is more evident for subjective exams like perimetry, where cognitive
mechanisms are involved. Variability is related to intrinsic and extrinsic reasons.
Intrinsic reasons are due to physiological characteristics of human perception. For
example, response variability increases with decreasing sensitivity, in perimetry
[14] and Visual Acuity measurement [15]. VF testing at the macular area of a nor-
mal subject will provide a better performance and lower variability than testing at
the periphery. In case of disease, functional damage will increase intra-test [16] and
inter-test [17] intrinsic variability. Extrinsic reasons are related to external factors,
including methodology, instrumentation, and subject’s collaboration.

A trend must have a sufficient number of tests, goodness of fit, and elapsed time.
Goodness of fit relates to both intrinsic and extrinsic variability, and helps to predict
a functional outcome with enough confidence (Fig. 1.6).

The variability of any VF series can be estimated evaluating the amount of dis-
persion associated to the trend. This is shown as the 95 % Interval of Confidence
(95 % IC) of the values distribution of VFI at GPA of the HFA instrument (Fig. 1.3).
When the 95 % IC is >5, no outcome can be predicted with sufficient power
(Fig. 1.7).

A follow-up time of at least 5 years will increase the ratio between global change
and variability, thus improving trend robustness [18]. The longer the elapsed time,
the higher will be the confidence to predict an outcome, beyond variability and/or
number of examinations. In the very long term, trend estimations can be in fact
replaced by the measurement of true, total amount of change (Fig. 1.8).

MD PY Similar slopes but MD o
Q@ (€]
J ® (¢
@
e (€]
R2=0.87 R2=0.28
time time
High Goodness of fit Low Goodness of fit
High confidence to predict outcome Low confidence to predict outcome

Fig. 1.6 Example of a VF series where the global index MD represents each examination, plotted
against time. (Left) The distribution of MD values around the regression line shows a high good-
ness of fit, due to low inter-test variability. The confidence to predict an outcome, according to the
measured change is high. (Right) MD dispersion is wide and goodness of fit is low, due to high
inter-test variability. The low quality of the regression analysis does not allow the outcome to be
predicted with confidence. Note that both trends show similar slopes but this information can be
misleading if variability is not considered
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Fig. 1.7 Example of a VF series with a very high VFI variability. Note that 95 % IC is 5.3 %, too
high to permit any prediction. The estimated value of the Rate must be disregarded
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Fig. 1.8 Example of a long-term VF series including all examinations during 12 years (upper graph).
Note that VFI trend slope and outcome prediction do not change significantly after excluding
intermediate tests (lower graph). The total amount of change is about 20 % in 12 years
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1.4 Where Do Glaucoma Visual Field Defects Appear
Initially?

In glaucoma, the optic nerve head is most frequently damaged following specific
topographical patterns. As a rule, temporal-inferior and temporal-superior aspects
of the neuro-retinal rim (NRR) show morphological changes first. NRR loss and
retinal nerve fiber layer (RNFL) degradation are responsible for the corresponding
functional changes observed in the VF.

The earliest manifestations of glaucomatous functional damage appear more fre-
quently at the Bjerrum area of the central VF of the superior hemifield [19] as partial
arcuate and nasal scotomas in approximately 70 % of the cases (Fig. 1.9) [20].
Glaucoma is usually an intra- and inter-eye asymmetric disease. On the same eye,
one hemifield will usually be affected earlier than the opposite, and one eye will
show damage sooner than the contralateral one. This represents useful information
in glaucoma diagnosis.

Fig. 1.9 (Left) Visual field representation of a right eye. The region within 10-20 central degrees
corresponds to the Bjerrum area, superior and inferior. The nasal region extends beyond the 30
central degrees but it is not generally examined in clinical practice. (Right) Two examples of a
mild, nasal inferior defect (upper graph) and a double, partial arcuate defect (lower graph) (only
the gray-scale map is displayed for illustration)
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1.5 Perimetric Criteria of Glaucoma

Criteria to define perimetric glaucoma vary according to the different technologies
and algorithms most frequently used in clinical practice. Classic criteria are sum-
marized in Table 1.1 and shown in Fig. 1.10 [21, 22]. They have been employed as
binary classifiers (disease or nondisease). Their usefulness is limited to confirm or
reject glaucoma, with a level of certainty that depends on the trade-off between
sensitivity and specificity. Alternatively, as glaucoma is a progressive disease, lon-
gitudinal information can be used for this purpose. This method can be especially
useful in ocular hypertensives converting to glaucoma, as it provides quantitative
information (Figs. 1.11 and 1.12), either through event and or trend analysis, as
described later in the text.

Table 1.1 HFA criteria suggested to define perimetric glaucoma in clinical practice

HFA criteria
In >2 consecutive VF or in 3 nonconsecutive of a 5 VF series, one or more of the following
indicators:
1. Glaucoma Hemifield Test (GHT) outside the normal limits
2. A group of >3 contiguous locations at the pattern deviation map (same hemifield) with
p values <5 %, one of them showing a p of normality <1 %, excluding peri-cecal and
peripheral row of points (when 242 grid, peripheral row is not excluded)
3. PSD with a p of normality <5 %.
Pattern Standard Deviation (PSD) with a p of normality <5 %.

Partially modified by the authors

10-03-2004 | GHT: outside normal limits 01-02-2005 | GHT: outside normal limits

FL:2/14 : FN: 8 % FP:0 % FL: 115 FN: 11 % FP:4 %

Foveal: APAGADO MD: -1.69dBP <10 % Foveal: APAGADO MD: -3.77dBP <1%
VFI: 96 % PSD: 2.73dBP <2 % IVFI: 89 % PSD: 5.44dBP <0.5%

Fig. 1.10 Two visual fields of a right eye, determined approximately 1 year apart. According to
classic criteria listed in Table 1.1, the three of them (GHT outside normal limits, number of abnor-
mal locations >3 and PSD <5 %) are reproducible (Rep) in this case, and perimetric glaucoma
criteria are fully met
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Fig. 1.11 Example of part of a VF series on a right eye showing perimetric glaucoma, defined as
VF conversion by event analysis (5 years follow-up). At baseline, fields were classified as normal.
The GPA program shows a reproducible change at the nasal inferior quadrant where three locations
are flagged first as possible progression (two half-black and one black triangles, yellow patch) and
then as likely progression (three black triangles, red patch) on the change map. This method can
also be used as an alternative criterion to define perimetric glaucoma. Note that classic criteria
were also met (only PSD is displayed)
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Fig. 1.12 Example of the
same VF series as

Fig. 1.10, including all
tests. MD values of each
examination are plotted
against time. A statistically
significant, negative-slope
trend is depicted after
regression analysis. This
method can also be used as
an alternative criterion to
define perimetric glaucoma
as early as a significant
trend is detected. ROP:
Rate of Progression (see
below)

MD
(dB)

F.J. Goiii and K. Maja

Deviation significant p < 5 %
Estimated ROP: 0.36 dB/y
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1.6 Glaucoma Progression

VF progression is the rule in glaucoma disease. There are two main methods to
detect a functional change: event analysis and trend analysis [23]. When judging
progression, the authors recommend considering the results from both methods, as
they play a complementary role at different stages of the disease. Event analysis
detects changes earlier than trend analysis [24], mainly in early to moderate glau-
coma damage, but trend analysis provide more specific results and useful informa-
tion across the entire functional range.

1.6.1 Event Analysis

As described above, a VF series starts with two reliable and similar examinations.
They can be considered as a baseline functional situation that will be used as the
reference for comparison every time a new examination is obtained. Every field
location at baseline will show a threshold value and its expected variability range.
Each individual threshold value obtained at the same location in the following
examinations will be compared with its baseline reference. When a value deviates
beyond the range of its baseline reference, it is considered as a significant change
flagged at the change map. GPA will show an open triangle when this change is
detected at one location for the first time, a half-black triangle if this change is
detected again on a next examination, and a black triangle if confirmed again on a
third test (Fig. 1.11). The appearance of >3 black triangles is considered an event of
likely progression, according to criteria of the Early Manifest Glaucoma Trial [25].
Event analysis provides spatial information about where on the visual field the
change occurs.

1.6.2 Trend Analysis

To find a trend, a time series regression model of a global index value, like MD or
VFI, must be used. Trends can show a positive, neutral, or negative slope. Positive
trends are frequently seen in clinical practice, and they probably represent a con-
tinuous improvement of patient’s performance after serial VF examination
(Fig. 1.13). Negative trends represent continuous functional decay over time. They
may be flagged as statistically significant (see Fig. 1.11), but the clinical value of
any amount of functional loss is related to the time for this change to take place: the
speed or Rate of Progression (ROP).
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Fig. 1.13 Example of a persistent VF learning effect, right eye. At baseline, both fields show all
classic criteria consistent with perimetric glaucoma, apparently due to mild, superior hemifield
damage. Over time, VF indicators show a continuous improvement, and VFI increases up to 100 %
at the last examination. Regression analysis is not available due to insufficient time follow-up, but
a tentative positive trend is depicted. VF is consistent with normality 2 years later
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1.6.3 Rate of Progression

ROP is expressed in terms of dB or percentage of loss per year, for MD and VFI,
respectively. Linearity, variability, and the number or tests are all important factors
that must be considered when calculating a ROP. It has been shown that ROPs can
be estimated with sufficient power according to a minimum number of examina-
tions undertaken during a period of time. As an example, to detect a ROP of —2 dB
loss per year with sufficient statistical power, at least six examinations must be
obtained in 2 years [26]. More examinations and time will be required to detect
slower ROPs. The longer the follow-up, the more likely will be the probability to
estimate ROPs with confidence [18].

ROPs can be classified as slow, average or fast, but no numerical definition has
been proposed for each level. According to studies on glaucoma progression in
treated patients, MD rates varies from —0.05 to —0.8 dB per year [27-33]. Thus for
practical purposes it can be said that fast and slow rates are those at the top (more
negative) and bottom (less negative) of this range, respectively. In clinical practice,
arate of —1 dB per year represents a useful round number referring to a fast progres-
sion (Fig. 1.14).

VFI and MD rates are not strictly comparable but show an acceptable correlation
[34]. For practical purposes, a VFI/MD ratio of 3:1 can be accepted, mainly in those
fields where damage progression is focal and not affecting the macular region. As
an example, a MD rate of —1 dB per year corresponds approximately to a VFI rate
of —3 % per year. This correlation is weaker in cases showing purely diffuse pro-
gression, where MD worsens faster than VFI, and in cases where macular progres-
sion is seen, where VFI decays faster. This is due to characteristics defining each
specific VF index.

Whenever a significant intervention to treat glaucoma is made during the course
of the disease (ie: a strong intraocular pressure reduction after filtering surgery), or
any concurring nonglaucomatous reason impacts the VF, it may be considered to
reset the VF baseline and establish a new trend. In such situations the authors rec-
ommend to obtain both the original trend (including all tests) and a partial trend,
after resetting a new baseline. The reason for that is to maintain an unbiased, global
perspective of the eye’s functional evolution and not only a part of it (Fig. 1.15).
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Fig. 1.14 Examples of three different VF series showing slow (upper) fast (middle) and crushing
(lower) progression. Slow progression is represented here by a VFI rate of change of —0.9 % /year,
corresponding to a MD rate of —0.3 dB/year. Note that the slope is negative but does not reach statis-
tical significance (deviation nonsignificant). Trend in the middle case shows a VFI decay of —2.7 %
or approximately —0.9 dB per year. Deviation is statistically significant. The case below progresses
extremely fast, as —=5.2 % or —1.7 dB per year has led to a handicapping visual loss in just 10 years
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Fig. 1.15 Example of a complete (upper graph) and partial (lower graph) VF series trends of a
glaucoma patient receiving a filtering surgery. The intervention was performed when the estimated
ROP was -3 % per year and IOP was not controlled with maximal medical therapy. Three years
later, the original trend including all tests shows a ROP of —1.1 % per year. When pre-intervention
tests are excluded, a post-intervention, partial trend can be obtained showing a ROP of +1.4 % per
year. In fact, sustained VF improvement can be observed after strong IOP reduction is achieved, as
reported by the Collaborative Initial Glaucoma Treatment Study [35]
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1.7 How Do Glaucomatous Visual Field Defects Progress?

VF defects usually progress increasing their depth and extension (Fig. 1.3). Also,
new defects may appear at the same hemifield or less frequently at the opposite one
[36, 37] (Fig. 1.16). Typically, progression will slowly encroach the macular VF
area and in the last stages defects will invade its nasal aspect. Then, only a limited
area of the central field will maintain useful visual function, the so-called ceco-
central island of vision (Fig. 1.17). Differently, in normal tension glaucoma VF loss
appears to be more localized, deeper and closer to fixation [38].

Staging VF level of damage is relevant in glaucoma management. Among the
different classifications, most frequently used are those from (i) Brusini, (ii) Hodapp,
Parrish, and Anderson and (iii) Mills modification of the previous one [39]. The
enhanced Glaucoma Score System (eGSS) has been recommended as a better
choice for its ease of use [40]. In routine clinical practice the authors classify VF
loss severity according to MD level only, as early (better than 6 dB), moderate (MD
between 6 and 12 dB), and advanced (worse than 12 dB).

09-01-2008 SITA-Standard 07-02-2008 SITA-Standard

Foveal: APAGADO Foveal: APAGADO
DM: -4.09dB P< 1% DM: -7.09dB P< 0.5 %

Fig. 1.16 Gray-map of a right eye VF, showing the appearance of a new scotoma on the same
hemifield, just 1 month after previous test
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1.8 VF Testing in Advanced Damage

Glaucoma is quite an asymptomatic disease even at its late stages. Thus, advanced
glaucoma damage at diagnosis is not an infrequent finding. Longitudinal VF testing
is more challenging when light sensitivity is lower, and results show a higher vari-
ability [41], making the identification of true progression more difficult over time.
When using VFI to track progression, it is important to remember that this index is
calculated from the pattern deviation probability map in eyes with a MD better than
20 dB and from the total deviation probability map in eyes with a MD worse than
20 dB. In fact, a median artifactual VFI change of 15 % has been reported when the
MD crosses the —20 dB boundary [42]. On the other hand, event analysis is not
available in many areas of a VF showing advanced damage, as change cannot be
measured anymore. It is advisable to continue examinations under standard condi-
tions as long as possible during the course of the disease, not to lose information for
comparative purposes, but in a number of cases results will be too tiring and even
depressing for the patient, and meaningless for the examiner.

According to these limitations, the authors recommend to consider the use of
spatial summation, selecting a size V stimulus of Goldmann, to expand the dynamic
range, and/or to concentrate the examination on the macular area when significant
thresholds are still detected at this region. Herein, the authors propose an algorithm
to select an alternative VF testing strategy depending on results found after standard
conditions (Fig. 1.18). In these cases, a new baseline can be defined and results fol-
lowed over time in a similar way than for standard situations (Fig. 1.19). On the
other hand, size V stimulus has shown lower test--retest variability than standard
size III one in glaucoma subjects [43]. This can represent an advantage in selected
cases where variability is an issue to ascertain true progression.

A number of glaucoma patients show concomitant diseases affecting the visual
field. Conditions like media opacities, confluent photocoagulation in diabetic reti-
nopathy or extensive retinal atrophy in high myopia may produce quite noisy results
when using standard parameters. The authors also recommend to consider nonstan-
dard conditions when results are repeatedly misleading or paradoxical and in cases
where poor cooperation is expected. As said above, whenever nonstandard results
show good thresholds apparently consistent with normality, it is advisable to return
to standard conditions.
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Fig. 1.18 VF examination alternatives when results under standard parameters preclude conven-
tional follow-up. On the left, the test shows deep, diffuse depression. In this situation, the signal-
to-noise ratio may be improved using a size V across the entire field. On the middle, the dynamic
range is exhausted (three quadrants show thresholds <0 dB, as represented by numbers superim-
posed on the map) and only a remnant sensitivity may be present at the temporal superior aspect of
the macula and temporally to the blind spot. If the eye still shows good fixation, as many times
happens, size V stimulus concentrated at the macular area (10-2 macular grid) can help to measure
some thresholds that can be monitored again. On the right, macular sensitivity is still good at the
ceco-central area, and almost extinguished peripherally. Here standard conditions can be pre-
served, and examination be concentrated only on the macular area (only the gray-scale map is

displayed for illustration)
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Fig. 1.19 Upper graph: three-in-one printout, size V stimulus, left eye. The thresholds map on the
right inferior corner shows a total sensitivity value (encircled) for each quadrant. VF Mean sensi-
tivity (MS) can be calculated dividing total sensitivity (sum of all quadrants) by the total number
of points. Lower graph: example of a nonstandard parameters VF series. MS has been calculated
for each field (MS gray bar) and plotted against time. Note that about 6 dB have been lost in 2
years, what can be considered a catastrophic progression
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Chapter 2
Gonioscopy

Michele Figus, Maurizio Taloni, and Chiara Posarelli

2.1 History, Principles, and Technique

Gonioscopy is a clinical biomicroscopic technique that allows the structures in the
anterior chamber angle to be visualized. The angle was first visualized by Alexios
Trantas in1907 with a digital pressure with a direct ophthalmoscope using positive
lens powers [1]. Salzmann introduced modern gonioscopy by the first goniolens in
1914 [2, 3]. Many other authors such as Curran, Koeppe, Troncoso, Barkan, Sugar,
Schaffer, Scheie, Goldmann, and Spaeth et al. contributed to the comprehension of
the angle and its role in the different types of glaucoma [4-12].

The angle of the anterior chamber cannot be visualized directly during a routine
clinical examination. It can be observed only by gonioscopy, which is based on an opti-
cal phenomenon called “total internal reflection” (Fig. 2.1). It occurs when the angle of
incidence of the light is so great that the light will be completely reflected (critical
angle). When light crosses a boundary between materials with different refractive indi-
ces, the light beam is partially reflected and partially refracted (Fig. 2.2). But if the angle
of incidence is greater than the critical angle the light is totally reflected back [13].

In the eye the critical angle is 46° at the air-cornea interface. The use of a gonio-
lens eliminates total internal reflection by replacing the tear film-air interface with a
new tear film-goniolens interface. Direct gonioscopy provides a direct view of the
angle. Indirect gonioscopy provides a mirror image of the opposite angle.

This method utilizes a dome-shaped lens, which provides a panoramic view and
direct visualization of the angle structures with a hand-held microscope and with
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the patient in supine position. The lenses commonly used for direct gonioscopy
have been realized by Koeppe (Fig. 2.3) and Swan-Jacob. The patient lies in a supine
position. The lens is placed on the cornea, and a saline or viscous solution is used to
bridge the gap between the lens and the cornea. The angle is examined using a coun-
terbalanced hand-held binocular microscope and an illuminator. An operating
microscope can also be used. The advantages of this technique are the panoramic
view, an erect image, the binocularity and the possibility to examine both eyes
simultaneously. The disadvantages include a deeper angle due to the supine posi-
tion, poor details, and special equipment. Direct gonioscopy is employed mainly in
congenital glaucoma surgery.

This technique utilizes some lenses called gonioprisms. These lenses may have
1-6 mirrors with angles ranging from 59° to 64° to the horizontal (Fig. 2.4). The
light reflected from the angle of the anterior chamber passes into the lens and is
reflected by a mirror onto the examiner (Fig. 2.5). The examination is performed at
the slit lamp with the patient in sitting position. This method provides the clearest
visualization of the anterior chamber angle structures while the illumination and
magnification is provided by the slit lamp. Indirect gonioscopy can be divided into
two sections: static gonioscopy and dynamic gonioscopy.

Static gonioscopy can be performed by scleral type lenses. They have a broad
area of contact and a steep convex surface. A viscous methylcellulose fluid is used
as coupling substance between the lens and the corneal surface. There are a lot of
lenses available for static gonioscopy, the most commonly used is the Goldmann
three mirror lens (Fig. 2.6). This lens has the following features: a mirror inclined at
59°, a posterior diameter of 12 mm and a posterior radius of curvature of 7.38 mm.
Many other lenses by Goldmann (1-6 mirrors), Ritch, Latina, Karickhoff, and
Russel-Fankhauser (Fig. 2.7) etc. can be used.

The anterior chamber angle width should be evaluated with the lens located cen-
trally on the cornea; indentation should be avoided because of the narrowing of the
angle; inadvertent pressure of the lens can also determine corneal folds (Fig. 2.8), or
blood to reflux into the Schlemm’s canal. If the iris profile is convex and the struc-
tures of the angle cannot clearly be visualized, a more tangential viewing is neces-
sary. In this case there are two options to look “over the hill”’: moving the mirror
toward the angle being viewed (Fig. 2.9), or asking the patient to look in the direc-
tion of the mirror (Fig. 2.10).

Dynamic gonioscopy can be performed by corneal type 4 mirror lenses
(Sussmann, Posner, Zeiss). The Zeiss lens (Fig. 2.11) has a posterior diameter of
9 mm and a posterior radius of curvature of 7.72. This allows usage of the lens with-
out a coupling fluid, obtaining a central depression of the corneal surface and a
posterior displacement of the iris root (Figs. 2.12 and 2.13).

In narrow angles, performing dynamic gonioscopy is crucial (Fig. 2.14). The
corneal indentation displaces the aqueous humor peripherally and the iris root pos-
teriorly. If the angle is not visible there is a synechial angle closure, otherwise there
is an appositional closure that is reversible and the angle structures become visible
with indentation. An anteriorly displaced lens or a larger diameter lens can also be
involved in the angle closure mechanism (Fig. 2.15).
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Fig. 2.1 Total internal reflection phenomenon

Fig. 2.2 The principle of
total internal reflection
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Fig. 2.3 Direct
gonioscopy by the Koeppe
lens
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Fig. 2.4 A scheme of the
Goldmann three mirror
lens

Fig. 2.5 The mirror
reflects the light from the
angle to the examiner
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Fig. 2.6 The Goldmann
three mirror lens

Fig. 2.7 The Russel-
Fankhauser single mirror
lens

Fig. 2.8 Corneal folds
induced by an excessive
pressure on the lens. The
angle cannot be visualized
in detail

31




32 M. Figus et al.

Fig. 2.9 In narrow angles,
it is possible to move the
mirror toward the angle to
study the anatomy

Fig. 2.10 Alternatively, in
narrow angles it is possible to
ask the patient to look at the
mirror we are looking at
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Fig. 2.11 The Zeiss four
mirror lens
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Fig. 2.12 The central depression of the corneal surface causes a peripheral displacement of the
aqueous humor and a posterior displacement of the iris root
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Fig. 2.13 Dynamic gonioscopy in a narrow angle. The posterior displacement of the iris opens the
angle

Fig. 2.14 Dynamic
gonioscopy in a narrow
angle with a convex iris
profile. Visualization
before performing central
corneal indentation
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Fig. 2.15 Mechanism of dynamic gonioscopy. Indentation can open appositional angle closures,
but it does not work in chronic or synechial angle closures. Sometimes an increased lens also could
not allow the opening of the angle
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2.2 Anatomy

Gonioscopy allows evaluation of the normal anatomy of the anterior chamber angle.
Looking at the angle to understand the normal anatomy is important to recognize the
angle landmarks. The following structures should be identified during the angle exam-
ination in primary gaze and on manipulation or indentation:

. Level of iris insertion

. Shape of peripheral iris profile

. Width of the angle recess

. Degree of trabecular pigmentation
. Areas of iridotrabecular apposition
. Anterior synechiae

AN A W=

To examine the angle direct focal illumination is necessary, and a narrow beam
should be used to evaluate the width of the angle. It is important to avoid pupillary
constriction, which can open the angle recess and deepen the anterior chamber.
Sometimes, to identify the scleral spur retro-illumination is necessary. A fixation
light may be used to maintain ocular alignment.

At first, the inferior quadrant should be examined because of its greater depth
and pigmentation, so that it is easier to identify the structures mentioned above.
Then in a clockwise direction, all the other quadrants can be observed. The follow-
ing structures are present in a normal angle starting from the iris root (Fig. 2.16):

(a) Ciliary body band

(b) Scleral spur

(¢) Schlemm’s canal

(d) Pigmented trabecular meshwork

(e) Non-pigmented trabecular meshwork
(f) Schwalbe’s line

Scleral spur and Schwalbe’s line should be identified at first and then all the other
structures can be recognized [14].

Fig. 2.16 Normal
anatomy of an anterior
chamber angle visible by
gonioscopy. The following
landmarks can be
recognized: Schwalbe’s
line (red arrow), non-
pigmented trabecular
meshwork (blue arrow),
pigmented trabecular
meshwork (white arrow),
Schlemm’s canal, scleral
spur (yellow arrow), ciliary
body band (green arrow)
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2.2.1 Schwalbe’s Line

The Schwalbe’s line appears as an opaque translucent line that represents the periph-
eral termination of Descemet’s membrane and the anterior limit of the trabeculum.
It marks the transition between the endothelium of the cornea and the trabecular
meshwork. Sometimes, it may be prominent and anteriorly displaced (posterior
embryotoxon) (Fig. 2.17), or heavy pigmented; pigmentation anterior to the
Schwalbe’s line constitutes the Sampaolesi’s line (Fig. 2.18), and this is often dis-
posed noisily, resembling salt and pepper.

The parallelepiped or the corneal wedge technique can be used to identify the
exact position of the Schwalbe’s line (Figs. 2.19, 2.20, and 2.21). By using a thin slit
of light inclined 10-15° from the angle of the oculars, two separate corneal reflections
can be seen, one from the inner surface of the cornea, and one from the outer surface.
These two reflections meet at Schwalbe’s line, which extends in a perpendicular
direction across the trabecular meshwork and marks the anterior border of the tra-
becular meshwork itself. This technique is very useful in lightly pigmented angles
and in angles with a confusing anatomy (Fig. 2.22). In the superior and inferior quad-
rant, it is easiest to generate a vertical slit and to identify the corneal wedge.

Fig. 2.17 A prominent
anteriorly displaced
Schwalbe’s line

Fig. 2.18 Pigment
distribution anterior to the
Schwalbe’s line (red
arrows) to constitute the
Sampaolesi’s line
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Fig. 2.19 The corneal —
wedge technique T

Fig. 2.20 The two light
reflections, respectively,
from the inner and the
outer surface of the cornea,
meet at Schwalbe’s line
(red arrow)
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Fig. 2.21 Corneal wedge
technique in a lightly
pigmented angle. The apex
indicates the Schwalbe’s
line (red arrow)

Fig. 2.22 An easiest representation of the angle’s landmarks: Sampaolesi’s line (blue arrow),
Schwalbe’s line (red arrow), trabecular meshwork (white arrow), scleral spur (yellow arrow), cili-
ary body band (green arrow)
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2.2.2 Trabecular Meshwork

This extends posteriorly from the Schwalbe’s line to the scleral spur. It is possible
to distinguish an anterior nonfunctional part next to the Schwalbe’s line with a whit-
ish color; and a posterior functional part adjacent to the scleral spur, which is pig-
mented (Fig. 2.23). Trabecular pigmentation increases with age and is accentuated
in the inferior quadrant due to gravitational setting and aqueous circulation; an
increase in the pigmentation of the angle could be related to pathological conditions
such as exfoliation syndrome, pigment dispersion syndrome, or inflammation.
Pigmentation has little relation to skin or hair color. At gonioscopy, it appears with
an irregular and rough surface; the trabecular meshwork band appears as 5 mm wide
at the slit-lamp examination.

Fig. 2.23 The trabecular
meshwork. It can be
divided into two parts: a
lightly or non-pigmented
anterior (blue arrow)
trabecular meshwork and a
pigmented posterior (white
arrow) trabecular
meshwork
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2.2.3 Scleral Spur

Going posteriorly between the trabecular meshwork and the ciliary body there is the
scleral spur, which appears as a narrow whitish band that marks the posterior border
of the trabecular meshwork (Fig. 2.24). Sometimes it is not visible because of an
anterior iris insertion, iris processes (Fig. 2.25), excessive pigmentation (Fig. 2.26),
or peripheral anterior synechiae (PAS).

Fig. 2.24 The scleral spur
(yellow arrows)

Fig. 2.25 Iris processes
may obscure the scleral
spur
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Fig. 2.26 The scleral spur
is not visible due to an
excessive pigmentation
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2.2.4 Ciliary Body Band

Anterior to the iris insertion, a portion of the ciliary body is visible (Fig. 2.27). The
width of the band depends on the position of the iris insertion, and it may be wide
in myopia or following trauma, but it also can be narrow in hyperopia and anterior
insertion of the iris. The band appears as gray or dark brown at gonioscopic exami-
nation. Before commenting on any abnormality, the width of the band must be com-
pared between the two eyes.

Fig. 2.27 A wide ciliary
body band (green arrow)
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2.2.5 Iris and Iris Process

The iris insertion is usually at the anterior face of the ciliary body, and normally the
iris has radial markings with crypts. Three features are really important to determine
the angle anatomy: the contour of the iris (convex, concave, or flat), the site, and the
way of the iris insertion. It is important during the examination of the iris to notice
the presence of nevi, tumors, atrophy, iridodonesis, and abnormal pigmentation.
The peripheral iris configuration may provide important clues to the presence of
pigment dispersion syndrome, plateau iris, or pupillary block.

Iris processes are small extensions of the anterior surface of the iris, which insert
at the level of the scleral spur (Figs. 2.25 and 2.28). The iris processes are more
frequent in young patients and in brown eyes. They appear as gray or brown finger-
like extensions of the peripheral iris at gonioscopy and do not block the iris move-
ments during indentation gonioscopy.

Fig. 2.28 Iris processes
between the peripheral iris
and the scleral spur
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2.2.6 Schlemm’s Canal

Schlemm’s canal is not normally visible, it is located within the posterior trabecular
meshwork and is anterior to the scleral spur. It may be seen when there is blood
inside the canal for example, if the goniolens compresses the episcleral veins such
that the episcleral venous pressure exceeds the intraocular pressure (IOP) (Fig. 2.29).

At gonioscopic examination it is seen deep in the posterior half of the trabecular
meshwork as a red discontinuous line (Figs. 2.30 and 2.31). The pressure of the
episcleral veins may be high also in different conditions: carotid-cavernous fistula,
in Sturge-Weber syndrome, venous compression, ocular hypotony, or sickle cell
disease.

Fig. 2.29 The Schlemm’s
canal can be visualized as
a red discontinuous line

Fig. 2.30 The Schlemm’s
canal can be visualized if
there is blood inside
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Fig. 2.31 Bleeding from
the Schlemm’s canal
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2.2.7 Blood Vessels

Blood vessels may be visible in the normal anterior chamber angle (Fig. 2.32). They
are more visible in blue eyes rather than in dark eyes. Normally the vessels run in a
radial pattern at the base of the angle recess or perpendicular to the iris plane deep
in the ciliary body. Normal vessels as a rule do not cross the scleral spur, are large
and have a radial or circumferential orientation (Figs. 2.33 and 2.34). Pathological
vessels are usually thinner, have a disordered orientation with anastamoses, and
may run across the scleral spur.

Fig. 2.32 Blood vessels
may be visible in a normal
angle

Fig. 2.33 Large vessels in
a normal angle
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Fig. 2.34 Circumferential
normal vessel not crossing
the scleral spur
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2.3 Gonioscopy Grading Systems

Determination of the angle width is really important in order to understand the func-
tional status of the angle, the degree of angle closure, and the risk of future
closure.

Grading of the angle can be obtained by the Van Herick method or by a gonio-
scopic grading system.

The Van Herick technique is used to assess the limbal anterior chamber depth. A
narrow beam of light is directed perpendicularly at the temporal limbus, and the
depth of the anterior chamber is evaluated as a fraction of the adjacent corneal thick-
ness (Fig. 2.35) [15].

The width of the angle is determined by the insertion of the iris root on the ciliary
body, the convexity of the iris, the prominence of the peripheral iris roll and the
pupillary size.

Gonioscopy provides a subjective assessment of the angle width, but grading of
the angle is essential for a systematic approach in the evaluation of the angle
anatomy.

The use of a grading system allows comparison of findings at different times in
the same patient, or to classify different patients.

There are three grading systems currently in use:

1. Shaffer
2. Spaeth
3. Scheie

Fig. 2.35 The Van Herick method. Grade 0: iridocorneal contact (angle closed). Grade I: the
space between the iris and corneal endothelium is <% of corneal thickness (angle closure likely).
Grade 2: the space is >Y4 — <1/2 of corneal thickness (angle occludable). Grade 3: the space is >1/2
of corneal thickness (angle not occludable). Grade 4: the space is equal to the corneal thickness
(open angle)
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2.3.1 Shaffer’s System

The Shaffer’s system describes the angle between the iris and the trabecular mesh-
work [9].

The angle is recorded in degrees of arc subtended by two imaginary tangential
lines: a line tangential to the inner surface of the trabeculum and the other line tan-
gential to the iris surface about one-third of the distance from its periphery. In prac-
tice, the angle is graded according to the visibility of various angle structures. Angle
>20° is considered open. The system assigns a numerical grade (4-0) to each angle
with associated anatomical description, angle width in degrees, and implied clinical
interpretation (Fig. 2.36).

* Grade 4 (35-45°) is the widest angle in which the ciliary body can be visualized,
closure is impossible

* Grade 3 (20-35°) is an open angle in which the scleral spur can be identified,
closure is impossible.

* Grade 2 (20°) is a moderately narrow angle in which only the trabeculum can be
identified; angle closure is possible but unlikely.

* Grade 1 (10°) is a very narrow angle in which only Schwalbe’s line can be identi-
fied; there is a high risk of angle closure.

o Slit angle no angle structures can be identified; this angle has the danger of immi-
nent closure.

* Grade 0 (0°) is a closed angle; there is iridocorneal contact, and it is not possible
to recognize the apex of the corneal wedge.
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4-3

10° 0°

Fig. 2.36 The Shaffer’s System



52 M. Figus et al.
2.3.2 Scheie Grading System

The Scheie grading system describes with Roman numerals the degree of angle
closure, with larger numbers signifying a narrower angle; the system is based on the
extent of visible angle structures (Fig. 2.37) [10].

* Grade 0 the widest angle in which the ciliary body can be seen.

* Grade I wide angle in which a narrow ciliary body band can be seen.

* Grade Il is an open angle in which at least the scleral spur can be identified.

* Grade Il is a moderate narrow angle in which only the anterior trabecular mesh-
work is visible.

* Grade IV angle is closed.

Fig. 2.37 The Scheie
grading system
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2.3.3 Spaeth System

The Spaeth system grades three aspects of angle configuration [12]:

2.3.3.1 Angular Width of Angle Recess

The examiner estimates the width of the angle, considering the angle between a line
tangential to the trabecular meshwork and a line tangential to the iris surface about
one-third of the way from the periphery (Fig. 2.38).

(a) Slit

(b) 10° Narrow
(c) 20°

(d) 30° Wide
(e) 40°

Fig. 2.38 The Spaeth
System: angular width of
angle recess
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2.3.3.2 Level of Iris Insertion (Fig. 2.39)

(a) Anterior: iris insertion anterior to the Schwalbe’s line

(b) Behind Schwalbe’s line: iris insertion behind the Schwalbe’s line
(c) Centered on sclera: on the scleral spur

(d) Deep to scleral spur: behind the scleral spur

(e) Extremely deep: on the ciliary band

Fig. 2.39 The Spaeth
System: level of iris
insertion. The letters on the
(arrows) identifies the level
of the iris insertion
(Anterior, Behind
Schwalbe’s line, Centered
on the sclera, Deep to
scleral spur, Extremely
deep)
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2.3.3.3 Iris Configuration (Fig. 2.40)

s: steep, anteriorly convex
r: regular or flat
q: queer, anteriorly concave.

It also considers the grade of trabecular meshwork pigmentation (TMP) from 1
(minimal) to 4 (dense) (Fig. 2.41).

r

Fig. 2.40 The Spaeth System: iris configuration

Fig. 2.41 The Spaeth System: trabecular meshwork pigmentation
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2.4 Pathology

2.4.1 Congenital and Developmental Glaucoma

In infants gonioscopy is performed using Koeppe lens or the Swan-Jacob lens; the
baby could be sedated for the examination on the operating microscope; but the
examination could also be performed at the office. Gonioscopy distinguishes pri-
mary congenital glaucoma from secondary glaucoma and is really helpful in plan-
ning surgery. Congenital glaucoma presents at birth or between 1 month and 2 years
of age. It is the consequence of the developmental arrest of the anterior chamber
angle tissue; the trabeculo-dysgenesis is the only ocular anomaly in 50 % of cases;
with a higher insertion of the iris and ciliary body onto the posterior trabecular
beams which causes their compression and creates an obstruction to aqueous out-
flow. It is typical to observe an open angle with high insertion of the iris root, which
forms a line with small curves.

(a) The iris insertion could be at or anterior to the scleral spur (Fig. 2.42), and the
ciliary body is covered by this insertion and is not visible (in normal infants the
iris inserts flatly on the ciliary body face). The appearance of the trabecular
meshwork is orange peel and the iris stroma may be thin and may expose radial
blood vessels.

(b) The iris insertion could be into the chamber angle. The plane of the iris is pos-
terior to the scleral spur, but the anterior stroma inserts just behind the
Schwalbe’s line.

Usually, abnormal tissue with a glistening appearance is seen in the angle and
seems to pull the peripheral iris anteriorly. Above the iris root loops of vessels from
the major arterial circle are sometimes visible, and there could be a fine tissue cov-
ering the peripheral iris, which usually is thinner and flatter.

Fig. 2.42 Congenital
glaucoma. The iris
insertion is at the
Schwalbe’s line
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2.4.1.1 Axenfeld-Rieger Syndrome

Axenfeld-Rieger Syndrome is a set of diseases, which includes Axenfeld anomaly
(posterior embryotoxon associated with iridocorneal adhesions) (Fig. 2.43);
Axenfeld syndrome (Axenfeld anomaly with glaucoma) (Fig. 2.44); Rieger anomaly
(Axenfeld anomaly, iris stromal thinning, iris hole, corectopia); and Rieger Syndrome
(Rieger anomaly with systemic developmental anomalies) (Fig. 2.45) [16].

Glaucoma originates from the developmental arrest of the anterior segment tis-
sue derived from the neural crest cells.

Typical gonioscopic features are:

1. Anteriorly displaced Schwalbe’s line (posterior embryotoxon) (Fig. 2.17); some-
times the line is suspended from the cornea by a thin membrane.
2. Tissue strands in the anterior chamber angle; similar in color and texture to the
iris (Fig. 2.46).
. Open angle.
4. The scleral spur is covered by the iris insertion.

(O8]

Fig. 2.43 Axenfeld
syndrome. Irido-corneal
adhesions at
biomicroscopy
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Fig. 2.44 Gonioscopy of
the same patient. Tissue
strands in the anterior
chamber

Fig. 2.45 Rieger
syndrome

Fig. 2.46 Axenfeld
syndrome. Tissue strands
in the anterior chamber
angle
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2.4.1.2 Aniridia

Aniridia is characterized by the absence of the iris; even if at gonioscopy a rudimen-
tary stump of the iris is usually present (Figs. 2.47 and 2.48) [17]. The angle is open
and sometimes strands of tissue in the angle with fine blood vessels extending from
the iris root to the trabecular meshwork are visible. In 10-15 years the angle pro-
gressively closes and the iris comes to lie over the trabecular meshwork.

Gonioscopy can demonstrate anomaly of the angle in primary and secondary
developmental glaucoma. It is possible to observe anterior iris insertion, prominent
iris process, and featureless angle. Iris processes are the remnants of normal devel-
opment of angle and can be a normal variation.

Fig. 2.47 Aniridia. A
small part of the iris is
visible
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Fig. 2.48 Aniridia. The
ciliary body is visible. It is
visible also a blue loop of
the IOL in the bag

M. Figus et al.
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2.4.2 Open Angle Glaucomas
2.4.2.1 Pseudoexfoliation Syndrome

The deposition of fibrillar protein matrix throughout the anterior segment (on the
lens, the angle, the iris, the corneal endothelium, the zonula and the ciliary body) is
the main feature of this syndrome. In these patients the IOP can increase to higher
values than in POAG patients. It is very important to observe the angle to recognize
the syndrome [18] even if the severity of the material deposition cannot be related
to an increased risk of glaucoma development. It is possible to observe flecks of
exfoliation material adherent to the trabecular meshwork (Fig. 2.49) and pigmenta-
tion may be increased with a discontinuous segmental distribution (Fig. 2.50) [19].
A scalloped band of pigment running anterior to the Schwalbe’s line (Sampaolesi’s
line) is frequent (Figs. 2.51 and 2.52).

Fig. 2.49 Flecks of
exfoliation material
adherent to the trabecular
meshwork (red arrows) in
pseudoexfoliation
syndrome

Fig. 2.50 The
discontinuous distribution
of the pigment throughout
the angle in
pseudoexfoliative
glaucoma
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Fig. 2.51 The
Sampaolesi’s line (red
arrow) above the
Schwalbe’s line

Fig. 2.52 The
Sampaolesi’s line (red
arrow) in pseudoexfoliative
glaucoma
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2.4.2.2 Pigment Dispersion Syndrome

Pigment dispersion syndrome is usually a bilateral disorder characterized by the
liberation of pigment granules from the iris pigment epithelium and their deposition
throughout the anterior segment, mainly in the trabecular meshwork. The diagnosis
is possible by the slit-lamp observing mid-peripheral iris trans-illumination defects,
diffuse and dense brownish pigmentation of the angle, and pigment granules on the
corneal endothelium (Krukenberg spindle) [20]. The angle is open with a deeper
anterior chamber both because the iris could be more posterior inserted or the iris
stroma could be floppy. The iris has a marked concave configuration in the mid
periphery (Fig. 2.53). The pigment distribution can be positioned over all the angle
structures (Fig. 2.54), even if usually a homogeneous dense, very dark band cover-
ing the trabecular meshwork can be observed (Figs. 2.55, 2.56, and 2.57) [21].

Fig. 2.53 In pigment
dispersion syndrome there
is a wide concavity of the
iris profile

Fig. 2.54 Deposition of
pigment all over the angle
structures
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Fig. 2.55 Pigmentary
glaucoma. Deposition

of pigment mainly on the
trabecular meshwork

Fig. 2.56 Deposition of
pigment over the trabecular
meshwork. The
Sampaolesi’s line and the
scleral spur are visible

Fig. 2.57 Pigment
granules in the angle
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2.4.2.3 Post-traumatic Glaucoma

Gonioscopy must be performed in every patient with unexplained unilateral glau-
coma or in patients with a history of ocular trauma, even after many years [22].
Many different signs may be observed after a blunt trauma. A bleeding vessel may
be noted (Fig. 2.30), a blood clot may obscure the angle structures (Fig. 2.58) or
blood may be present in the Schlemm’s canal (Figs. 2.29 and 2.30). An increased
irregular pigmentation after anterior inflammation (Fig. 2.59) or peripheral anterior
synechiae (Figs. 2.60 and 2.61) may be observed. The posterior displacement of the
iris root, the angle recession (Fig. 2.62), or an iridodialysis (Figs. 2.63 and 2.64)
could lead more frequently to a post-traumatic glaucoma. An irregularly broadened
ciliary body band must be compared with the fellow eye to diagnose an angle
recession.

Fig. 2.58 Post-traumatic
hyphema covering the
angle landmarks

Fig. 2.59 Pigment
granules in the angle after
an iridociclitis
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Fig. 2.60 Wide angular
synechiae and precipitates
in anterior uveitis

Fig. 2.61 A peripheral
anterior synechia

Fig. 2.62 A post-traumatic
angle recession, mydriasis,
lens subluxation, and
ciliary body visualization
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Fig. 2.63 A wide
iridodialysis with
visualization of the ciliary
processes

Fig. 2.64 Iridodyalisis

67
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2.4.3 Angle Closure Glaucomas

Angle closure is identified by gonioscopy, the “reference standard” diagnostic pro-
cedure. A narrow angle recess, usually narrower than 20°, characterizes primary
angle closure. Fundamental during gonioscopy is the manipulation and the indenta-
tion of the angle to establish if the closure is appositional or synechial.

Looking at a narrow angle, the following features should be evaluated [4, 23]

. Schwalbe’s line visible or not; if not the angle is closed (Fig. 2.65).

. Trabecular meshwork visible or not; if not in at least three quadrants in primary
position without manipulation, the angle can be classified as occludable
(Fig. 2.66).

3. Evidence of a previous angle closure attack: goniosynechiae, peripheral anterior

synechiae, glaukomflecken, iris atrophy, increased or pattern pigmentation.

4. Symmetry of gonioscopic findings between the two eyes and between the supe-

rior and inferior quadrants of the same eye (Figs. 2.67 and 2.68).

N =

Primary angle closure may become chronic after an acute attack or due to the
long-term use of miotics [24]. The angle is permanently closed and PAS can be eas-
ily identified by indentation gonioscopy [25]. Laser iridotomy is mandatory in angle
closure glaucoma and gonioscopy should be repeated at least every 6 months to
identify any possible change even if there is a patent iridotomy. Irido-trabecular
apposition after iridotomy suggests a secondary mechanism of angle closure; mech-
anisms of secondary angle closure include disorders of the ciliary body, lens-
induced angle closure (phacomorphic glaucoma) or malignant glaucoma with a
misdirection of the aqueous humor [26]. The treatment of all these types of glau-
coma is related to the identification of the underlying pathophysiology.

Fig. 2.65 Angle closure.
The Schwalbe’s line is not
visible
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Fig. 2.66 Occludable
angle. The trabecular
meshwork is visible under
the Schwalbe’s line

Fig. 2.67 The inferior
sector of an angle. The
Schwalbe’s line and the
trabecular meshwork are
visible

Fig. 2.68 The superior
sector of the same eye.
Some synechiae are visible
and the angle is partially
closed. An iridotomy is
also visible
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2.4.3.1 Iridocorneal Endothelial (Ice) Syndrome

ICE syndrome is a rare disorder, more frequent in young to middle-aged females,
characterized by unilateral angle closure glaucoma. There are some typical features
of these groups of disorders, first of all an abnormal physiology of the endothelium,
then corneal edema and progressive iris atrophy. There are three types of the
disease:

e Chandler’s syndrome (corneal edema predominates)

» Iris Nevus/Cogan Reese Syndrome (nodular iris lesions are present associated
with corneal and iris defects)

» Progressive iris atrophy (iris changes predominate with corectopia, atrophy, and
hole formation).

Peripheral anterior synechiae are common findings at gonioscopic examination;
PAS usually extends anterior to the Shwalbe’s line [ 16]. These result from contraction
of endothelial cell layers and fibrous tissue that extends from the corneal endothe-
lium onto the trabecular meshwork and the iris (Fig. 2.69).

Fig. 2.69 Irido-corneal-
endothelial syndrome. A
wide goniosynechia is
visible
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2.4.3.2 Upveitic Glaucoma

Inflammation in uveitis leads to hypersecretion of aqueous humor and to obstruction
of the trabecular meshwork by serum components and inflammatory precipitates
(Fig. 2.70), trabeculitis, scarring of trabecular meshwork and peripheral anterior
synechiae formation. As a consequence, the intraocular pressure rises and glaucoma
develops. In uveitic glaucoma the angle can be open or closed. Closed angle glau-
coma is related to several mechanisms: pupillary block, iris bombe, PAS (Fig. 2.60),
anterior rotation of lens iris diaphragm or neovascularization. The IOP rise can
develop both during the acute phase of the inflammation for trabecular obstruction
or later on, due to the scarring of the trabecular meshwork. Observing the anterior
chamber angle after iridocyclitis, a typical clod deposition of pigment may be noted
(Fig. 2.59). Other frequent findings after inflammation are the anterior peripheral
synechiae that can be small or tent-shaped and the angle that remains open (Figs. 2.61
and 2.71). But PAS can also be larger, causing a secondary angle closure (Fig. 2.72).

Fig. 2.70 Acute anterior
uveitis. Endothelial
inflammatory precipitates
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Fig. 2.71 Anterior
synechia adherent to the
Schwalbe’s line

Fig. 2.72 A wide anterior
sinechia. The edge of an
anterior chamber IOL is
visible
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2.4.3.3 Neovascular Glaucoma

Retinal ischemia may lead to a neovascularization of the angle till the development
of a neovascular glaucoma. This disease has a pre-glaucoma stage, an open angle
glaucoma stage and an angle closure glaucoma stage. In the first stage, neovascular-
ization appears on the pupillary margin or in the angle. Vascular trunks may cross
the scleral spur and arborize irregularly on the trabecular meshwork. In the second
stage, there is a fine fibrous membrane, invisible on gonioscopy, obstructing
the aqueous flow [27] (Fig. 2.73). In the angle closure stage, the fibrovascular
membrane pulls the iris toward the trabecular meshwork with peripheral anterior
synechiae formation [28] (Fig. 2.74).

Fig. 2.73 Neovascular
glaucoma. Vascular trunks
cross the scleral spur. The
Schlemm’s canal also is
filled with blood

Fig. 2.74 New vessels
on the iris surface. A
secondary angle closure is
present
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2.4.4 Post-surgical Evaluation of the Anterior Chamber Angle

After filtering surgery gonioscopy is critical to understand the outcome of the sur-
gery. Trabeculectomy represents the gold standard for glaucoma surgery (Fig. 2.75),
and with gonioscopy it is possible to study the site where the trabecular tissue is
removed during surgery and the site of iridectomy. Sometimes, a rise in IOP can be
due to the obstruction of this site by anterior synechiae or any other material
(Figs. 2.76, 2.77, and 2.78).

Vitreoretinal surgery sometimes can cause glaucoma; a rise of intraocular pres-
sure may be observed in early postoperative period due to overfilling of the poste-
rior chamber with silicon oil or gas. But also secondary glaucoma may develop for
the obstruction of the trabecular meshwork by emulsified silicon oil (Fig. 2.79).
Sometimes, perfluorocarbon liquid bubbles can also be observed in the inferior sec-
tor as a remnant of intraoperative tamponade to lay down the retina (Fig. 2.80).

Fig. 2.75 Trabeculectomy.
A large vessel is visible in
the sclerostomy site

Fig. 2.76 Partially closed
trabeculectomy by a basal
synechia due to a too
central iridectomy
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Fig. 2.77 Remnant of a
cataract occluding the
iridectomy and the
trabeculectomy

Fig. 2.78 Through the
iridectomy, it is possible to
observe the ciliary body
and exfoliative material
over the ciliary processes

5
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Fig. 2.79 Silicon oil
bubbles occlude the angle
in the superior sector

Fig. 2.80 Perfluorocarbon
liquid bubbles in the
inferior sector as remnant
of vitreous surgery
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Chapter 3

Measurement of Intraocular Pressure
with Goldmann Applanation Tonometry,
Dynamic-Contour Tonometry, and Ocular
Response Analyzer

Paolo Fogagnolo, Maurizio Digiuni, and Luca Rossetti

Intraocular pressure (IOP) is an eye parameter of fundamental importance for the
diagnosis of several eye conditions, including glaucoma, ocular hypertension, uve-
itis, and trauma.

Ideally IOP could be directly measured only be means of manometry. This tech-
nique consists on the cannulation of the anterior chamber using a needle with a
double-cutting edge connected to a bottle of sterile saline and to a reference sensor
which measures the IOP value as steady state and pulse amplitude.

In clinical settings, manometry is used very rarely — in general only on patients
requiring eye surgery for other reasons.

The standard for IOP measurement is tonometry, which consists on the IOP
estimation.

Several instruments are available to measure IOP, and different classifications
have been used for them. Tonometries can be divided on contact and non-contact
based on the presence or absence of eye contact to measure IOP. A second classifi-
cation is based on the mechanism to evaluate IOP (applanation, indentation,
applanation-indentation, rebound, dynamic-contour tonometry).

The aim of this chapter is to review the characteristics and clinical advantages
and limitations of three tonometries, i.e., Goldmann applanation tonometry,
dynamic-contour tonometry, and Ocular Response Analyzer.
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3.1 Goldmann Applanation Tonometry

Goldmann applanation tonometry (GAT) is the standard for IOP assessment in clin-
ical settings and it has been used to measure IOP on the vast majority of clinical
trials on glaucoma. Most of the knowledge on glaucoma management derives from
GAT data.

Applanation tonometry is based on Imbert-Fick’s law, which is a modification of
Newton’s third law of motion:

P=F/S

where P is pressure, F is force, and S is surface.

In applanation tonometry, IOP is inferred by keeping a constant flattening area
(fixed-area applanation tonometry) or force (fixed-force applanation tonometry)
and by respectively modulating force or area.

GAT is a fixed-area applanation tonometry: applanated area is a circle with diam-
eter of 3.06 mm; the force exerted to the eyeball is variable. An image of GAT is
given in Fig. 3.1.

A prism is mounted on the tonometer head and then placed against the cornea.
Because the probe makes contact with the cornea, anesthetic eyedrop is required.

The correct procedure to measure IOP by GAT is reported below.

The examiner puts fluorescein into the conjunctival fornex in order to mark the
lacrimal film. A cobalt blue filter is used to view two green semicircles. The force
applied to the tonometer head is then adjusted using a dial connected to a variable
tension spring until the inner edges of the green semicircles in the viewfinder meet
(Fig. 3.2). Figure 3.3 is an example of the process to achieve a correct reading when
the tonometer and the eye are correctly positioned, but applanation is not correct
and it must be modified by rotating the dial. Figure 3.4 shows errors in probe posi-
tioning and their correction.

The amount of fluorescein is directly related to a correct IOP measurement
(Fig. 3.5). If fluorescein staining is low, measures tend to be underestimated by
1.5-9.5 mmHg [1]. If fluorescein staining is adequate but there is excessive tearing,
semicircles will be broader than normal, and this may cause an overestimation of
IOP by 2-4.5 mmHg [2].

Measuring IOP without fluorescein is associated with an underestimation up to
5.5 mmHg [3].

GAT can be influenced by a number of factors, including sclerocorneal charac-
teristics, blepharospasm, and episcleral venous pressure (which may be affected by
factors such as ties or tight collars).

Scleral thickness is known to significantly affect ocular hysteresis, but this is not
measurable.
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On the other hand, the effects of corneal characteristics have been well investi-
gated and it has been confirmed that IOP is affected by the following corneal
factors:

(a) Central corneal thickness (CCT)
(b) Astigmatism

(c) Corneal curvature

(d) Corneal edema

(a) Theoretical assumptions of GAT are based on corneas of normal thickness, i.e.,
520 pm. CCT affects IOP in the sense that higher CCT is associated with IOP
overestimation and vice versa, as shown in the case of Fig. 3.6.

When evaluating patients’ IOP, it is crucially important to know CCT, in
order not to misdiagnose patients with low IOP and thin corneas, or subjects
with thick corneas and high IOP.

(b) The effect of astigmatism is shown in Fig. 3.7. When regular astigmatism is
present, an elliptical contact with tonometer head occurs. This results in an
underestimation of IOP in with-the-rule astigmatism and an over estimation
with against-the-rule astigmatism. The error may range between —2.5 and
+2.5 mmHg [4].

In order to reduce this error, three options can be used:

1. Align tonometer head at 43° to axis of astigmatism (in negative cylinder).
2. Average IOP readings at 0 and 90°.
3. Average IOP readings at the two main corneal axes.

(c) The effect of corneal curvature is summarized in Fig. 3.8. Steeper corneas give
IOP overestimation, as they need to be indented more (i.e., they require more
force) to produce the standard area of contact. In contrast, flatter corneas are
more easily applanated and this is associated with underestimation. IOP error
due to corneal curvature does not exceed 3 mmHg for corneas ranging between
40 and 49 diopters [5].

(d) Corneal edema, particularly epithelial edema, is associated with gross errors in
IOP measurement. Edematous epithelium is much easier to indent than normal
epithelium, and this may lead to errors ranging from 10 to 30 mmHg [6].

Other limits of GAT are inter-operator variability, which is known to vary up to
2-3 mmHg, and manual reading.

Due to the high number of possible sources of errors, it has been claimed that
newer tonometries may be more reliable than GAT. Though this may be true in
theory, in practice it should be kept in mind that most glaucoma literatures (and in
particular prospective randomized controlled studies) are based only on GAT.



82 P. Fogagnolo et al.

Fig. 3.1 Goldmann
applanation tonometer

Fig. 3.2 Diagram (a) and correct view (b) of the semicircles. The correct reading is achieved
when the inner edges of the green semicircles in the viewfinder meet
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Fig. 3.3 Examples of wrong measurement of IOP. This patient had IOP of 15 mmHg. (a) If the
tonometer is positioned at 10 mmHg, the two semicircles are too distant. (b) If the tonometer is
positioned at 18 mmHg, the two semicircles are too close. The correct position to be obtained is
the one of Fig. 3.2
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Fig. 3.4 Examples of wrong positioning of the probe. (a) The two semicircles are not symmetric:
the superior is larger than the inferior. It is necessary to move the tonometer up. (b) The two semi-
circles are not symmetric: the inferior is larger than the superior. It is necessary to move the tonom-
eter down. (¢) The two semicircles are not symmetric: the left is larger than the right. It is necessary
to move the tonometer to the left. (d) The two semicircles are not symmetric: the right is larger than
the left. It is necessary to move the tonometer to the right
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Fig. 3.5 Examples of errors in measurement. (a) Inadequate, and (b) excessive quantity of
fluorescein

by

Fig. 3.6 The effects of CCT on IOP readings. A normal subject received photorefractive keratec-
tomy to treat a myopia of —6.5 D; preoperative and postoperative pachimetric maps are given in
(a, b), respectively. A change of 85 pm was induced by treatment, and IOP dropped from 20 mmHg
before surgery to 15 mmHg due to the reduction of corneal thickness, with facilitates indentation.
In the presence of high-tension glaucoma, such a CCT reduction may confound diagnosis
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Mappa Sagittale [Anteriore)

Fig. 3.7 (a) Corneal astigmatism can significantly affect IOP. This patient had a corneal astigma-
tism of 13 diopters due to severe pterygium, as shown by corneal topography. (b) IOP measure-
ment showed a difference of 5 mmHg when the prism is positioned at 45°, and (¢) 135°; the steeper
meridian is the one with the highest reading, as explained in Fig. 3.8. In the case of high astigma-
tism, the most precise IOP reading is the mean of those obtained on the two main meridians
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Fig. 3.8 The effect of
corneal curvature.

(a) Steeper corneas give
IOP overestimation, as to
produce the standard area
of contact; they have to be
indented more than
normal. (b) Flatter corneas
give IOP underestimation
as they are more easily
applanated

87




88 P. Fogagnolo et al.
3.2 Dynamic-Contour Tonometry

The Pascal dynamic-contour tonometer (DCT, Swiss Microtechnology AG, Port,
Switzerland; Fig. 3.9) is a recent tonometer designed to provide IOP measurements
that are not affected by corneal properties.

The measurement is based on the interface forces between the tip and the cornea
that counterbalance the force distribution generated by the IOP. When contact
between these two structures is obtained, a sensor embedded in the tip (Fig. 3.10)
provides IOP measurements transcorneally [7]. The matching between cornea and
tonometer tip is obtained thanks to the shape of the silicon cover, which matches the
contour of the cornea causing minimal distortion while taking the IOP readings.

The small interference between the tonometer and the eye is responsible of a
very small tonometric effect (0.6+1.6 mmHg; Fig. 3.11) [8] found with DCT
(compared with 2 mmHg with GAT).

Studies on human cadaver eyes have shown that DCT provided a better accuracy
than GAT, and similar findings have also been reported in patients who underwent
corneal refractive surgery. A well-conducted study also showed that DCT measure-
ments have a good concordance with the “true”” manometric IOP taken by intracam-
eral cannulation during cataract surgery [9].

In addition to IOP measurements, during the period of contact between the
tonometer and eye, DCT also provides an ocular pulse amplitude (OPA; Fig. 3.12),
which is the difference between systolic and diastolic IOP (whereas IOP is defined
as the mean of systolic and diastolic values). OPA is indicative of ocular blood flow
and might be a parameter to evaluate when managing glaucoma patients [10, 11].

In a population of normal subjects, OPA has been found to be 3.0+ 1.2 mmHg,
which was similar to a glaucoma population (3.2+ 1.4 mmHg) [8].

A recent paper addressed the test-retest variability of DCT and found it out to be
almost perfect for IOP (intraclass coefficient of variability had a range of 0.74-0.95)
and good for OPA (0.64-0.84). Coefficient of variability was about 5 % for IOP and
10 % for OPA (Fig. 3.13). Compared with GAT, DCT tended to overestimate both a
population of normal subjects and glaucoma patients by 2.3 and 2.5 mmHg
(Figs. 3.14 and 3.15) [8].
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Fig. 3.9 Dynamic-contour tonometry (Courtesy of Matteo Pelagatti)

Fig. 3.10 DCT silicon tip
with transducer (Courtesy
of Matteo Pelagatti)
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Second DCT measure, mmHg
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First DCT measure, mmHg
Fig. 3.11 Test-retest variability of DCT. The tonometric effect consists on a lowering of IOP dur-
ing serial measurements (mostly due to a displacement of aqueous from the eye). On two consecu-

tive DCT measurements, this effect is overall small, as most of the points are close to the identity
line

P systolic IOP

i v e — P Diastolic IOP

IOP (mmHg)

Time (s)

Fig. 3.12 Diagram of ocular pulse amplitude (OPA). IOP is not static, but pulsing. Pulse reflects
heart pulse, so that systolic and diastolic values can be found. IOP is the mean of these two values,
whereas OPA is the difference of the two
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Fig. 3.13 Coefficient of 70
variability for DCT. This
parameter was 5 % for IOP
(range 0 %-) and 10 %

for OPA
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Fig. 3.14 Comparison of Goldmann and DCT measurements in normal subjects. DCT gave IOP
values higher than GAT by a mean of +2.27 mmHg (2.27+2.50 mmHg, range —4.5; +9.6 mmHg)
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Fig. 3.15 Comparison of Goldmann and DCT measurements in glaucoma subjects. DCT gave
IOP values higher than GAT by a mean of +2.49 mmHg (2.49+2.75 mmHg, range —6.5;

+13.5 mmHg)
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3.3 Ocular Response Analyzer

The Reichert Ocular Response Analyzer (ORA; Fig. 3.16) is a novel non-contact
tonometer which measures IOP and also gives an estimation of ocular hysteresis.

Figure 3.17 shows a typical ORA diagram. The tonometer uses air to give an
applanation of the central 3 mm of the cornea. After the first applanation (Fig. 3.18a),
air pressure is maintained to indent the cornea (Fig. 3.18b), and a second applana-
tion is finally obtained (Figs. 3.18c).

The reading of IOP is obtained twice as two applanations occur. The difference
between these two values is defined as corneal hysteresis, and their mean is GAT-
correlated IOP.

ORA has the advantage of being a non-contact tonometer providing automated
readings; therefore, it is not operator-dependent and it is not a source of potential
infections as contact tonometers. The reproducibility of the instrument is high,
ranging from 0.78 to 0.93.

Despite these advantages, the instrument is more useful for research rather than
for clinical use. The possibility to measure hysteresis (as well as cornea-compensated
IOP values) has in fact gained scientists’ attention. Thanks to ORA, it has been
shown that hysteresis is a parameter independent from axial length, corneal curva-
ture, and IOP; it is also poorly correlated with central corneal thickness and it tends
to reduce with age.

Fig. 3.16 Ocular Response Analyzer (ORA)
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Signal [P =]
analysis | 10Pce: 225 matg
10Pg: 183 mrHg
CH: 70 maHg
CRF:  BE mrHg
- CCT: s M

- Presoure ——

App o fiter: ——

\f\ﬁ
g

Time

Fig. 3.17 Example of ORA printout. The green curve shows air pulse pressure, the red diagram is
the applanation signal. IOP is read at the intersection of the two diagrams (blue squares). As two
applanations are done, two IOP values are available. The difference between the two values is
corneal hysteresis (CH), and their mean is GAT-correlated IOP (IOPg). Corneal resistance factor
(CRF) and corneal-compensated IOP (IOPcc) are also given (Courtesy of Francesco Oddone)
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-
Out” Signal Peak

ssure | Signal Amplitude

Applanatio

Fig. 3.18 The three determinants of ORA measurements. (a) First applanation. When the first
applanation is obtained, an “in” signal peak is recorded. (b) Corneal indentation. After the first
applanation, the instruments continue to provide pressure to the central cornea up to a plateau,
corresponding to the value of maximum indentation of the cornea. (¢) Second applanation. After
indentation, the pressure to the eye is reduced and the cornea returns to its natural shape, passing
through a second applanation, when an “out” signal peak is recorded



96

P. Fogagnolo et al.

References

AN W

10.

11.

. Moses RA (1960) Fluorescein in applanation tonometry. Am J Ophthalmol 49:1149-1155
. Goldmann H, Schmidt T (1961) Uber applanations tonometrie. Ophthalmologica 141:441-446
. Hoffer KJ (1979) Applanation tonometry without fluorescein. Correspondence. Am J

Ophthalmol 88:798

. Kaufman HE, Wind CA, Waltman SR (1970) Validity of Mackay- Marg electronis applanation

tonometer in patients with Scarred irregular corneas. Am J Ophthalmol 69:1003-1007

. Mark HH (1973) Corneal curvature in applanation tonometry. Am J Ophthalmol 76:223-224
. Kaufman HE (1972) Pressure measurement: which tonometer? Invest Ophthalmol 11:80-85
. Kanngiesser HE, Kniestedt C, Robert YC (2005) Dynamic contour tonometry: presentation of

a new tonometer. J Glaucoma 14:344e50

. Fogagnolo P, Figus M, Frezzotti P (2010) Test-retest variability of intraocular pressure and

ocular pulse amplitude for Dynamic Contour Tonometry: a multicenter study. Br J Ophthalmol
94:419-423

. Boehm AG, Weber A, Pillunat LE, Koch R, Spoerl E (2008) Dynamic contour tonometry in

comparison to intracameral IOP measurements. Invest Ophthalmol Vis Sci 49:2472-2477
Punjabi OS, Ho HK, Kniestedt C, Bostrom AG, Stamper RL, Lin SC (2006) Intraocular pres-
sure and ocular pulse amplitude comparisons in different types of glaucoma using dynamic
contour tonometry. Curr Eye Res 31:851-862

Weizer JS, Asrani S, Stinnett SS, Herndon LW (2007) The clinical utility of dynamic contour
tonometry and ocular pulse amplitude. J Glaucoma 16:700-703



Chapter 4
Ultrasound Biomicroscopy in Glaucoma

Julian Garcia-Feijoo, Carmen Méndez-Hernandez,
José Maria Martinez de la Casa, Federico Saenz-Francés,
Rubén Sanchez-Jean, and Julian Garcia-Sanchez

Currently, there are several methods that can image the anterior segment of the eye,
such as ultrasound biomicroscopy (UBM), confocal microscopy, or optical coher-
ence tomography (OCT). OCT is an excellent imaging tool, but uses optical waves
and therefore its penetration and capacity of imaging structures behind the pig-
mented epithelium or deep sclera is limited.

UBM is a high-resolution ultrasound technique developed in the 1980s. This
technology uses ultrasound frequencies in the 35-100 MHz range, which allows
noninvasive in vivo imaging of the anterior ocular segment [1]. It is capable of direct
visualization of anterior ocular structures. High-frequency UBM provides high-
resolution (approximately 25-35 pm axially and 50 pm laterally depending on the
transducer frequency) images of the internal microstructures of the anterior cham-
ber of the eye with an imaging depth of approximately 5 mm, which is suitable to
characterize not only the angle but deeper structures. It also provides information on
filtering blebs and suprachoroidal drainage following glaucoma surgery and can be
of use in the postsurgical management of the patients [2, 3].

The introduction of this technique in ophthalmology has improved the study of
the structures of the anterior segment. It shows excellent images of the anterior
chamber, angle, and the ciliary body. It also allows a good reference to see causes of
obstruction of aqueous flow and is of help in the etiological diagnosis of suspected
secondary glaucoma.
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4.1 Technique

In 1990s, the first UBM instrument for clinical use with a 50-MHz transducer was
developed [4]; since then UBM examination technique has not evolved much and a
water bath or the use of some sort of coupling media is needed.

UBM provides higher image resolution (50-MHz transducer axial resolution:
approximately 35 pm) than conventional B-scan due to the higher transducer fre-
quency of the UBM, but it is not able to image as deeply as a conventional B-scan
because of the reduced penetration depth of the ultrasonic beam (approximately
5 mm for a 50-MHz UBM instrument). Also the scanning area width ranges from 5
to 11 mm depending on the transducer characteristics (linear, arc scan).

The examination can be done with the patient in the supine or sitting position
under topical anesthesia. Different plastic or silicone eyecups or shells have been
proposed and should be used to create a small water bath with saline (Open Systems)
[5]. Saline or 1 or 2 % methylcellulose solution can be used as the coupling fluid [6].
Some devices use a closed probe; the transducer is located inside a cylinder filled
with sterile water and then covered and sealed. However, the use of an eyecup filled
with a coupling fluid or a probe cover (such as the ClearScan) is still necessary to
obtain quality scans. With the open-systems, scanning is performed with the ultra-
sound transducer oscillating within the coupling solution.

The transducer should be oriented perpendicularly to maximize the detection of
reflected signals. It is possible to perform UBM in the prone and sitting positions
that allows the examiner to determine alterations in anatomic relationships among
anterior segment structures in these positions [7].

4.2 Clinical Uses in Glaucoma

With the UBM iris, ciliary body and scleral spur can be recognized [8] (Figs. 4.1
and 4.2) and it is possible to determine the mechanism of elevated intraocular pres-
sure by analyzing the relationship between the structures of the angle.

Imaging of the anterior segment structures is possible in eyes with corneal edema
or corneal opacification. UBM can be also used to evaluate the iris insertion and its
relationship with the trabecular meshwork. It is possible to identify ciliary processes
pushing the lens and iris forward in angle closure glaucoma or iris cysts pushing the
iris against the cornea. The angle opening distance (AOD), trabecular iris angle
(TTA), iris thickness, and iris curvature can be easily measured (Figs. 4.3 and 4.4).
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Fig. 4.1 UBM of the angle, ciliary body, and peripheral retina. Reconstruction from four
consecutive radial scans. Note the hipoecogenic band in the superficial area of the ciliary body
(Black arrow). M lateral muscle, RET and white arrow retina, OR ora serrata, PP ciliary body
pars plana, PC ciliary body pars plicata

Fig. 4.2 Angle structures.
COR cornea, ESC sclera,
CC ciliary body, PP ciliary
body pars plana. Small
arrow scleral spur,
arrowhead corneal limbus,
two arrows zonular fibers
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Fig. 4.3 Sulcus opening
and (D1) and trabecular
Meshwork (white line from
P1 to scleral spur: EE).

CC ciliary body

Fig. 4.4 Iris curvature.
Distance between the
posterior iris surface
(pigment epithelium) and a
line from the posterior iris
root (end of the iris
pigment epithelium: R1) to
the first point of contact
between the iris and lens.
The largest perpendicular
distance from this line to
the iris epithelium is then
measured (Black line;
convex: positive, concave:
negative). SCL sclera, CB
ciliary body, SS scleral spur

J. Garcia-Feijoo et al.
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4.3 Pigmentary Glaucoma

In the pigment dispersion syndrome, a wide open angle and posterior bowing of the
peripheral iris causing reverse pupillary block can be observed by UBM (Figs. 4.5
and 4.6) [9-11]. Mendez-Hernandez et al. [12] studied the effect of Nd:YAG iri-
dotomy (LI) on iris configuration in pigmentary glaucoma. They found that LI recti-
fied the posterior bowing of the iris and reduced the drugs required to control
IOP. Pillunat et al. [13] evaluated the effect of Nd:YAG LPI on anterior segment
structures and IOP. They showed that iridozonular contact does not exist in every
patient with pigmentary glaucoma. In this study, only in patients with iridozonular
contact did laser iridotomy significantly reduce intraocular pressure.

Fig. 4.5 Posterior bowing
of peripheral iris in
pigmentary glaucoma.
Increased area of iris--lens
contact (arrow). The
proximity of the zonules
(Z) to the posterior iris
surface can also be seen.
CB ciliary body

Fig. 4.6 Iris morphology
pre (a) and after LI (b).
Note the rectification and
anterior displacement of
the iris. See also the
absence of iridozonular
contact and even of
irido-lens contact (small
arrow); Z zonula, big
arrows ciliary body
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4.4 Iris Plateau

In plateau iris syndrome, UBM usually reveals an anterior angulation of the periph-
eral iris and anterior insertion of the iris on to the ciliary body [14, 15] (Fig. 4.7). In
some cases, a thickening of the peripheral iris with or without anterior rotation of
the ciliary body can be observed (Fig. 4.8). Garudadri et al. [16] evaluated the pres-
ence of plateau iris in eyes with PACG after LI by gonioscopy and UBM. Among
the PACG eyes after LI, 40 % had an open angle and 60 % had a narrow angle. They
found that anteriorly directed ciliary processes were seen in eyes with plateau iris as
well as in eyes with PACG that had deep anterior chambers after iridotomy. Thus,
the presence of anteriorly directed ciliary processes alone was insufficient to diag-
nose plateau iris syndrome.

Kumar et al. [17] found that about 30 % of PACG eyes with a patent laser periph-
eral iridotomy had plateau iris on UBM, highlighting the importance of nonpupil
block mechanisms in Asian individuals. Parc et al. [18] compared optical coherence
tomography (OCT) and UBM for detection of plateau iris configuration and confir-
mation of plateau iris syndrome. Whereas UBM directly identified the iris root
indentation caused by the ciliary body, OCT only picked up indirect signs of plateau
iris configuration.

Diniz Filho et al. [19, 21] reported that the biometric parameters were com-
pletely different between normal eyes and the eyes with plateau iris configuration
found in 10 % of the open angle and narrow angle glaucoma. Eyes with plateau iris
configuration have significantly shorter axial length and higher central corneal
thickness than eyes with primary open-angle glaucoma with narrow angles [20].

Fig. 4.7 Plateau iris
syndrome. The ciliary
body (CB, big arrow) is
rotated and anteriorly
located (small arrow). With
the CB in this position the
ciliary sulcus is closed and
prevents the iris from
falling away after
iridotomy (small arrow).
ESC: sclera
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Fig. 4.8 Plateau iris syndrome. In some patients the ciliary body/iris (a, CB) configuration is not
typical. In this patient UBM shows not only the CB anterior displacement but also displaced iris
root and thickening peripheral iris (b, arrow). UBM after iridotomy
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4.5 Other Conditions

As mentioned before, UBM can be used to assess and measure the angle opening
and configuration in angle closure glaucoma and pupillary block, and to visualize
the underlying mechanisms involved and analyze the changes after peripheral iri-
dotomy (Fig. 4.9) [21, 22]. It can show the extent of peripheral anterior synechiae
even if the cornea is hazy or opaque (Fig. 4.10). UBM has been able to differentiate
between primary angle closure and secondary angle closure caused by lens disloca-
tion, hemorrhagic choroidal detachment pushing the lens and iris anteriorly or cysts
in the iridociliary sulcus (Figs. 4.11 and 4.12).

In patients with aniridia, UBM shows the iris and ciliary body hypoplasia [23]
(Fig. 4.13).

In Sturge-Weber syndrome-associated glaucoma, UBM findings such as intra-
scleral vessels and supraciliary fluid support the hypothesis of increased episcleral
venous pressure as the cause of elevated intraocular pressure in this condition [24]
(Fig. 4.14).

Zhang et al. [25] compared UBM findings in normal subjects with three clinical
types of iridocorneal endothelial (ICE) syndrome: progressive iris atrophy, Chandler
syndrome, and Cogan-Reese syndrome. UBM was found to be more effective in
detecting peripheral anterior synechiae and iris atrophy than slit lamp biomicroscopy
and gonioscopy, mainly because of corneal edema. Different subtypes of ICE syn-
drome may have different UBM manifestations. UBM also helps to identify angle
closure in the fellow eye of unilateral ICE syndromes.

Fig. 4.9 Angle Closure
Glaucoma. Note the iris
convexity before iris
iridotomy was performed.
The sulcus is opened and
no iris--trabecular
meshwork contact is seen
in this scan (UBM scan
taken with lights on)
(scleral spur: black arrow).
CB ciliary body
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Fig. 4.10 Neovascular
Glaucoma. Peripheral
anterior synechiae (PAS,
white arrows). EE: scleral
spur, ESC Sclera

Fig. 4.11 Iris cysts
pushing the peripheral iris
forward and closing the
angle. The iridotomy
performed in this case did
not resolve the angle
closure. COR cornea,
CRIST crystalline lens

CRIST

Fig. 4.12 Secondary
angle-closure glaucoma
caused by anterior chamber
IOL (Z stepped haptics,
white arrow). Peripheral
anterior synechiae are
blocking the outflow
pathway (scleral spur:
black arrow). CB ciliary
body
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Fig. 4.13 UBM image in a patient with aniridia. Reconstruction from four consecutive radial
scans (horizontal scans: 3-9 h). Partial absence of the iris (arrow). Crystalline lens (LENS) is dis-
placed nasally. CB ciliary body, OS ora serrata, T temporal, N nasal

Fig. 4.14 UBM in
Sturge-Weber Syndrome.
Dilated intrascleral (black
arrow) and conjunctival
vessels (white arrow).
CON/J conjunctiva, ESC
sclera
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4.6 Post-traumatic Glaucoma

After ocular trauma, UBM can be used to evaluate iris-angle abnormalities includ-
ing angle recession, iridodialysis, and cyclodialysis (Figs. 4.15 and 4.16). Angle
recession is characterized on UBM by a posterior displacement of the point of
attachment of the iris to the sclera and a widening of the ciliary body face with no
disruption of the interface between the sclera and ciliary body [26]. Cyclodialysis
can be identified by detachment of the ciliary body from its normal location at the
scleral spur [27]. UBM can also identify occult zonular damage in patients with
anterior segment trauma [28]. The ability to diagnose zonular rupture preopera-
tively might reduce the chance of intraoperative complications.

Fig. 4.15 Cyclodialysis.
The ciliary body and iris
root are disinserted from
the scleral spur. The
posterior pathway created
by the detachment creates
a choroidal effusion. CB
ciliary body, PP ciliary
body pars plana, CONJ
conjunctiva

Fig. 4.16 Angle recession.
The angle shows a tear into
the ciliary body. See the
widening of the ciliary
body face and the posterior
displacement of the iris
(arrow). CB ciliary body
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4.7 Pseudophakic and Lens-Induced Glaucoma

UBM can help to diagnose various types of lens-induced glaucomas such as phaco-
morphic glaucoma and glaucoma due to anterior subluxation of lens. It is helpful to
know the circumference of intact zonules and the extent of zonular dialysis in pseu-
doexfoliation syndrome. In case of intraocular lens (IOL)-induced glaucoma, it can
clearly delineate the position of the optic and haptic [29, 30] and is especially help-
ful in pseudophakic bullous keratopathy in determining the cause of glaucoma or in
cases of secondary glaucoma related with posterior chamber phakic-IOL (Figs. 4.17
and 4.18a,b).

Fig. 4.17 Secondary
glaucoma caused by
anterior luxation of one
haptic of a posterior
chamber IOL. Corneal
edema precludes the
correct assessment of the
anterior chamber. See the
haptic in contact with the
angle structures (H and
arrow pointing the angle).
The haptic of the IOL
impedes the ultrasonic
waves producing a
characteristic acoustic
shadow (two arrows)

Fig. 4.18 (a, b) Secondary glaucoma caused by a PCP-IOL (PRL) caused by the excessive PRL
size in relation to the patient’s sulcus diameter. The iris has been pushed upwards by the PRL
(white arrow: PRL haptic) and is in contact with the trabecular meshwork (black arrow). Note the
decrease in the anterior chamber depth and the distance between the crystalline lens and the PRL
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4.8 UBM in Glaucoma Surgery

4.8.1 Trabeculectomy

After trabeculectomy, UBM can show whether the sclerostomy aperture is patent or
blocked internally (Fig. 4.19). Avitabile et al. [31] studied the correlation of bleb
morphology on UBM and functional status with the effect of laser suture lysis. They
found a statistically significant correlation between the UBM classification of func-
tion and the IOP control level. Both well-functioning and failed trabeculectomies
could be identified by UBM. The UBM images of eyes with good IOP control are
characterized by better visibility of the route under the scleral flap and a low reflec-
tivity inside the bleb. Also in modified trabeculectomies, aimed to enhance the
suprachoidal pathway, [32] UBM has allowed us to image the suprachoidal drain-
age (Figs. 4.20 and 4.21) [33]. Thus UBM can be a useful method to study and
explain the mechanisms of filtering structures and, together with IOP control, to
evaluate bleb function.

Fig. 4.19 Trabeculectomy.
The trabeculectomy site
can be easily studied,
subconjunctival drainage
can be observed through
the scleral flap (arrow). CC
ciliary body, PP ciliary
body pars plana, CONJ
conjunctiva

Fig. 4.20 Modified trabeculectomy. This surgery aims to create a suprachoroidal drainage path-
way and/or the traditional subconjunctival drainage. In this case both coexisted. Z zonula, CB cili-
ary body, P. Path posterior drainage pathway, SF superficial or subconjunctival drainage pathway,
R reservoir, Ex T excised scleral inner block size, CONJ conjunctiva
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Fig. 4.21 Modified
trabeculectomy. In this
case no subconjunctival
bleb can be seen, but the
suprachoidal drainage is
patent. T trabeculectomy
site, CB ciliary body

J. Garcia-Feijoo et al.
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4.8.2 Nonpenetrating Deep Sclerectomy

UBM may be used in eyes that have undergone nonpenetrating deep sclerectomy
(NPDS) to evaluate the functional status of the surgery. It can evaluate the thickness
and demonstrate a nonperforated continuous trabeculum and Descemet’s
membrane.

In patients undergoing deep sclerectomy, UBM examination after long-term
follow-up shows the presence of an intrascleral space and a filtering bleb (Figs. 4.22
and 4.23a, b) [34]. The UBM allows the surgeon to detect three different signs
related to the IOP-lowering mechanism of NPDS: filtering bleb, trans-scleral filtra-
tion and increased uveo-scleral filtration [35]. However a hipoecogenic band in the
superficial area of the ciliary body is very common and should not be misinterpreted
as a suprachoroidal aqueous humor drainage pathway. It is related to the difference
in acoustic impedance between the sclera (hiperecogenic), the hipoecogenic ciliary
body tissue close to the sclera, and the more ecogenic tissue of the inner portion of
ciliary body the muscle (Figs. 4.1 and 4.24). Collagen implants used to augment
deep sclerectomy can also be visualized (Figs. 4.25 and 4.26). Grading similar to
the trabeculectomy bleb has also been used for NPDS blebs. Information provided
by UBM is useful and assists in understanding the mechanisms of action of deep
sclerectomy. After deep sclerectomy, the height and the length of the different col-
lagen implants can be measured. It has been shown on UBM that these collagen
implants dissolve slowly leaving an intrascleral lake [36]. Aptel et al. [37] identified
the clinical and anatomic characteristics of filtering blebs after glaucoma surgery
with a biodegradable collagen implant, Ologen, using UBM and Visante anterior
segment optical coherence tomography. In this study, they found that lower IOP
correlated with bleb height.

Wang et al. [38] studied causes of failure of NPDS with SKGeL implants. UBM
showed that the filtering bleb disappeared in every failure. The scarring at conjunc-
tiva and Tenon’s capsule-superficial scleral flap interface was the most important
cause of NPDS with SKGeL implant failure. Park et al. [39] studied UBM of the
intrascleral lake after combined viscocanalostomy and cataract surgery. They found
lower IOP without bleb formation. Postoperatively, the size of the lake and IOP
decreased. The lake was undetected ultrasonographically in most of the cases 1 year
postoperatively.

Other causes of failure as trabeculo-Descemet window block can be also imaged
by UBM (Fig. 4.27a, b).
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Fig. 4.22 Nonpenetrating
deep sclerectomy.
Nonperforated continuous
trabeculum and Descemet’s
membrane (arrow). The
reservoir/intrascleral lake
and a subconjunctival bleb
(BLEB) are patent. CB
ciliary body

a

J. Garcia-Feijoo et al.

Fig. 4.23 (a) Nonpenetrating deep sclerectomy first week after surgery. Transversal scan. A tear
in the superficial scleral flap (black arrow) facilitates the direct passage of the aqueous to the sub-
conjunctival space leading to overfiltration. White line (B) indicates the location of the radial sec-
tion (25 A). CB ciliary body, AC anterior chamber, L scleral lake. (b) Nonpenetrating deep
sclerectomy first week after surgery. Radial scan. High conjunctival bleb (arrow)

Fig. 4.24 Iris root-ciliary
body cyst (iridociliary
junction). The total lack of
internal reflectivity
indicates it is filled with
fluid. In this case the
hipoecogenic band in the
ciliary body closer to the
sclera is very patent. The
angle is close by the cyst
(black arrow: scleral spur).
CB ciliary body, C cyst
(white arrow)
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Fig. 4.25 Nonpenetrating
deep sclerectomy. The
implant can be seen (black
arrow). The implant is
highly reflective and
produces a shadowing of
the structures behind it
(space between the rwo
white arrows). The implant
is surrounded with tissue
and no free aqueous can
the detected in the
reservoir

Fig. 4.26 Nonpenetrating
deep sclerectomy. Twelve
months after surgery. The
implant is surrounded with
tissue, but the areas of total
lack of internal reflectivity
indicate some are free
aqueous. See the sulcus
position of and IOP haptic
(arrow). CB: ciliary body

Fig. 4.27 (a) Nonpenetrating deep sclerectomy in a case of angle closure glaucoma (3 weeks after
the surgery). The intrascleral lake is adequately formed and the Descemet’s membrane can be
imaged. But without an iridectomy the iris is very close to the membrane and will block the filtra-
tion. (b) Nonpenetrating deep sclerectomy in a case of angle closure glaucoma (6 weeks after the
surgery). See the contact between the iris and the Descemet’s membrane leading to the surgical
failure
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4.8.3 Aqueous Drainage Tubes

UBM can be used to determine the tube position, rule out causes of tube obstruction
or tube-related complications and can be useful for surgical planning, for instance
to find the best location for the tube insertion [22]. Carrillo et al. [40] reported two
cases in which UBM was used to diagnose Ahmed valve obstruction by the iris.
Occlusion of the end of the tube by iris tissue was demonstrated by UBM both in
implants placed in the anterior chamber and the ciliary sulcus. An iridectomy over
the tip of the tube restored filtration in each case. UBM has also been used to dem-
onstrate peritubular filtration as a cause of ocular hypotony after glaucoma shunt
device implant (Fig. 4.28) [41].

Fig. 4.28 Ahmed
Drainage Device implant.
Transversal scan. In this
case there is no fluid
around the tube (black
arrow). See the acoustic
shadow produce by the
tube (white arrows)




4 Ultrasound Biomicroscopy in Glaucoma 115

4.8.4 Evaluation of Postoperative Complications After
Trabeculectomy

After glaucoma filtering surgery, UBM can be used to detect and evaluate the extent
of ciliochoroidal effusion and cyclodialysis. In ciliochoroidal effusion, UBM shows
the ciliary body to be edematous and separated from the sclera by a collection of
supraciliary fluid (Figs. 4.29 and 4.30). Many ciliochoroidal effusions that are too
limited in extent to be detectable by indirect ophthalmoscopy and slit lamp biomi-
croscopy can be imaged by UBM. A study done by Sugimoto et al. [42] showed that
the presence of suprachoroidal fluid is related to a low IOP after trabeculectomy,
whereas the disappearance of suprachoroidal fluid increases IOP. Grigera et al. [43]
studied the pathophysiology of flat anterior chamber without bleb leak. Ring-shaped
effusions were detected on UBM even in cases in which conventional ultrasonogra-
phy did not. UBM is a helpful tool in the diagnosis and management of flat anterior
chamber and low IOP after trabeculectomy.

Fig. 4.29 Massive serous
choroidal effusion after
trabeculectomy (small
arrows). Note the anterior
displacement and rotation
of the ciliary body (big
arrow). ESC sclera
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Fig. 4.30 Serous
choroidal effusion (DC)
and retinal detachment
(DR). The arrow points to
a retinal tear. RET retina,
ESC sclera

J. Garcia-Feijoo et al.
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4.9 Role of UBM in Other Surgeries

UBM has been used to to assess changes in the anterior chamber depth after both
cataract and antiglaucomatous surgeries, synequiolysis or drainage implants.

More interestingly UBM images could very useful in the assessment of the effec-
tiveness of the new minimally invasive glaucoma surgery. It can provide us with
useful information about the mechanism of action of these implants, and its evalua-
tion over time in relation to the causes of success or failure of the surgery.

4.9.1 Glaukos

UBM may be a useful imaging modality to identify iStent in the anterior or poste-
rior chamber. The iStent (Glaukos Corporation, Laguna Hills, CA) is a 1-mm, tita-
nium trabecular bypass stent implanted across the inner wall of Schlemm’s canal
under direct gonioscopy. In a study designed to determine the best modality to iden-
tify iStent placement when gonioscopic visualization is not possible on a human
cadaver eye, UBM, anterior segment optical coherence tomography (AS-OCT), and
B-scan ultrasonography were done to visualize and precisely locate two intention-
ally misplaced iStents. UBM could localize both intentionally misplaced stents,
whereas AS-OCT could not visualize the iStent that was lodged in the sulcus.
B-scan ultrasonography was unable to detect either of the stents. UBM may be use-
ful to identify iStent in the anterior or posterior chamber, whereas AS-OCT is lim-
ited to detection of stents in the anterior chamber alone. B-scan ultrasonography is
unable to identify iStent in either the anterior or posterior chamber (imaging modal-
ities for localization of an iStent(®) [44]. However the titanium causes artifacts and
image distortion so UBM is not able to provide us with information on the tilt and/
or depth of the iStent in the scleral sulcus (Fig. 4.31).

Fig. 4.31 Glaukos G1
implant (Glaukos Inc).
UBM allows to locate the
iStent in the angle (arrow),
however due to artifacts
and image distortion is not
able to provide us with
more information. CB
ciliary body
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4.10 Suprachoroidal Surgeries

4.10.1 Cypass

In a prospective study of patients with suprachoroidal glaucoma implant Cypass by
our group, the presence of fluid in the suprachoroidal space was an indicator of good
evolution in the postoperative period (Gonzalez-Pastor E et al. UBM findings after
suprachoroidal CyPass implant for glaucoma: 1 year follow up. ARVO 2013). Two
months after surgery, all patients presented suprachoroid fluid, while 12 months
postoperatively, only eight patients (33 %) showed fluid in the suprachoroid space
(Figs. 4.32 and 4.33). The decrease in suprachoroidal fluid coincided with an
increase in IOP. The presence of fluid in the four quadrants was only found in five
patients. In addition, it was possible to identify the presence of peritubular fluid in
all patients 2 months after surgery but only in three patients was it observed at the
end of the study. These results suggest tisular changes in the suprachoroidal space
after surgery and possible processes of healing that would avoid the free flow of
aqueous humor.

Fig. 4.32 CyPass
suprachoidal implant
(Transcend Medical).
UBM allows to examine
the position of the device
(arrow) and the presence
of fluid in the suprachoidal
space. Image courtesy of
Andrea Vasquez Roa
(Clinica de Ojos Orillac-
Calvo, Panama)

Fig. 4.33 CyPass
suprachoidal implant
(Transcend Medical). In
this case there is more
suprachoidal fluid (SF),
note the fluid between the
device and the sclera
(Arrow). Image courtesy of
Andrea Vasquez Roa
(Clinica de Ojos Orillac-
Calvo, Panama)
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4.10.2 Gold Shunt

This implant decreases the IOP by means of drainage to the suprachoroidal space.
UBM images show the presence of fluid in the suprachoroidal space as well as the
correct position of the implant (Fig. 4.34). In the late postoperative period a decrease
of the liquid can be found despite verifying the correct position of the implant.

Fig. 4.34 Gold Glaucoma Shunt suprachoidal implant (SOLX). The device tail implanted in the
suprachoidal space (black arrow). In this case fluid in the suprachoidal can be imaged (white
arrows). The GGS is highly reflective and produces artifacts of the structures behind it, so no reli-
able information can be obtained behind the device. PP pars plana
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Chapter 5
Retrobulbar Ocular Blood Flow Evaluation
in Open-Angle Glaucoma

Antonio Martinez

This chapter aims to give an overview over:

1. To briefly review the underlying physical principles and the different CDI devices
currently available in the market
2. To describe the following clinical protocol:

(a) Preparation of the subject/patient
(b) Evaluation procedure
(c) Vessels studied

3. To evaluate the relationship between retrobulbar blood flow disturbances and
glaucoma

5.1 Doppler Ultrasound

The color Doppler imaging (CDI) combines B-scan gray images from tissue struc-
tures with velocity information obtained from the Doppler shift of the moving blood
cells. A Doppler ultrasound test uses reflected sound waves to evaluate blood as it
flows through a blood vessel.

This method has been widely used in many different fields of medicine. In oph-
thalmology it is used to measure blood flow velocities in the retrobulbar vessels.
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5.1.1 Basic Technology

The Doppler ultrasonography is based on a phenomenon, observed for sound waves
and electromagnetic radiation, characterized by a change in the apparent frequency
of a wave as a result of relative motion between the observer and the source
(Fig. 5.1). The transducer sends and receives sound waves that are amplified through
a microphone. The sound waves bounce off solid objects, including blood cells. The
movement of blood cells causes a change in pitch of the reflected sound waves
(called the Doppler effect).

The greater the blood flow velocity, the greater the Doppler shift. The Doppler
shift (Af) can be calculated as Af=2.u.f,/C (in which “u” is blood flow velocity, f; is
the frequency of the sound source, and C is the sound velocity in the medium) in the
situation where the transducer is parallel to the blood vessel. If this condition is not
met, a Doppler angle () has to be considered by using a correction for the measure-
ment angle in the following formula: u=Af.C/ (2.fy.cos a). When the transducer is
aligned with a vessel (cos 0°=1), the largest Doppler shift will be obtained with the
least possible effect of angle uncertainty. However, using very small angles may
lead to technical difficulties because the vessel wall may totally reflect the sound
waves. Therefore, in practice, angles between 30° and 60° are most commonly used.
Angles exceeding 60° should be avoided because in this case even small errors in
estimating the Doppler angle will result in very large correction errors.

Fig. 5.1 Image illustrating the Doppler effect. It is possible to see the change in the observed
frequency of a wave, as of sound or light, occurring when the source and observer are in motion
relative to each other, with the frequency increasing when the source and observer approach each
other and decreasing when they move apart. The motion of the source causes a real shift in fre-
quency of the wave, while the motion of the observer produces only an apparent shift in
frequency
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5.1.2 Types of Doppler Ultrasound

There are four types of Doppler ultrasound:

* “Bedside” or continuous wave Doppler. This type uses the change in pitch of the
sound waves to provide information about blood flow through a blood vessel.

* Duplex Doppler. Duplex Doppler ultrasound uses standard ultrasound methods
to produce a picture of a blood vessel and the surrounding organs. In addition, a
computer converts the Doppler sounds into a graph that provides information
about the speed and direction of blood flow through the blood vessel being
evaluated.

* Color Doppler. Color Doppler uses standard ultrasound methods to produce a
picture of a blood vessel. In addition, a computer converts the Doppler sounds
into colors that are overlaid on the image of the blood vessel and that represent
the speed and direction of blood flow through the vessel.

* Power Doppler. Power Doppler is a newer ultrasound technique that is up to five
times more sensitive in detecting blood flow than color Doppler. Power Doppler
can obtain some images that are difficult or impossible to obtain using standard
color Doppler. However, power Doppler is most commonly used to evaluate
blood flow through vessels within solid organs.

The most commonly used in ophthalmology is the color Doppler imaging
(Fig. 5.2). The CDI is a variation in the technology of pulse Doppler processing.
The frequency shift information contained in the radiofrequency pulses returning to
the transducer along one line is decoded at a given depth along this line, depending
on the corresponding time delay. A mean value of the frequency shift is extracted for
each point along this line. This is then done for multiple lines as defined as a color
box [9, 20, 40, 49].

Unlike a conventional B scan, CDI uses a linear array transducer consisting of
linearly arranged, sequentially excited piezoelectric elements. When choosing the
probe frequency, we consider both the resolution and the depth of measurement:
higher frequency improves resolution, but imposes limits on image depth due to
attenuation.

The transducers for retrobulbar CDI have a frequency of about 7.5 MHz, but
frequencies may range from 6 to 13 MHz. Table 5.1 summarizes the currently mar-
ket available CDI devices and probes that have been used in the various studies on
retrobulbar circulation.
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Fig. 5.2 Color Doppler
imaging taken with a

7.5 MHz linear probe
(Phillips HD11 XE). The
arterial blood flow is
represented in red and the
venous blood flow in blue.
The image shows the
central retinal artery (/),
the central retinal vein (2),
and the short posterior
ciliary arteries (3)

A. Martinez

Table 5.1 Devices and probes, listed in alphabetical order, currently available in the market and
that have been used in various studies on retrobulbar color Doppler imaging (CDI)

Manufacturer company

Advanced Technology
Laboratories

Dynaview
General Electric Medical System

Quantum Medical

Hewlett Packard
Hitachi

Medasonic
Medison
Multigon

Device
ATL Apogee 800 plus
ATL HDI 3000

ATL ultramark 8
ATL ultramark-9 HDI

TM II SSD-1700
Logiq 400 MD
Logic 500 Pro
Logiq 700 MR
Voluson

QUAD 1

QAD 1

Sonos 1000

AU-580 Asynchronous-Hitachi
analyzer

Transpect TCD
Accuvix XQ
Neurovision 500

Probe

7.5 MHz
5-10 MHz
7.5 MHz
7.5 MHz
5 MHz
5-10 MHz
7.5 MHz
6 MHz
7.5 MHz
6.0-9.0 MHz
8.8 MHz
7.5 MHz
7.5 MHz
7.5 MHz
5.5 MHz
7.5 MHz

2 MHz
7.5 MHz
4 MHz
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Table 5.1 (continued)

Manufacturer company
Philips

Siemens

Toshiba

Vingmed Sound

Adapted from Stalmans et al. [52]

Device
ATL-HDI 1500
HDI 5000
P700

HDI11 XE

Acuson
Acuson 128 XP

Acuson 128XP/10

Albis AG

Antares

QAD 1
QADI1/QAD 2000
Quantum
Quantum 2000
Sonoline Elegra

Sonoline G40

Sonoline Sienna

Sonoline Versa
Aplio-80
Aplio-300

Aplio 500

SSH-I40A
SSA-270A
SSA-340A
SSA-380A

CFM 750

Probe

7.5 MHz
5-10 MHz
7.5 MHz
5 MHz

6 MHz

7.5 MHz
12 MHz
7.5 MHz
5 MHz
5.5 MHz
7.5 MHz
7 MHz

5 MHz

7 MHz

7.5 MHz
7.5 MHz
5/7.5 MHz
7.5 MHz
UNK

7.5 MHz
6.5 MHz
7.5 MHz
6 MHz

7.5 MHz
13 MHz
7.5 MHz
7.5/12 MHz
7.5 MHz
7.5 MHz
11.5 MHz
6 MHz

7.5 MHz
12 MHz

6 MHz

7.5 MHz
12 MHz
7.5 MHz
7.5 MHz
6/7.5 MHz
7 MHz

7.5 MHz
2 MHz
3.25/7.5 MHz
7.5 MHz
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5.2 Clinical Protocol

Comply with a clinical protocol facilitates the standardization of results and mini-
mizes the potential negative impact of external influences on hemodynamic
parameters.

5.2.1 Preparation of the Study Subject and Examiner

Before starting the CDI exam, both patient and examiner should take into consider-
ation a series of recommendations. In brief, before starting the measurement, a rest-
ing period of at least 5—10 min should be scheduled. Stable hemodynamic conditions
should be verified by repeated measurements of systemic blood pressure and pulse
rate. Additionally, patients should be instructed to abstain from smoking and exer-
cise for three hours and from drinking coffee or alcohol for 12 h.

Patient is placed in supine position and the head tilted forward at an angle of
approximately 30° and legs uncrossed to avoid influence on venous return.

The patient is instructed to look straight while closing the eyes. If the patient has
difficulty keeping eyes steady during the measurements, they may be asked to open
the other eye in order to use this eye to guide their gaze to a fixation point above them.

The examiner should be kept in a comfortable and stable posture that minimizes
the appearance of fatigue. Additionally, it must be kept a constant distance between
the probe and the eye, and avoid any exerting pressure on the eye. It was proposed
that it might be most easily accomplished when the examiner is seated behind the
head of the patient, while the base of their hand rests on the patient’s forehead and
their finger is placed on the patient’s cheek [52]. Nevertheless, the examiner being
located beside the patient with the elbow resting on a pillow placed on the chest of
the patient while the hand rests on the patient’s cheek and his/her finger is placed on
the temporal region of the patient is a perfectly valid option [21-27, 29, 31].

Moreover, supporting the cable of the probe by the examiner’s shoulder and arm
takes weight off the probe and further improves comfort and stability. The examin-
er’s other hand operates the control panel of the CDI device.

5.2.2 Evaluation Procedure

Firstly, we use the B-scan mode to identify the back globe structures (Fig. 5.3).
The optic nerve is used as a landmark (Fig. 5.4). Then, color Doppler is applied
to visualize the vessels (flow) (Fig. 5.5).
In order to obtain reliable and reproducible measurements using CDI, it is
extremely important to have a thorough knowledge of the retrobulbar vascular anat-
omy. It proceeds to identify the blood vessel that we want to study, the sample
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volume is placed in the center of the vessel, the angle is set parallel to the vessel, and
several seconds of Doppler waveform are recorded (Fig. 5.6).

On the other hand, it is essential to know the characteristics of the waves corre-
sponding to different blood vessels and their specific locations that are convention-
ally chosen for measurement (Fig. 5.7).

According to the type of CDI device, it may be necessary to adapt the setting to
the type of vessel that is being measured. For the smaller vessels [central retinal artery
(CRA) and short posterior ciliary artery (SPCA)], “low flow” settings (to detect small
Doppler frequency shifts) and a shallow measuring depth (e.g., 3545 mm) may be
used, whereas “high flow” settings and a higher measuring depth (e.g., 50-60 mm)
may be more appropriate for the ophthalmic artery (OA) [52].

Itis necessary to pay an especial attention to the measurement angle. As previously
mentioned, the blood velocity (#) can be calculated as u=Af.C/(2.fy.cos ). If the
angle is small, an error in the angle correction will result in a very small error in the
velocity measurement. However, if the angle exceeds 60°, the cos a will approach 0,
and very small deviations in the angle will result in very large errors in velocity cal-
culation. It is therefore crucial to perform the Doppler measurements at angles below
60°. In the OA and CRA, the angle can be determined relatively easily. In the SPCA,
this is more difficult because of their smaller size and more tortuous course [53].

The CDI allows the measurement of blood flow velocities including peak sys-
tolic velocity (PSV) and end-diastolic velocity (EDV) in the retrobulbar vessels—
that is, the ophthalmic artery, the central retinal artery, and the nasal and temporal
short posterior ciliary arteries.

The operator identifies the PSV (highest velocity at systole) and the EDV (lowest
velocity at diastole); from these points, both velocities are measured (Fig. 5.8).

Additionally, the resistivity (RI) [43] and pulsatility (PI) [8] indices can be cal-
culated as follows:

_ PSV-EDV PI PSV -EDV

RI - :
PSV Mean Velocity (MV)

The advantage of these indices is that they are independent of Doppler angle,
since changes in angle have a concomitant effect on PSV and EDV. The RI varies
from O to 1, with higher values supposedly indicating higher vascular distal resis-
tance. However, it is unclear whether the RI represents an adequate measure of reti-
nal vascular resistance [41, 48].

Although the CDI has important advantages such as it is a noninvasive method,
is not affected by poor ocular media, and requires no contrast or radiation, it has
some limitations that should be mentioned in this section.

One important limitation of this technique is that no quantitative information of
vessel diameter is obtained. Therefore, calculation of blood flow is not possible with
this method. Nevertheless, if the blood perfusion pressure and blood viscosity
remain constant, an increase in flow velocity is invariably associated with an
increase in flow in terms of volume per time unit. Indeed, there is a general agreement
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that blood flow velocity assessed by color Doppler ultrasonography correlates with
volume blood flow, provided there is no evidence of vascular stenosis or changes in
perfusion pressure [50].

Additionally, as mentioned above, the validity of RI as a measure of vascular
resistance is uncertain, and its value in the determination of resistivity distal from
the measuring point is controversial [41, 48].

An important issue to take into consideration, especially when planning to con-
duct multicenter studies, is that the comparability between different instruments is
problematic. One should realize that this also limits the comparability of the results
from different studies.

Furthermore, CDI measurements are subjective, and adequate training is crucial
for producing reliable and reproducible results. An important source of error is
incorrect angle of incidence. It is crucial to perform the Doppler measurements at
angles below 60°. Another potential source of error is increased intraocular pressure
caused by excessive pressure applied to the eyelid [52].

An additional limitation of this technique is that the examination is time consum-
ing: a thorough examination with repeated measurements of the four retrobulbar
vessels can take up to 30—45 min.

Fig. 5.3 Gray scale
B-scan imaging of the eye
taken with a 7.5 MHz
linear probe (Phillips
HD11 XE)
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Fig. 5.4 Grayscale B-scan
imaging of the eye
showing the optic nerve
shadow (/)

Fig. 5.5 Color Doppler
imaging taken with a

7.5 MHz linear probe
(Phillips HD11 XE). Red
and blue pixels represent
blood movement toward
and away from the
transducer, respectively.
This image shows the optic
nerve shadow (7), the
central retinal artery (2),
the central retinal vein (3),
and the short posterior
ciliary arteries (4)
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Fig. 5.6 Color Doppler imaging of the central retinal artery and vein taken with a 7.5 MHz linear
probe (Phillips HD11 XE). Once identified the vessel to study the sample volume (/) is placed in
the center of the vessel, the angle (2) is set parallel to the vessel, and several seconds of Doppler
waveform are recorded
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Fig. 5.7 Color Doppler
imaging showing the
different blood vessels and
their specific locations that
are conventionally chosen
for measurement. This
image shows the
ophthalmic artery (1),
central retinal artery (2),
and short posterior ciliary
arteries (3)
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Fig. 5.8 Color Doppler imaging of the central retinal artery and vein taken with a 7.5 MHz linear
probe (Toshiba Aplio 80). (/) Represents the peak systolic velocity (PSV) (the highest velocity at
systole); (2) represents the end-diastolic velocity EDV) (the lowest velocity at diastole). Pourcelot’s
PSV -EDV

resistivity index (RI) can be calculated according to the following formula: RI= SV
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5.2.3 Vessels Studied

As previously mentioned, the CDI allows the measurement of the blood flow veloc-
ity in the retrobulbar vessels, more specifically in the CRA, the nasal PCA, the
temporal PCA, and the OA. Unfortunately, individual short posterior ciliary vessels
cannot be distinguished by CDI. Therefore, bundles of vessels, rather than individ-
ual ciliary vessels, are examined.

5.2.3.1 Central Retinal Artery

The CRA and central retinal vein (CRV) are measured 2-3 mm behind the surface
of the optic disc (Fig. 5.9) and cannot be measured separately by CDI. Therefore, a
double waveform is obtained with a distinct pulsatile arterial waveform above the
zero line and a gentle sinusoidal venous variation below the zero line.

The Doppler of the CRA is that of a low resistance wave with a rounded peak
systolic and continuous flow during diastole. Blood flow in the CRV produces a
smoother Doppler waveform than in the CRA, and therefore, the terms maximal
velocity and minimal velocity are used to describe the highest and lowest recorded
velocities during the cardiac cycle.

In healthy subjects, the [mean (standard deviation) (SD)] PSV ranges from 6.6
(1.5) [16] to 20.5 (7.8) cm/s [17], the EDV ranges from 6.7 (1.0) [54] to 1.6 (0.4)
cm/s [16], and the RI ranges from 0.85 (0.08) [11] to 0.44 (0.04) [13]. In healthy
subjects, we found that the [mean (SD)] RI was 0.60 (0.02) in those patients younger
than 70 years [mean age 65.1 (2.7) years] and 0.63 (0.03) in those patients of 70
years or older (mean age 75.3 (3.3) years).

On the other hand, in primary open-angle glaucoma (POAG) patients, the mean
(SD) PSV ranges from 16.5 (6.2) [17] to 6.4 (2.1) cm/s [16], the EDV ranges from
5.4 (2.3) [17] to 1.4 (0.1) [56] cm/s, and the RI ranges from 0.89 (0.1) [11] to 0.46
(0.05) [13].

The reproducibility (class correlation coefficients) in the CRA in both healthy
controls and glaucoma patients ranges from 0.53 to 0.80 for the PSV, 0.55 to 0.66
for the EDV, and 0.69 to 0.82 for the RI [48].

In addition, the coefficients of variation in healthy subjects range from 2.6 %
[51]to 21 % [15] for the PSV, 4.2 % [51] to 25.8 % [45] for the EDV, and 1.8 % [51]
t0 9.4 % [45] for the RI.

In glaucoma patients, the coefficient of variation seems to be slightly higher
ranging from 16.3 % [51] to 26.0 % [15] for the PSV, 13.2 % [51] to 30.0 % [36] for
the EDV, and 4.0 % [36] to 7.5 % [51] for the RI.
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Fig. 5.9 Color Doppler imaging of the central retinal artery (CRA) and vein (CRV) taken with a
7.5 MHz linear probe (Phillips HD11 XE). The Doppler of the CRA is that of a low resistance
wave with a rounded peak systolic and continuous flow during diastole. The peak systolic velocity
(1) and the end-diastolic velocity (2) are measured. Blood flow in the CRV produces a smoother
Doppler waveform than in the CRA, and therefore, the terms maximal velocity (3) and minimal
velocity (4) are used to describe the highest and lowest recorded velocities during the cardiac cycle
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5.2.3.2 Short Posterior Ciliary Artery

The nasal (NSPCA) and temporal (TSPCA) short posterior ciliary arteries are
located on both sides of the optic nerve and should be measured at a position that is
close to the optic nerve and as anterior as possible without receiving interference
from the choroid (Fig. 5.10).

It is important to have in consideration the fact that individual short posterior
ciliary vessels cannot be distinguished by CDI. Therefore, the obtained waveform
represents the mass effect produced by a bundle of vessels, rather than from indi-
vidual ciliary vessels. These arteries produce a more uniform arterial pulse without
a venous wave (Fig. 5.10). The Doppler of the SPCA is that of a low resistance wave
with a rounded peak systolic and continuous flow during diastole.

In healthy subjects, the [mean (standard deviation) (SD)] PSV ranges from 29.7
(9.5) [34] to 5.8 (1.0) cm/s [16], the EDV ranges from 7.6 (3.8) [34] to 1.4 (0.3)
cm/s [46], and the RI ranges from 0.80 (0.1) [10] to 0.48 (0.04) [13].

In healthy subjects, our results found that the [mean (SD)] RI was 0.61 (0.02) in
those patients younger than 70 years [mean age 65.1 (2.7) years] and 0.65 (0.03) in
those patients of 70 years or older (mean age 75.3 (3.3) years).

Otherwise, in POAG patients, the mean (SD) PSV ranges from 15.0 (5.7) [17] to
5.4 (1.1) cm/s [16], the EDV ranges from 5.9 (1.3) [13] to 1.5 (0.1) [16], and the RI
ranges from 0.78 (0.21) [17] to 0.53 (0.06) [13].

In POAG patients, we found that the [mean (SD)] RI was 0.65 (0.04) in those
patients younger than 70 years [mean age 65.1 (2.7) years] and 0.68 (0.04) in those
patients of 70 years or older (mean age 75.3 (3.3) years).

Measurement of the SPCA usually shows greater variability because the techni-
cal problems are greater. Coefficients of variation, in healthy subjects, range from
2.4 % [51] to 19.0 % [15] for the PSV, 2.7 % [51] to 38.8 % [3] for the EDV, and
1.6 % [51] to 24.0 % [15] for the RI.

On the other hand, in glaucoma patients, the coefficients of variation range from
15.8 % [51] to 26.0 % [15] for the PSV, from 22.4 % [51] to 64.0 % [15] for the
EDV, and from 4.2 % [36] to 69.0 % [15] for the RI.
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Fig. 5.10 Color Doppler imaging of the short posterior ciliary artery (SPCA) taken with a
7.5 MHz linear probe (Phillips HD11 XE). As the individual short posterior ciliary vessels cannot
be distinguished by color Doppler imaging, the obtained waveform represents the mass effect
produced by a bundle of vessels, rather than from individual ciliary vessels. As observed in the
central retinal artery, the Doppler of the SPCA is that of a low resistance wave with a rounded peak
systolic and continuous flow during diastole
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5.23.3 Ophthalmic Artery

The ophthalmic artery (OA) is the first major branch of the internal carotid artery
and divides into many branches in the orbital area. The ophthalmic artery is situated
deeper in the orbit. Measurements of the OA are performed approximately
10—15 mm posterior to the globe, where the ecographic signals are stronger and by
convention should be measured on the temporal side of the optic nerve, immediately
after it crosses the optic nerve (Fig. 5.11).

When measuring the OA, “high flow” settings and a higher measuring depth
(e.g., 50-60 mm) may be more appropriate. As in the CRA, the angle can be deter-
mined relatively easily in the OA.

The OA has a characteristic high resistance wave with a sharp systolic peak, one
dicrotic depression, and reduced diastolic velocities (Fig. 5.12). The AO wave bears
a certain resemblance with that of the common carotid artery or even with the exter-
nal carotid artery rather than the internal carotid artery which it is a branch.

In healthy subjects, the [mean (standard deviation) (SD)] PSV ranges from 57.8
(14.0) [42] to 22.2 (5.3) cm/s [7], the EDV ranges from 14.1 (6.1) [34] to 3.7 (0.2)
cm/s [60], and the RI ranges from 0.87 (0.01) [44, 60] to 0.66 (0.06) [32].

In healthy subjects, our results found that the [mean (SD)] RI was 0.70 (0.05) in
those patients younger than 70 years [mean age 65.1 (2.7) years] and 0.73 (0.05) in
those patients of 70 years or older (mean age 75.3 (3.3) years).

Moreover, in POAG patients, the mean (SD) PSV ranges from 44.6 (1.7) [1] to
27.3 (9.6) cm/s [17], the EDV ranges from 12.2 (1.5) [1] to 3.3 (2.6) cm/s [60], and
the RI ranges from 0.90 (0.01) [56] to 0.67 (0.04) [1].

In POAG patients, we found that the [mean (SD)] RI in the OA ranged from 0.79
(0.07) [23] to 0.75 (0.09) [24].

The reproducibility (class correlation coefficients) in the OA in both healthy con-
trols and glaucoma patients ranges from 0.66 to 0.98 for the PSV, 0.44 to 0.92 for
the EDV, and 0.71 to 0.92 for the RI [33, 48].

Measurement of the OA usually shows lower variability than the SPCA. Coefficients
of variation, in healthy subjects, range from 2.0 % [51] to 18.0 % [15] for the PSV,
3.6 % [51] to 25.5 % [3] for the EDV, and 1.1 % [51] to 9.0 % [15] for the RI.

On the other hand, in glaucoma patients, the coefficients of variation range from
5.0 % [15] to 10.1 % [51] for the PSV, from 4.0 % [15] to 24.9 % [51] for the EDV,
and from 3.0 % [15] to 6.8 % [51] for the RI.
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Fig. 5.11 Color Doppler imaging of the ophthalmic artery taken with a 7.5 MHz linear probe
(Toshiba Aplio 80). Measurements of the OA are performed approximately 10 mm to 15 mm pos-
terior to the globe immediately after it crosses the optic nerve (/). The peak systolic velocity (PSV)
(the highest velocity at systole) (2) and the end-diastolic velocity (EDV) (the lowest velocity at
diastole) (3) are measured by the examiner

Dicrotic
wave

/

Fig. 5.12 Color Doppler imaging of the ophthalmic artery (OA) taken with a 7.5 MHz linear
probe (Toshiba Aplio 80). The OA has a characteristic high resistance wave with a sharp systolic
peak (/), one dicrotic depression, and reduced diastolic velocities (2)



5 Retrobulbar Ocular Blood Flow Evaluation in Open-Angle Glaucoma 141

5.3 Retrobulbar Blood Flow Disturbances in Glaucoma

Many different studies have evaluated the retrobulbar hemodynamic parameters in
POAG patients [9, 11, 13, 22-26, 29, 31, 38, 39, 55], ocular hypertension [2, 35],
angle-closure glaucoma (ACG) [5, 21, 37], pseudoexfoliative glaucoma (PXG) [6,
27, 28, 58, 59], and normal tension glaucoma (NTG) [14, 19, 57].

They have found, on average, reduced blood flow velocities and increased resis-
tivity indices in the retrobulbar vessels of glaucoma patients.

Furthermore, within individuals, retrobulbar blood flow velocity reductions are
greater in the eye with more advance damage.

Open-angle glaucoma seems to be associated with a decreased mean flow veloc-
ity and an increased mean resistivity index in the retrobulbar vessels. Reduced EDV
and increased RI in the OA, reduced maximum and minimum velocities in the cen-
tral retinal vein (CRV), and reduced PSV and EDV in the CRA and SPCA have been
observed in eyes with POAG when compared with normal control eyes.

On the other hand, few studies investigated the ocular circulatory changes in
angle-closure glaucoma patients.

Cheng et al. [5] suggested that as in POAG, the retrobulbar circulation was dis-
turbed in the chronic angle-closure glaucoma. In the event of well-controlled IOP,
retrobulbar hemodynamics were altered significantly more in chronic angle-closure
glaucoma eyes with worse visual field than in those with better visual field.

Conversely, Marjanovic et al. [21] did not find blood flow disturbances in the
retrobulbar vessels of the ACG patients.

On the other hand, Nong and Ninghua [37] investigated the hemodynamic
changes of the ophthalmic and CRA in ACG patients and the effects of IOP on the
retrobulbar hemodynamics. The results of this study suggested that compared with
the normal subjects, the hypertension group of ACG showed significant reduction in
the EDV and increases in pulsatility index and RI of CRA, whereas normal tension
group of ACG also showed remarkable increase in RI of CRA. However, these
authors concluded that the elevated IOP was a major cause of the vascular resistance
increased in PACG, which will make the end-diastolic blood flow of CRA decreased.

In contrast to the study of Nong and Ninghua [37], Marjanovic et al [21] did not
find either blood flow disturbances in the retrobulbar vessels of the ACG patients or
any correlation between the IOP and the retrobulbar hemodynamic parameters.

A significant decreased for PSV and EDV and an increase for RI at the OA,
SPCA, and CRA in exfoliation syndrome have been reported by previous studies
[6, 58, 59].

Conversely, [28] showed that patients with pseudoexfoliation syndrome, com-
pared with age-matched healthy subjects, had similar peak systolic, end-diastolic,
and resistivity indices in all the arteries studied.

With regard to the comparison between pseudoexfoliative and primary open-
angle glaucoma, literature data are still controversial. While Yiiksel et al. [58] and
Detorakis et al. [6] found that some retrobulbar hemodynamic parameters were
more altered in PXG patients, [26] reported that color Doppler alterations were
more pronounced in POAG than in PXG patients.
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As regards the NTG patients, Harris et al. [14] reported that patients with NTG
exhibited a low EDV and a high RI in the ophthalmic artery compared with
controls.

Additionally, Kondo et al. [19] investigated the retrobulbar hemodynamics by
means of color Doppler imaging in NTG patients with asymmetric visual field loss
and asymmetric ocular perfusion pressure. The results of this study suggested that
there are significant differences in blood velocities and in the RI in the retrobulbar
vessels between the eyes with higher ocular perfusion pressure and a better mean
deviation and those with higher ocular perfusion pressure and a worse mean
deviation.

The influence of ocular blood flow disturbances on the progression of the glau-
comatous damage has only been recognized more recently [4, 12, 18, 24,31, 47, 60]
(Table 5.2).

Galassi and coworkers [12] evaluated the effect of retrobulbar blood flow circu-
lation on the progression of visual field damage in POAG patients. This study
included 44 patients with POAG over a period of 7 years. The results of this study
suggested that patients with low diastolic velocities and high resistivity indices in
the ophthalmic artery had more progressive visual field.

Satilmis and collaborators [47] in a retrospective, observational, and case series
study evaluate the correlation between progression rate of glaucomatous damage
and retrobulbar blood flow. Based on the results of this study, independent of the
extent of damage or IOP, the visual field deterioration significantly correlates with
retrobulbar hemodynamic variables.

In addition, Martinez and Sanchez [24], in a prospective cohort study, assessed
the value of color Doppler imaging of the ophthalmic artery and short posterior cili-
ary arteries in prognosis of disease progression in patients with primary open-angle
glaucoma.

The results of this study suggested that poor blood flow in the retrobulbar vessels
is closely link to deterioration in the visual field in patients with POAG and high
IOP (Fig. 5.13).

Moreover, Martinez and Sanchez [31] in a prospective, randomized, evaluator-
masked, parallel group study evaluated clinically relevant risk factors for progres-
sive visual field loss in a cohort of patients with POAG. The results of this study
suggested that lower diastolic blood pressure, systemic hypertension treatment,
lower EDVs in the OA and SPCA, and higher RlIs in the OA and SPCA were statisti-
cally significant predictors for progression of visual field damage in this group of
patients with POAG over a 5-year period.

Additionally, Calvo et al. [4] suggested that an RI value higher than 0.75 in the
ophthalmic artery was associated with the development of glaucoma.

Furthermore, Jimenez-Aragon et al. [ 18] reported statistically significant differ-
ences in the EDV and RI in the OA and CRA between glaucoma patients that pro-
gressed and those who remained stable.

Although these studies have shown promising and valuable results, further clini-
cal studies, particularly multicenter clinical trials, including different types of
glaucoma and different races, are needed to establish whether improved retrobulbar
blood flow may prevent the progression of glaucomatous damage.
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Fig. 5.13 Color Doppler imaging of the ophthalmic artery (OA) taken with a 7.5 MHz linear
probe (Toshiba Aplio 80) from two patients with primary open-angle glaucoma. The resistivity
index (0.75) of the stable patient (a) is much lower than that observed (0.83) in the patient that
showed visual field progression (b)
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Chapter 6
Optic Nerve Head Assessment and Retinal
Nerve Fiber Layer Evaluation

Antonio Ferreras

6.1 Introduction

Primary open-angle glaucoma is a progressive multifactorial optic neuropathy char-
acterized by an acquired loss of retinal ganglion cells and their axons [1, 2]. The
damage to the retinal nerve fiber layer (RNFL) is usually followed by changes in the
optic nerve head (ONH) shape and specific visual field defects. Recognizing these
changes is fundamental to the diagnosis and follow-up of glaucoma patients.

Glaucomatous damage to the ONH is observed as focal (notches) or diffuse neuro-
retinal rim narrowing with concentric enlargement of the optic cup or both [3]. While
glaucoma produces different patterns of damage to the RNFL (e.g., wedge defect,
diffuse loss) [4, 5], they are all associated with reduced RNFL thickness [6—11].

ONH evaluation can be performed by direct or indirect ophthalmoscopy, fundus
photographs, and scanning laser devices (i.e., scanning laser ophthalmoscopy, opti-
cal coherence tomography, scanning laser polarimetry, etc.). Currently, there is a
tendency to replace classical examinations of the RNFL and optic disc with the
outcomes of objective technologies. Nevertheless, clinicians should base their first
approach on simple examinations, which do not require expensive instruments and
techniques that may not be available in all eye clinics.

Color fundus photographs or, even better, stereo-photographs, should be acquired
to determine the baseline status of the optic disc, while monochromatic fundus pho-
tographs (RGB channel: blue color profile) should be used to evaluate the
RNFL. These photographs should be repeated at follow-up visits to obtain a longi-
tudinal series of photographs for detection of changes over time.

Commercially available fundus cameras are relatively easy to use, especially
those that do not require pupil dilation (non-mydriatic fundus cameras). These
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cameras, however, usually require experienced operators to obtain stereo-photographs
(photos are acquired from different angles) with good-quality images. Additionally,
the quality of fundus photographs is influenced by the media opacity, retinal pig-
ment epithelium status, and positioning and centering of the images. These limita-
tions must be taken into account in clinical practice.

6.2 Normal Optic Disc Appearance

Typical healthy ONH morphology appears as a small or absent cup with a good
color and size of the neuroretinal rim (Fig. 6.1). The high variability of normal
human disc morphology, however, makes it difficult to detect optic disc damage.

Fig. 6.1 Normal appearance of the optic nerve head
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6.3 Classical Rules to Evaluate Optic Disc Morphology

Systematic studies of the optic disc are important to avoid missing details that may
determine the difference between a healthy individual and an early glaucoma sub-
ject. Classically, five rules are applied for evaluating optic disc morphology:

1.

2.
3.

4.
5.

Identify the scleral ring to establish the limits of the optic disc and calculate its
size (Fig. 6.2).

Assess the neuroretinal rim limits (rim area; Fig. 6.3).

Determine the distribution of the RNFL bundles in the retina and evaluate the
peripapillary RNFL integrity (Fig. 6.4).

Check for the presence and characteristics of peripapillary atrophy.

Look for optic disc hemorrhage.

Figure 6.5 illustrates these five steps for evaluating a potentially glaucomatous
ONH.

Fig. 6.2 (a) Scleral ring and optic disc limits in a healthy individual. (b) The vertical and horizon-
tal disc diameters can be measured based on the length of the slit lamp beam
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Fig. 6.3 The neuroretinal
rim can be determined as the
area between the scleral ring
and the edge of the cup

Fig. 6.4 The retinal nerve
fiber layer bundles can be
observed in high-quality
color fundus photographs as
striations on the surface of
the retina leaving the margin
of the optic disc and
following an arcuate
distribution

A. Ferreras

»
'

Fig. 6.5 Steps for assessing the optic nerve head morphology. (a) Color photograph of a glauco-
matous optic disc. (b) Monochromatic fundus photograph of the same optic disc. (¢) The dotted line
corresponds to the margin of the optic nerve head (Elschnig’s scleral ring). (d) The outer ring marks
the limits of the optic disc while the inner ring shows the beginning of the cup. The area between
the two dotted lines is the neuroretinal rim. This case shows inferior rim narrowing, suggesting that
the ISNT rule is not respected. (¢) Monochromatic fundus photograph with an inferior wedge
defect (yellow lines) consistent with inferior rim narrowing. (f) The green area represents the alpha
zone, while the gray area outside the alpha zone corresponds to the beta zone. The beta zone is more
common in glaucoma. (g) The green arrow points to an optic disc hemorrhage, which is related to
glaucoma progression. (h) Summary of the findings that can be observed in glaucomatous eyes
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6.3.1 Identifying the Scleral Ring

The first step for evaluating ONH morphology is to identify the scleral ring limits
and calculate the optic disc size, to determine if the optic disc is small, medium, or
large (Fig. 6.5¢).

The vertical and horizontal disc diameters can be measured with biomicroscopy.
The end of the beam of the slit lamp must be placed at the edge of the vertical and
horizontal scleral ring (Fig. 6.2b). The scale of the slit lamp will show the length of
the beam, which corresponds to the disc diameter. This value should be corrected
based on the power of the biomicroscopy lens to obtain a more accurate measurement.
For a 60-diopter biconvex lens, the correction factor would be x1, for a 78-diopter
lens it would be x1.1, and for a 90-diopter lens it would be x1.3. Mean optic disc size
generally ranges from 1.6-1.7 to 2.2-2.4 mm [2]. Nevertheless, there is no general
agreement regarding the limits defining small, average, and large optic discs.

The vertical cup-to-disc ratio is highly dependent on the optic disc size [12, 13].
Large optic discs have physiologically increased cupping that may be confused with
glaucoma, and conversely, small glaucomatous discs may not show any perceptible
cupping or neuroretinal rim atrophy. Thus, clinicians should take into account that
large discs in healthy eyes may have large cups, while small discs in eyes with glau-
coma may have small cups (Fig. 6.6).

Calculating the border of the ONH is particularly difficult in highly myopic eyes,
in discs with large chorioretinal atrophy areas, and in atypical optic discs. In these
cases, changes in the direction of the blood vessels (blood vessel bending) may help
to identify the contour of the optic disc.

Fig. 6.6 The color fundus photograph (left image) shows a small optic disc with an apparently
small optic disc cup. Nevertheless, on the monochromatic fundus photograph (right image), a
small RNFL wedge defect (white line near the green arrow) is starting to be identifiable. This is a
sign of early glaucomatous damage
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6.3.2 Assessing Neuroretinal Rim Limits

The typical distribution of the RNFL bundles in the neuroretinal rim of the optic
disc is usually thicker in the inferior pole, followed by the superior pole, the
nasal area, and then the temporal area, which is the thinnest part of the rim
(inferior > superior > nasal > temporal). This characteristic distribution is
known as the ISNT (inferior-superior-nasal-temporal) rule (Fig. 6.7) [14-16].
In glaucoma patients, however, the ISNT rule is frequently broken (Figs. 6.8
and 6.9), leading to localized rim narrowing, known as notching.

In addition to the RNFL distribution in the optic disc, it is important to observe
the color of the rim area. The color of a healthy neuroretinal rim varies between
orange and pink, while a white-yellowish rim suggests neuro-ophthalmologic dis-
ease other than glaucoma. In general, a pale neuroretinal rim is related to non-
glaucomatous optic neuropathy (Fig. 6.10).

ISNT rule

+++

. +4++
Fig. 6.7 In healthy eyes,

the inferior sector of the

neuroretinal rim tends to

be greater than the

superior, nasal, and

temporal sectors (Inferior>

Superior>Nasal >

Temporal). This

distribution is known as the Inferior > Superior > Nasal > Temporal
ISNT rule
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Fig. 6.8 The ISNT rule is
broken in this
glaucomatous eye, in
which there is inferior
neuroretinal rim narrowing
(inferior notch) with
enlargement of the optic
disc cup. The superior rim
area is larger than the
inferior rim area

Fig. 6.9 This
glaucomatous optic disc
does not respect the ISNT
rule due to the superior rim
area, which is smaller than
the nasal and temporal rim
areas. The focal superior
neuroretinal rim narrowing
creates a superior notch

A. Ferreras
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Fig. 6.10 These retinographies correspond to a 34-year-old male with chronic relapsing inflam-
matory optic neuropathy in the left eye. The different color of the neuroretinal rim is evident
between the healthy eye (right eye on the left side) and the affected eye (left eye, on the right side).
A pale neuroretinal rim increases the likelihood of non-glaucomatous optic neuropathy



158 A. Ferreras

6.3.3 Determining the RNFL Bundle Distribution
in the Retina

The RNFL bundles in the retina are more easily observed with monochromatic fun-
dus photographs (short wavelength light, such as blue light) than with color photo-
graphs (Fig. 6.11). The low penetration of blue light in the retina usually requires
dilated pupils and transparent ocular media to obtain high-quality images. To evalu-
ate the RNFL, a series of digital fundus photographs of each eye should be acquired:
one photograph must be centered on the optic disc, another on the macula, and the
other two on each arcuate zone (temporal superior and temporal inferior).

The RNFL corresponds to the axons of the ganglion cells. In healthy individuals,
the normal RNFL has fine and bright striations following an arcuate distribution on the
inner retina (Fig. 6.12). The RNFL is most easily visible in the inferior temporal part
of the fundus, and then in the superior temporal region, the nasal superior region, and
the nasal inferior region [17—-19]. In particular, the RNFL is easiest to identify around
the optic disc. In contrast, the RNFL is least visible in the peripheral retina (Fig. 6.13).

The visibility of the RNFL decreases with age, in part due to the physiologic loss
of ganglion cells (3000-5000 per year) of the mean total of 1.4 million cells present
at birth [20-22]. In addition, age-related opalescence or opacification of the lens
makes it difficult to assess the RNFL status.

Two different patterns of reduction of the RNFL are observed in glaucoma
patients: [4]

1. Localized RNFL defects or wedge defects (Figs. 6.14, 6.15, 6.16, 6.17, and 6.18)
are darker focal areas with reduced or lost visibility of the normal striation
pattern. These areas must be wider than a first-order branch vein, beginning at
the disc margin and arching from the ONH to the periphery.

Wedge defects can be observed in mild to moderate glaucoma patients, but
they can also be detected in patients with normal standard automated perimetry
scores as a sign of early glaucomatous damage. The age-related RNFL loss is
diffuse and therefore focal losses cannot be attributed to patient age. Nevertheless,
wedge defects are not pathognomonic for glaucoma and can be observed in other
types of neuropathies.

Wedge defects must be differentiated from slit-like RNFL defects, which are
darker focal areas with reduced visibility of the normal striation pattern, but are
smaller than a first-order branch vein, and do not extend to the border of the optic
disc (Fig. 6.19). Slit-like RNFL defects can be observed in healthy individuals
and do not indicate glaucoma.

2. Diffuse loses are a generalized rarefaction of the normal RNFL striation pattern,
which seems to blur into a uniform or slightly granular light-gray area (Fig. 6.20).
The retinal vessels normally course through the RNFL, but in eyes with diffuse
RNFL loss, they are covered only by the inner limiting membrane. Thus, the reti-
nal vessels appear more visible and sharper (Fig. 6.21). This pattern, however, is
also not pathognomonic for glaucoma. Diffuse loss is usually related to more
advanced glaucomatous disease than wedge defects. Frequently, a detailed
inspection of the images is necessary to identify this pattern.
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Fig. 6.11 Monochromatic fundus photograph showing the bright striation pattern of the
RNFL bundles

Fig. 6.12 The bundles of the RNFL follow an arcuate distribution under the inner limiting
membrane
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Fig. 6.13 In healthy
individuals, the RNFL is
more visible around the
optic disc, while it is less
detectable in the peripheral
retina

Fig. 6.14 Wedge defects can be identified in color photographs (left image), but are more visible
in monochromatic fundus photographs (right image). This is an image from a patient with primary
open-angle glaucoma. The inferior wedge defect appears as a darker area with loss of the normal
striation pattern, near the notch in the optic disc



6 Optic Nerve Head Assessment and Retinal Nerve Fiber Layer Evaluation 161

Fig. 6.15 Combined report of a fundus photograph and optical coherence tomography of the case
shown in Fig. 6.14. When the vertical scan (pink line) is located outside the notch (a) the optic disc
cup (green lines) is smaller than when the vertical scan is on the notch (b)
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Fig. 6.16 The wedge defects can hardly be identified in the color retinography (left picture). In the
monochromatic fundus photograph (middle picture), a wide inferior wedge defect is evident as
well as other small inferior and superior wedge defects (highlighted with green lines in the right
picture)

Fig. 6.17 This monochromatic retinography shows two wedge defects in the RNFL. The green
lines in the right picture mark the limits of both defects

Fig. 6.18 A monochromatic fundus photograph of a 67-year-old glaucomatous female with a
cataract. Besides the poor visibility of the RNFL striations, a superior wedge defect can be
observed close to a superior notch (left image). The green lines and green arrow indicate these
defects (right picture)
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Fig. 6.19 Slit-like defects must be differentiated from wedge defects. Slit-like defects are not indic-
ative of glaucomatous damage and can be observed in healthy individuals. These defects are small
dark areas in the normal striation pattern that do not reach the optic disc border (green arrows)

Fig. 6.20 Monochromatic retinography of a patient with advanced glaucoma. There is a general-
ized loss of the normal bright striations of the RNFL, leading to a dark and uniform appearance of
the fundus. This pattern is known as diffuse loss
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Fig. 6.21 This case illustrates the difference between the normal bright striations of the RNFL,
clearly visible in the inferior retina, and a diffuse loss in the superior retina. The retinal vessels
appear sharper in the superior area due to the lack of the RNFL covering and surrounding them
under the inner limiting membrane
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6.3.4 Evaluating Peripapillary Atrophy

Peripapillary atrophy has been associated with glaucoma since the early twentieth
century [23]. Clinically, peripapillary atrophy is classified into alpha zone (a-zone)
and the beta zone (f-zone) [24]. The alpha zone is defined as an area of irregular
hypopigmentation and hyperpigmentation located in the periphery of the peripapil-
lary atrophy. The beta zone is an area of visible sclera and the large choroidal ves-
sels situated between the peripapillary scleral ring and the alpha zone (Fig. 6.22)
[25]. The alpha zone corresponds histologically to irregularities in the retinal pig-
ment epithelium (cells of uneven size and melanin content), while the beta zone,
which is closer to the ONH, is a region with almost complete loss of photoreceptors
and closure of the choriocapillaris (lack or atrophy of the retinal pigment epithe-
lium) [26-29].

Based on histology, a new classification of peripapillary atrophy was recently
suggested [30]. In addition to the alpha and beta zones, the new classification
includes gamma and delta zones. The gamma zone is the distance between the end
of Bruch’s membrane and the outer margin of the optic nerve (covered by pia mater).
The gamma zone represents the peripapillary sclera without the overlying choroid,
Bruch’s membrane, and deep retinal layers. The delta zone is defined as the central
part of the gamma zone in which blood vessels of at least 50 pm in diameter are not
detected over a length of at least 300 pm. The gamma and delta zones are not related
to glaucoma, but rather to axial globe elongation.

The alpha zone is present in normal eyes, and can also be observed in glaucoma-
tous eyes. The association between the beta zone and glaucoma is widely known
[24, 25, 31]. The beta zone is more prevalent and extensive in glaucoma patients
compared with healthy subjects [25]. Moreover, the location of the beta zone cor-
relates with the location of the glaucomatous optic disc damage and visual field
defects [24]. The width of the beta zone inversely correlates with the neuroretinal
rim width in the corresponding area (i.e., the larger the beta zone, the thinner the
neuroretinal rim). The beta zone is an important risk factor for visual field deficit
progression in glaucoma patients [31-33]. Nevertheless, it seems that there is no
association between the size of the beta zone and conversion from ocular hyperten-
sion to glaucoma [34].
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Fig. 6.22 The green ring on the right side corresponds to the beta zone of this glaucomatous optic
disc. The alpha zone is located in the periphery of the beta zone (purple ring) and is not related to
glaucoma
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6.3.5 Checking for the Presence of Optic Disc Hemorrhage

Detecting disc hemorrhage requires careful optic disc examination. Many times, the
hemorrhages are small and may go unnoticed. Splinter-shaped or flame-shaped
hemorrhages at the margin of the ONH are usually a hallmark of glaucoma. Although
optic disc hemorrhage is rarely found in healthy individuals, it is not pathogno-
monic of glaucomatous optic neuropathy. Optic disc hemorrhage is more frequently
located at the inferotemporal or superotemporal sectors. Flame-shaped hemor-
rhages are usually associated with RNFL wedge defects, notches, and visual field
defects in the corresponding area (Fig. 6.23).

Normal-tension glaucoma patients have a higher incidence of disc hemorrhage
than high-tension glaucoma subjects (1.9-5 fold in prevalence vs. 1.3-2.8 fold in
incidence) [35—41]. Some studies, however, suggest that the development of optic
disc hemorrhage is not consistently related to intraocular pressure [35, 36, 42—44].
In primary open-angle glaucoma, disc hemorrhage could be larger and longer in
eyes with normal-baseline intraocular pressure than in eyes with high-baseline
intraocular pressure. Thus, disc hemorrhage could be more easily detected in cases
with normal-baseline intraocular pressure, suggesting that findings of previous
studies were partially biased to a higher prevalence and incidence of disc hemor-
rhage in normal-tension glaucoma eyes due to this topographic characteristic [44].

Flame-shaped hemorrhages are indicative of glaucoma progression [42, 45-52].
Nonetheless, a recent study suggested that disc hemorrhage is an ongoing sign of struc-
tural progression rather than a discrete event that leads to subsequent progression [53].

A series of fundus photographs can be helpful for following glaucoma suspects
over time (Figs. 6.24 and 6.25). A comparison of images obtained through the years
may reveal changes due to glaucoma progression.

Fig. 6.23 In the color retinography (left picture) a flamed-shape hemorrhage can be identified at
the inferior pole of the optic disc. The hemorrhage is located close to a notch in the neuroretinal rim
and a RNFL wedge defect, clearly visible in the monochromatic fundus photograph (right picture)
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Baseline

Fig. 6.24 A series of retinographies can be used to monitor changes in the optic disc over time.
This is the same case shown in Figs. 6.5 and 6.23. A small optic disc hemorrhage was present at
baseline. The hemorrhage changed in the follow-up period while the neuroretinal rim narrowing
progressed, the peripapillary atrophy became more evident, and the direction of the vessels was
modified
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Fig. 6.25 The changes in the optic disc observed in the retinography of the glaucoma patient
shown in Figs. 6.23 and 6.24 corresponded with progression of the RNFL defect and the visual
field defect in standard automated perimetry (bottom pictures). Clinicians should check for agree-
ment between the fundus photographs findings and other tests: clinical assessment, visual field,
and imaging technologies
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Chapter 7
Confocal Scanning Laser Ophthalmoscopy

Michele Iester

7.1 Heidelberg Retina Tomograph

The Heidelberg retina tomograph (HRT) is a confocal laser scanning system
designed to acquire and analyse three-dimensional images of the posterior segment
of the eye [1, 2]. It is the oldest glaucoma imaging device on the marketing. The
major clinical applications of the instrument are the quantitative analysis of the
optic nerve head (ONH) in glaucoma at baseline or during a follow-up.

In a confocal laser scanning system, a focused laser beam scans the fundus, and
the amount of light reflected from each scanned point is measured (Fig. 7.1a).
A diaphragm sits in front of the light detector, the confocal pinhole, so that light
originating mainly from the corresponding focal plane reaches the detector and con-
tributes to the image. Light reflected from outside the focal plane is masked. The
image is an optical section through a three-dimensional object. Sequential optical
sections are acquired at different depths to produce a layered three-dimensional
image. This imaging process is called scanning laser tomography (SLT).

The HRT acquires a series of up to 64 optical sections in depth at 1/16 mm inter-
vals (Fig. 7.1b). The number of images acquired may vary from 1 mm to 4 mm,
depending on the thickness of the tissue of interest. The image field is 15 by 15°,
with a density of 384 by 384 pixels.

At each location in the image stack, the reflected light intensity varies through
the depth of the scan series. It is assumed that this intensity variation has a maxi-
mum at the tissue surface. The surface topography is derived from an estimation of
the intensity maximum at each pixel in the image, resulting in a matrix of 384 x 384
surface height measurements. The topography is presented as a colour-coded map,
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with darker colours representing more superficial structures and lighter colours rep-
resenting deeper structures.

In an examination of the ONH with the HRT, three image stacks are acquired
automatically. During the acquisition process, the software determines, and auto-
matically sets, the required scan depth and image brightness. Following this, 3
topography images, and a mean, are computed. The repeatability of height measure-
ments at each pixel is calculated. This is used to assess the significance of detected
changes in follow-up measurements.

In order to derive 3-dimensional ONH structures, the ONH margin is drawn
manually by placing a contour line at the inner margin of Elschnig’s ring (Fig. 7.1c¢),
and the software calculates stereometric parameters within this line. The stereomet-
ric parameter values are computed for the whole ONH and for 6 predefined
sectors.

The average reproducibility at each of the 384 x 384 local surface height mea-
surements is around 20 pm for healthy and glaucomatous eyes with acuity of 6/12
or better and cylindrical refractive error <1 dioptre. Reproducibility is worse in eyes
with larger degrees of cylindrical refractive error [3, 4].

Clinical evaluation of the ONH is mainly based on HRT parameter and their
formulas such as the Moorfields regression analysis (MRA) and the various linear
discriminant functions. Most of these analyses have reference plane-dependent val-
ues incorporated into their formulation.

The reference plane is an arbitrary plane set below and parallel to the retinal
surface within an HRT topographic image. Within the scleral ring, space that is
above the plane is defined as ‘neuroretinal rim’ and space that is below the plane is
defined as the ‘cup’. Figure 7.1d demonstrates the position of the reference plane
relative to the optic nerve head.

The stereometric parameter values (such as rim area and volume) are dependent
on the position of the reference plane, while other parameters such as cup shape
measure (CSM) are reference plane independent.

The standard reference plane is located 50 um below the contour line at the tem-
poral disc margin, between —10° and —4°, and it is parallel to the retina surface; in
this way if the optic disc is tilted, also the reference plane will have the same incli-
nation. This location was selected on the basis of the mean surface inclination angle
of the optic nerve head and because it coincides with the papillomacular bundle [5].
It was assumed that the papillomacular bundle would maintain a relatively stable
thickness because central visual acuity is not impacted upon until the later stages of
the glaucomatous process. However, this has not been supported by OCT-derived
retinal thickness measurements, which show reduced papillomacular bundle thick-
ness in glaucomatous subjects despite maintenance of a good visual acuity [6].
There may, therefore, be some change in the reference plane height as disease pro-
gresses [7, 8].

The first step in the analysis is to draw the contour line around the outer edge of
the ONH rim. The disc margin was delimited by a contour line placed around the
margin of the peripapillary scleral ring. Once the contour line is drawn, the com-
puter can analyse the ONH and calculate all the HRT parameters. Small changes in
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the contour line position do not change the diagnostic capacity of the HRT [9];
however, the user can also use the linear profile that shows a small depression where
there is the Elschnig’s ring just before the outer edge of the rim (Fig. 7.1e).

The main 12 variables measured by the Heidelberg retina tomograph include
disc area, cup to disc ratio, cup shape, height variation contour, rim area, rim vol-
ume, maximum and mean cup depth, cup area, cup volume, RNFL cross-sectional
area and mean RNFL thickness. The parameters can be global, when the ONH is
considered all together, or sectorial when the ONH is divided into six sectors
(Fig. 7.1fg).

All the methods inside the device are purely statistical description and have noth-
ing to do with disease status.

No commercially available imaging device is able to discriminate perfectly
between normal and glaucomatous eyes — there is an overlap in measurements
between the two. When an eye with glaucoma will be classified as ‘borderline’ or
‘outside normal limits’, the final decision as to whether an eye is glaucomatous or
not is a clinical judgement, based on all available clinical data. Inside the system
there are different database to use to compare patients’ data with healthy population
(Fig. 7.2).

Efforts should be made during image acquisition to ensure that the variability of
the images is the lowest it can be (a low standard deviation) (Fig. 7.1hi), and the
clinician should check to ensure that serial images are on focus (Fig. 7.1jk), well
aligned to avoid movement and fixation loss (Fig. 7.1lm) and not overexposed
(Fig. 7.1n). Obviously misaligned images should be removed and the analysis
repeated to obtain a good image (Fig. 7.10).

During acquisition it is possible to detect floaters (Fig. 7.1pq), peripapillary
haemorrhages (Fig. 7.1r), scleral ring (Fig. 7.1s) and peripapillary atrophy
(Fig. 7.1¢).

When a printout is read, the following parameters must be checked:

e Quality (Figs. 7.3a and 7.1h)

* Disc size (Fig. 7.3b)

* Configuration of the cup (Fig. 7.3¢c)
e CSM which is the slope of the cup
» RNFL (Fig. 7.3d-g)

Then all the algorithm inside the system should be considered.
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a Confocal Laser Scanning Technology
Photodetector
Condensing Focal
lens plane

Pinholes
\_ — \
670 nm
Laser __—
| — \

Beam
splitter

Beam
scanner Courtesy of J. Flanagan PhD, MCOpt
Fig. 7.1 (a) In a laser scanning system, a laser is used as a light source. The laser beam is focused
to one point of the examined object. The light reflected from that point goes the same way back
through the optics and is separated from the incident laser beam and deflected to a detector. This
allows the instrument to measure the reflected light only at one individual point of the object. In
order to produce a two-dimensional image, the illuminating laser beam is deflected periodically in
two dimensions perpendicular to the optical axis using scanning mirrors. Therefore, the object is
scanned point by point sequentially in two dimensions. A confocal laser scanning system has a
high optical resolution not only perpendicular but also parallel to the optical axis, that means into
depth. A two-dimensional image acquired at the focal plane therefore carries only information of
the object layer located at or near the focal plane. It can be considered as an optical section of the
three-dimensional object at the focal plane (Courtesy of J. Flanagan PhD, MCOpt). (b) HRT acqui-
sition and signal processing. (¢) How to draw the contour line. Place about 6-8 points to draw the
contour line. Too many points result in an irregular shape and the contour line is difficult to modify.
(d) The reference plane. Schematic of a cross section through the ONH and parapapillary retina.
The reference plane (dashed line) is parallel to the retinal surface. The standard reference plane is
set 50 p below the contour line height at the temporal disc margin (Burk et al. [5]). (e) Look for the
scleral ring. The scleral ring might appear as a depressed pale band on the topography image, a
high reflective zone on the reflectance image. The contour line should be placed at the inner edge
of the scleral ring. On the interactive height profile, the band can be identified as a ‘valley’. (f)
Global and sectorial parameters automatically calculated by the system. (g) Global and sectorial
parameters automatically calculated by the system and the printout. (h) Standard deviation as a
parameter of image quality. (i) Image quality. In order to detect glaucomatous progression, image
quality is essential. Reproducibility of serial images is critical in detecting progressive structural
change. The HRT is proven reproducible and has automatic quality control (standard deviation
measure) to provide exact comparison of data and accurate follow-up of patients over time. (j)
Focused and unfocused image. (k) Image acquisition with an uncorrected astigmatism. (1) Fixation
loss during acquisition: see the double vessels. (m) Movement of the eye during acquisition. (n)
Wrong focus; see the overexposure image. (0) Good image for the analysis. (p) Presence of float-
ers. (q) Presence of floaters in the TCA map (see below). (r) Presence of haemorrhages. (s) Scleral
ring. (t) Peripapillary atrophy
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Fig. 7.1 (continued)
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Fig. 7.1 (continued)



7 Confocal Scanning Laser Ophthalmoscopy 183
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Fig. 7.1 (continued)
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Fig. 7.1 (continued)
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ENGINEENNG

Normative Databases

now disc size |[new disc size CUP RIM RFNL
12 Stereometric Parameters ! 743eyes 1.1-42 |743eyes 1.1 2

FSM Discriminant Function 3 153 eyes 22-25 |153eyes 2.2-25
RB Discriminant Function 4 136eyes 1.2-29 (136eyes 1.2-2.9
Moorfields Regression Analysis 2 |

Glaucoma Probability Score (GPS) 5

Stereometric Parameters

Caucasian Controls* 112 eyes 733 eyes -3.6

African Origin Controls** 215eyes 1.4-3.4
Indian Controls (not GPS)* |104 eyes 0.9 -4.1
Glaucoma Probability Score (GPS
Caucasian Early Glaucoma* 146 eyes 1.2-35
African Origin Early Glaucoma** 49eyes 1.2-37
2279
*Refractive Error -6 to +6
**Refractive Error -5 to +5

5 - Nicholas V. Swindale et. al, Inv

Fig. 7.2 Normative Databases
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7.2 Moorfields Regression Analysis (MRA)

This is a method based on a logarithmic transformation which is made to normalise
the distribution, and the normal limits are derived from the prediction intervals of a
regression analysis of log neuroretinal rim area against ONH area and age, because
of the known relationship between neuroretinal rim area and ONH size [10] and
subject age [11]. Furthermore, in glaucoma, although neuroretinal rim narrowing is
said to occur preferentially at the poles of the ONH, it may occur anywhere in the
ONH; thus, the classification algorithm is based on an analysis of all ONH segments
predefined in the software, with the most abnormal segment giving rise to the over-
all ONH classification.

In the software analysis, the neuroretinal rim and cup areas, in relation to the
prediction intervals, for the whole disc and each predefined segment are displayed
as a series of bars (Fig. 7.31). The classification for each ONH segment is also dis-
played on the reflectivity image. A red cross denotes ‘outside normal limits’, a yel-
low exclamation mark denotes ‘borderline’ and a green tick denotes ‘within normal
limits* (Fig. 7.3r).

The lower three lines represent the lower 95.0, 99.0 and 99.9 % prediction inter-
vals. These intervals are calculated for the ONH as a whole and for each of the six
predefined sectors. An ONH is classified as ‘within normal limits’ if the global and
segmental neuroretinal rim areas are all greater than (above) the 95 % prediction
interval. If the rim area of any segment lies between the 95 and 99.9 % prediction
intervals, then the ONH is classified as ‘borderline’. If the rim area of any segment
lies below the 99.9 % prediction interval, then the ONH is classified as ‘outside
normal limits’.

However, because glaucoma is associated with narrowing of the neuroretinal
rim, the great majority of eyes with glaucoma will be classified as ‘borderline’ or
‘outside normal limits’. The final decision as to whether an eye is glaucomatous or
not is a clinical judgement, based on all available clinical data (Fig. 7.3r, s).

Clinically some correlations between MRA results and visual fields have been
found, and the system can offer a good and easy to read print-out (see below;
Fig. 7.5a—c).

The OHTS Ancillary Study found that the MRA superior temporal region had
the highest positive predictive value for glaucoma. A patient with an abnormal
MRA at this location was likely to be six times more at risk of glaucoma compared
to any other risk factors. And 40 % of eyes flagged as ‘outside normal limits’ at the
baseline examination went on to develop glaucoma [12].
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disc area [me] 261 163- 243 . 085 033 !

cup scea lnn?] iz 011- 088 039 015

rim ares [mm®] 139 13-19% 026 018

cupkdisc area ratio [ | 047 007- 030 060 045

rimidisc area ratio | | 053 070- 083 »05 040 055

cup vokame [mm’] 052 00 - 018 = 0.001 013 008

rim volue [men] 027 030- 061 002 004
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micdmum cup depth [mm] 0ss 032- 076 012 086 089

height variation contour [men] 030 031- 049 021 014 015

cup shape measure [ | 013 0.28--015 035 0n ons

Fig. 7.3 (a) Qualitative overview. (b) Disc size is important because you need to assess the disc
size relative to the normative values of the other parameters. For example, a cup shape measure
of —0.2 is OK on a normal size disc but on a large disc, —0.1 is normal. (¢) Configuration of cup.
Vertical orientation of the cup would be a risk factor. (d) Height profile along contour line. (e) Cross
check looking at RNFL profile. The retinal surface height variation graph should be above the red
reference plane. Typically you see the RNFL double hump configuration. The retinal surface height
should not dip below the reference plane. If it does, it generally means the contour line is drawn too
narrow. (f) Normal RNFL profile. (g) Abnormal RNFL profile. (h) Reflectivity and RNFL loss.
(i) Moorfields regression analysis (MRA). (j) Moorfields regression analysis (MRA).
(k) Discriminant analysis formulas: FSM and RB. (I) Stereometric parameters and discriminant
functions. (m) Glaucoma probability score (GPS): parameters used. (n) Glaucoma probability score
(GPS). (0) Rim configuration. Does the disc follow the ISNT rule? (p) Rim configuration example.
(q) OU report. How to read. (r) OU report. example. (s) OU report example. (t) OU report GPS
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7.3 Discriminant Analysis Formulas

The HRT software produces a large number of ONH measurements, and discrimi-
nant analysis is a method of predicting group membership from the optimally
weighted combination of variables. The mathematical approach to distinguish
between healthy and glaucomatous eyes is based on generating a discriminant func-
tion from a linear discriminant analysis of measurement data derived from healthy
and glaucomatous eyes or on an analysis which derives limits for normality for the
considered parameter (Fig. 7.3k).

The analysis determines a subset of variables that is most discriminating and
the weights (positive or negative) for each variable. For the HRT, this means find-
ing a combination of ONH parameters that predict the presence or absence of a
glaucomatous VF. The first reported discriminant analysis was by Mikelberg et al.
[13, 14]. Their analysis included a number of global parameters and subject age.
Since then, more discriminant analyses have been developed. The HRT software
provides the discriminant analyses of Mikelberg et al. [14] and Burk et al. [15]
(Fig.7.31).

The differences between the various formulas are likely to reflect differences in
the subject groups, caused by factors such as subject selection, ONH size and dis-
ease definitions.

It has been shown that the discriminant analysis classification differed in small
(disc area<2 mm?), intermediate and large (disc area >3 mm?) ONHs [14]. In the
small ONH subgroup, the Mikelberg et al. and Bathija et al. analyses resulted in the
best discrimination. In the subgroups with medium-sized and large ONHs, the sec-
tor formula of Iester et al. obtained the best results [15—19]. Slightly different results
have been found by Ford et al.[20].

The type of glaucoma, subject gender and refractive error do not markedly affect
the performance of the analyses [21].

7.4 Glaucoma Probability Score

Furthermore, all the HRT images were analysed by the glaucoma probability score
(GPS) classification which involves the use of a geometric model to approximate
the shape of the ONH topography with a three-dimensional surface described by
five parameters derived from ONH and peripapillary retinal morphology (cup size,
cup depth, rim steepness, horizontal and vertical RNFL curvature) (Fig. 7.31j, m).
The details of this method have been already published elsewhere [22]. The GPS is
able to classify ONHs in three different groups: normal, borderline or suspect and
‘outside normal limit’ group based on the value obtained (within normal limits,
0-28; borderline, 28—64; outside normal limits, 64—100). Using the HRT GPS, it
was possible to differentiate normal from glaucomatous with a diagnostic capacity
similar to DAF, but without any observer input (Fig. 7.3n).
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Iester et al. obtained similar results between discriminant formulas and
GPS. However, the agreement between techniques was not so high as we supposed.
At this moment the GPS has a too high sensitivity, but it is a way to analyse ONHs
without any input. As for DFAs, in average DA size subgroup, the GPS had the best
diagnostic capacity [23-25] (Fig. 7.3t).

Zangwill et al. found that GPS could differentiate between glaucomatous and
healthy eyes with relatively good sensitivity and specificity; however, using the
manufacturer’s suggested cut-off values for classification as abnormal, the GPS
tended to have higher sensitivities and lower specificities and likelihood ratios than
did the MRA. Disc size influences the diagnostic accuracy of both the GPS and
MRA [26]. Also Coops et al. found that in few patients with glaucoma (7 %) and
control subjects (11 %), the GPS failed to provide a complete global and sectorial
optic disc classification. They could not identify a single distinct cause of this fail-
ure in the glaucoma group, but failures in the control subjects occurred most often
with small and crowded optic discs. In subjects who were successfully classified at
least globally by the GPS, the diagnostic performances of GPS and MRA were
similar and the areas under the receiver operating characteristic curve found values
of 0.78 for GPS and 0.77 for MRA [27]. Similar results were obtained by Ferreras
et al. who found a sensitivity and specificity of 73.9 and 91.5 % for MRA and a
sensitivity and specificity of 58.2 and 94.4 % for GPA. They found that GPS had a
slightly higher sensitivity and a lower specificity than MRA when there was a mild
glaucoma damage. Both methods had lower sensitivity and higher specificity for
small ONHs compared to medium and large ONHs [28]. In a different study also
Burgansky-Eliash Z et al. found that the ROC areas for discrimination between
glaucomatous and healthy eyes of the overall classification by HRT 2 Moorfields
regression analysis (MRA), HRT 3 MRA, and GPS were 0.927, 0.934 and 0.880,
respectively [29].

7.5 ISNT Rule

Some years ago, Jonas et al. introduced a very interesting method to distinguish
normal from glaucomatous by just observing the optic rim area ophthalmoscopi-
cally. In particular, in a cross-sectional study, they observed that the inferior sector
RA was greater than superior, nasal and temporal sectors (inferior RA > superior
RA >nasal RA>temporal RA) [30, 31] (Fig. 7.30). They divided the entire rim area
into four special segments: temporal (337.5-22.5°), superior (22.5-112.5°), nasal
(112.5-247.5°) and inferior (247.5—337.5°). This rule was applied also in glaucoma
clinic just by using the thickness of the rim at the four poles of the optic disc. In
particular the physicians observed the ONH, and when the ONH was oval with a
great vertical axis, the RA width was calculated in the main four positions: temporal
(0°), superior (90°), nasal (180°) and inferior (270°). If the inferior RA > superior
RA >nasal RA>temporal RA, the ONH was classified as normal (Fig. 7.3p).



198 M. Iester

This formula has been introduced in the HRT software to distinguish normal
ONH from glaucomatous ones. Harizman et al. found that the ISNT rule was useful
in differentiating normal from glaucomatous ONHs and was unaffected by race
[32]. Different results were obtained by Sihota et al. who showed that the inferior
rim area was wider than the superior one in 2/3 of the normal eyes; furthermore,
they found that this rule was maintained in most patients with early glaucoma [33].
Iester et al. applied the ‘ISNT Rule’ to the ONH parameters obtained by the HRT
system, and RA in the superior, inferior fads and nasal sectors was wider than tem-
poral one, but only 12.44 % of the included patients confirmed the ‘ISN’T rule’
[34]. In a different study on paediatric healthy subjects, Larsson et al. found that
ISNT rule was fulfilled in 56 % of the eyes [35]. Violation of ISNT rule was found
more frequently in paediatric population with large optic disc cup of nonglaucoma-
tous origin compared with normal cup discs [36].

At the end of the analysis, the statistical approach you can use is different. In the
final printout: SD, DA, 6 stereometric parameters, MRA and RNFL height profile
are shown (Fig. 7.3g-s).

7.6 Follow-Up

A potentially important clinical application of the HRT is the detection of glauco-
matous progression from a baseline image.

7.6.1 Stereometric Parameters

Stereometric parameters, such as rim area and cup area, could be used to monitor
for changes. The advantages of this approach are that change is measured in param-
eters that are clinically familiar (such as neuroretinal rim) and that have an easily
comprehended anatomic correlate (such as the ganglion cell axons and supporting
tissues). Relative disadvantages are that only a proportion of the topographical data
in the images is used and the measurements are dependent on reference plane posi-
tion. The potential benefit of identifying change in stereometric parameters was first
demonstrated by Kamal et al. in 1999 [37]. They estimated 95 % confidence limits
for change from the differences in stereometric parameters measured in sequential
HRT images acquired from normal eyes (normal variability) [38]. Tan et al. avoided
this problem by deriving limits for change for each eye from the three single topog-
raphy images acquired at the baseline visit. When rim area change exceeded the
confidence limits on one occasion, ‘tentative’ progression was ascribed. ‘Definite
progression’ required confirmation in at least two out of three consecutive tests.
This strategy accounted for the possibility that isolated events may be spurious or
reverse on subsequent testing by [39, 40].
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A different, simple approach is to perform a linear regression of rim area over
time. Rate of change may be expressed as a percentage of the baseline rim area lost
per year.

7.6.2 Topographic Change Analysis (TCA)

TCA is a statistical method to compare the topographic height values in discrete
areas of the image, called super-pixels (an array of 4 by 4 pixels), at two points in
time. After a series of image over time has been obtained, each follow-up image is
aligned to the baseline image and the topography images are compared [41]
(Fig. 7.4a).

The TCA computes, at each super-pixel, the probability of the difference in
height values between the two time points occurring by chance alone. Hence, a high
probability value (when P is high) indicates that the likelihood of a change is low.
On the other hand, a low probability (when P<0.05) indicates that there is little
chance that the difference was due to chance alone and that the change was likely to
be real (Fig. 7.4b).

The analysis requires the mean of a set of three topographic images at each
point in time, so that each pixel in the image will have three height values
(Fig. 7.4c). The key determinant in the TCA is the variability in topographic height
values within the superpixel over the two sets of three images for each comparison
(three at baseline, three at follow-up). If the local variability is high, a much larger
height difference between the two time points will be required to reach statistical
significance and vice versa. Typically the variability of measurements is highest at
the edge of the ONH cup and along the blood vessels and lowest in the topographi-
cally flatter parapapillary retina. Therefore, relatively larger changes will be
required to reach significance in the former case and relatively smaller changes in
the latter (Fig. 7.4d, e).

The main analysis from the TCA is contained in the change probability maps.
These show each of the follow-up images, either in a single display with all reflec-
tivity and topography images in the series (Fig. 7.4c, d) or the baseline and single
follow-up images individually. In the latter format, it is possible to display the base-
line reflectivity or topography image and the follow-up images one at a time. In
addition, a greyscale of the P-values at changing locations and a map of the absolute
change values are displayed. The reflectivity map is overlaid with red and green
symbols that highlight superpixels in which the P-values are significant, with red
demonstrating depression and green demonstrating elevation (Figs. 7.4b, d, f). By
default, only those superpixels where the P-values are significant over three con-
secutive examinations are shown.

The TCA is an analysis that has been demonstrated to detect small changes in
ONH and parapapillary retinal topography. There are, however, no rules regarding
when the change detected becomes clinically significant. The criterion for signifi-
cant change was the presence of a cluster of 20 superpixels within the ONH margin
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[42]. Furthermore, the following criteria of progression [43] could improve agree-
ment amongst graders:

* Reproducible clusters of red spots in follow-up exams.

* Red clusters must be within the ONH margin.

* Red spots located along the blood vessels should be ignored.

* Red spots occurring on steep slopes along the optic rim edge should be judged
with caution as the reliability of the surface detection of the device is low at these
locations.

* Alternating clusters of red and green areas are typically artefacts and should not
be considered progression.

In a series of images with very little variability, small changes may reach statisti-
cal significance. Conversely, in an image series with high variability, even large
changes may not reach statistical significance. It is, therefore, important to examine
the magnitude of change and the image variability when interpreting the TCA
analysis.

Unfortunately to date, there are no proven guidelines on what degree or rate of
change in absolute units (i.e. microns or microns per year) is clinically significant,
principally because we do not have an independent standard for progression.

7.7 Correlation with Visual Field

Several studies have demonstrated significant correlation between structural param-
eters obtained with the HRT and VF indices, either globally [44—50] or sectorially
[44, 48, 49]. The data from these studies confirm the complexity of the relationship
between structural and functional changes in glaucoma. Recently it has been shown
that inter-individual variability in both the quantitative and the topographical rela-
tionships between structure and function could be related to a different anatomical
position of the fibres (Fig. 7.5a, b, ¢).

However many parameters from HRT significantly correlate with visual field
indices [44-48], among these cup area, cup/disk area ratio, rim area, rim volume,
cup shape measure, RNFL thickness and RNFL cross-sectional area. Rim area
and cup shape measure are the best predictors of SAP VF indices [45, 47, 48,
50]. Correlations appears to be stronger between HRT global parameters and MD
than between HRT and CPSD. There is also a topographical relationship between
ONH structure and visual function in patients with glaucoma. Inferior and superior
HRT parameters are significantly more correlated with corresponding VF hemi-
field indices.

Furthermore, there is some indication that the relationship between HRT rim
area and VF sensitivity is non-linear [51, 52].
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Fig. 7.4 (a) Presentation of follow-up exams. The three images show the absolute change, the
statistically significant change and the reproducible change (Images with kind permission to
Balwantray Chauhan. Dalhousie Medical School/Halifax). (b) Cluster and pixel analysis. TCA is
able to align sequential exams and objectively compare all height measurements to tell you exactly
where the progression is for the complete optic nerve, how the structure is changing both by area
and depth. This is a totally objective method and covers the entire optic nerve head structure. (c)
Presentation of follow-up exams. TCA analysis: Baseline and F/U, it is easy to detect a change in
the inferior sector (Images with kind permission to Balwantray Chauhan, Dalhousie Medical
School/Halifax). (d) Glaucomatous change in the eye. There is an obvious wedge defect, but the
changes outside the disc are on average only 50 wum. However, within the disc they are 3 times the
level — 150 um and so this is why you need to evaluate the whole optic nerve head structure to be
sure of assessing all the different appearance of glaucoma. (e) Cluster analysis. In this graph the
data (area and volume of cluster) are shown in the follow-up. (f) Cluster analysis. In this graph the
data (area and volume of cluster) are shown in the follow-up together with the topographic maps
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Chapter 8
Detection of Glaucoma Using Scanning Laser
Polarimetry

Patricio G. Schlottmann and Pilar Calvo

8.1 Evolution

Scanning laser polarimetry (SLP) is an imaging technology that measures the thick-
ness of the retinal nerve fiber layer (RNFL) based on the birefringent properties of
this tissue. SLP has been developed since early 1990 by Laser Diagnostic
Technologies (LDT). The most widely used version of SLP was the GDx with vari-
able corneal compensation (GDx VCC; Fig. 8.1). Nevertheless, the ultimate edition
of this device is the GDx with enhanced corneal compensation (ECC), which is
currently manufactured by Carl Zeiss Meditec (Dublin, Ca, USA). The GDx ECC
includes a software image processing method by which image quality is improved
in eyes with atypical patterns of retardation.
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Fig. 8.1 The SLP device (patient side). Image courtesy of DF Garway Heath
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8.2 Technology

The GDx ECC is a confocal scanning laser device that quantitatively measures the
thickness of the peripapillary retinal nerve fiber layer (RNFL). Measurements are
based on the assumption that the parallel arrangement of the microtubules within gan-
glion cell axons causes a change in the state of polarization of an incident laser beam.
This is known as birefringence and it is a common property of anisotropic or birefrin-
gent structures. The change in polarization status (phase shift) is known as retardation
and is measured on the reflected beam after double passing the RNFL [1-4].

When the incident beam passes through the RNFL, it is affected by two different
refractive indices (common property of birefringent structures), splitting light into
two refracted rays. One of the rays is affected by the lower of the two refractive
indices and travels with the same velocity of the incident beam along the optical
axis of the tissue and is called ordinary or fast axis. The other ray travels with a
velocity that is affected by the highest refractive index of the birefringent structure
(RNFL in this case) and is called the slow or extraordinary axis. The difference in
speed between the two rays is called retardation (Fig. 8.2). Retardation values are
then used to calculate the thickness of the structure as retardation increases with
greater tissue thickness.

The RNFL is not the only birefringent structure in the eye. The Henle fiber layer
in the macula is made of elongated photoreceptor axons radially arranged around the
fovea. Because of this arrangement of the fibers, it exhibits significant birefringence.
The cornea due to its particular structure made of collagen fibers is also a highly
birefringent structure. The lens and the vitreous exhibit very little birefringence.

The incident beam passes through the cornea, lens, vitreous, RNFL, and the rest
of the retina to reach the retinal pigmentary epithelium (RPE) where it is reflected
back. After being reflected it passes again through the mentioned structures to
finally reach the device’s sensors. As the incident beam is affected by all birefrin-
gent structures in the eye, producing polarization changes, the final retardation will
consist largely of contributions from the RNFL and the cornea. To accurately mea-
sure RNFL originated retardation the device needs to subtract corneal retardation
from the total retardation measurement. The way to achieve this is by measuring
first, corneal retardation, then measuring total retardation and subtracting them.

Individual corneal compensation is achieved by calculating the specific axis and
magnitude of the anterior segment birefringence. This is determined by first imag-
ing the eye without any compensation. The uncompensated image presents total
retardation from the eye and includes retardation from the cornea, lens, and
RNFL. The macular region of this image is then analyzed to determine the axis and
magnitude of the anterior segment birefringence. Macular birefringence is uniform
and symmetric due to the radial distribution of Henle’s fiber layer. However, in
uncompensated scans, a non-uniform retardation pattern is present in the macula
due to the birefringence from the anterior segment. The axis and magnitude values
from the anterior segment can be calculated by analyzing the non-uniform retarda-
tion profile around the macula. The axis of the anterior segment birefringence is
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determined by the orientation of the “bow-tie” birefringent pattern in the macula,
and the magnitude of the anterior segment birefringence is calculated by analyzing
the circular profile of the birefringence in the macula according to specific
equations.

Once the anterior segment birefringence axis and magnitude values are deter-
mined, the retardation signal from the anterior segment can be compensated. The
VCC consists of two linear retarders in rotating mounts; as a result, both the magni-
tude and the axis can be adjusted to match the values to compensate for the anterior
segment birefringence for each eye. When the anterior segment has been success-
fully compensated, the RNFL image will have a uniform retardation (thickness)
profile around the macula.

In the case of macular pathology present at the moment of scanning the patient,
the GDX VCC provides an alternative algorithm to accurately compensate anterior
segment birefringence analyzing the birefringence pattern over a large area centered
on the fovea (6° x 6° square region). This method assumes the birefringence in this
macula region preserves the birefringence from the anterior segment. By averaging
the signal from a large area, the impact of local irregularities of the retinal birefrin-
gence is greatly reduced and corneal birefringence can be extracted.

This method for calculating anterior segment birefringence is accurate, even in
eyes with macular pathology where the original method failed due to an indetermi-
nate macular “bow-tie” pattern [4-9].

Once the device acquires an image and it is compensated, the final results are
then compared against an age-matched normative database. This database is made
of glaucoma patients and normal subjects. It includes a wide range of ages and racial
backgrounds. The data were collected in the United States of America and it is made
of 70 % Caucasian and Hispanic derived subjects, 12 % of Asian derived subjects
and 18 % of African derived subjects of a total of more than 800 patients (540 nor-
mals, 92 pre-perimetric, 70 early, 60 moderate, 49 advanced). The glaucoma patient
data were used to train a machine learning classifier that gives an overall score to
each patient, representing the likelihood of that subject to have glaucoma.

Polarizer

The near infrared laser
(double pass)

Retinal nerve fiber layer
(microtubules)

Retardation

Fig. 8.2 Polarized light passing through the RNFL. The GDx VCC uses a fixed conversion factor
of 0.67 nm of retardation per pm of thickness
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8.3 Enhanced Corneal Compensation

In some patients, when images are acquired using the VCC, a pattern of noise can
be obtained covering the whole image, being more visible in the nasal and temporal
areas (Fig. 8.3). This noise arises from extra retardation being detected but not
filtered.

Eyes more susceptible to produce this atypical pattern are those with poor pig-
mentation, advanced glaucoma or high fundus depolarization. Total retardance in
the measurement beam path is relatively low, particularly in the temporal and nasal
regions, as well as in eyes with advanced glaucoma damage.

SLP measurements are inherently less sensitive and more susceptible to system
noise at low retardance. To improve the ability of SLP to detect small changes at low
retardance, a large bias retardation is introduced during image acquisition. This bias
method ensures that the total retardance in the measurement beam path is relatively
high. After capturing the image, the bias is measured from the total retardance
image and mathematically removed, point by point, to produce the final RNFL
image (Fig. 8.4). Individualized corneal compensation is well achieved and with
compensation residual comparable to or less than that of the VCC method (Figs. 8.5,
8.6, and 8.7) [10-18].

Normal VCCscan  Borderline VCCscan Atypical VCC scan

Fig. 8.3 In some cases, atypical scan patterns can be obtained by using the VCC mode (Image
courtesy of DF Garway Heath)

e

-

Fig. 8.4 To increase the
signal to noise ratio, the
software of GDx ECC adds
a large bias to the original
scan and then
mathematically subtracts it
from the resultant scan Retardance (nm)

RNFL + bias

Polarization signal amplitude
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Fig. 8.5 The ECC mode reduces artifactual measurement in areas of poor signal-to-noise ratio,
compared to the VCC mode (Image courtesy of DF Garway Heath)

VCC (yellow line) ECC (blue line)
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Fig. 8.6 Comparison of VCC and ECC modes. The RNFL retardance measurements were similar
in a healthy individual eye (Image courtesy of DF Garway Heath)
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VCC (yellow line) ECC (blue line)

1]2]3]+4 1 S N 1 1
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Fig. 8.7 Comparison of VCC and ECC modes. The ECC mode reduces the measurement noise in
the nasal region (Image courtesy of DF Garway Heath)
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8.4 Specifications

The GDx VCC measurements are taken by scanning the beam of a near-infrared
laser (780 nm) in a raster pattern. The raster scan captures an image with a field 40°
horizontally by 20° vertically, and including both the peripapillary and the macular
region. Total scan time is 0.8 s per scan. Two scans are acquired per eye one for
corneal compensation and one for RNFL measurement. Overall scanning a patient
demands 5-10 min considering data entry, scanning and printing.

Each image is made up of 256 (horizontal) x 128 (vertical) pixels, or 32,768 total
pixels. Each pixel subtends 0.156°. For an emmetropic eye, 1 pixel is 0.0465 mm in
size, and the total scan field is 11.9 mm (horizontal) x 5.9 mm (vertical).

For each measurement, the GDx VCC generates two images: a reflectance image
and a retardation image. The reflectance image is generated from the light reflected
directly back from the surface of the retina, and is displayed as the Fundus Image on
the device and printouts. The retardation image is the map of retardation values and
is converted into RNFL thickness based on a conversion factor of 0.67 nm/pm55.

The calculation circle is a circular band centered in the optic nerve with an inner
diameter of 2.4 mm and an outer diameter of 3.2 mm. The width of the band is
therefore 0.4 mm (Fig. 8.8).

Calculation circle Calculation area
% N
4.0 mm (88 pixels)
Superior quadrant

0.4 mm
(8 pixels)

All quadrants extend to
inner edge of the
Calculation Circle (this
figure only shows this
area in green
background for the
temporal quadrant)

juelpenb |eseN

Inferior quadrant

Fig. 8.8 All measurements are based on measurements within the calculation circle
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8.5 The Printout

After scanning a patient with the GDx you decide whether to save the scans or save
and print them.

At the top of the report, name, surname, date of birth, gender, ancestry, ID num-
ber, and print date and time are presented (Fig. 8.9). Then for each eye extra data are
presented as quality of scan (graded between 1 and 10), operator initials, horizontal
and vertical size of the optic nerve head (measured by an ellipse that is automati-
cally placed and can be adjusted by the operator), and time/date of the scan.

The parameter table is presented centrally in the report providing information for
both eyes (Fig. 8.10).

The default calculation circle is a fixed size centered on the optic nerve head. The
inner diameter of the band is 2.4 mm, the outer diameter of the band is 3.2 mm, and
the band is 0.4 mm wide. There is an option to choose larger calculation circle sizes
if needed to avoid peripapillary atrophy.

OD: Right eye; OS: Left eye.

TSNIT: Temporal-Superior-Nasal-Inferior-Temporal.

TSNIT Average represents the average RNFL thickness around the entire calcula-
tion circle.

Superior Average represents the RNFL thickness of the superior 120° of the
calculation circle (Fig. 8.11).

Inferior Average represents the RNFL thickness of the inferior 120° of the calcu-
lation circle.

TSNIT Standard Deviation represents the modulation (peak to trough difference)
of the measurement. Large modulation is found in normal subjects while low modu-
lation is found in subjects with RNFL loss (Fig. 8.12).

Inter-eye Symmetry represents the degree of symmetry between the right and left
eyes by correlating the TSNIT functions from the two eyes. Values range from —1 to
1, where values near one represent good symmetry. Normal eyes have good sym-
metry with values around 0.9. The parameter is very useful because in glaucoma,
one eye is often more advanced than the fellow eye. This measure is the Pearson
product correlation coefficient (r-value) from the correlation of the TSNIT curves of
the two eyes.

NF1 is a single output value that represents the likelihood of that patient to have
glaucoma. It is calculated using an advanced form of neural network, called a
Support Vector Machine (SVM) and is a global measure based on the entire RNFL
thickness map. Output values range from 1 to 100, with classification based on the
ranges:

1-30 represents normal RNFL
31-50 represents borderline RNFL
51-100 represents abnormal RNFL

Values presented in the parameter table are color coded according to probability
of the measurement to be found in an age-matched normal control population.
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White background means that values can be found in more than 5 % of the popu-
lation. Dark blue background means that values can only be found in less than 5 %
of the population and the same for the rest of the colors.

In the printout three images of the peripapillary area are provided for each eye.
The three images are the Fundus Image (reflectance), the RNFL Thickness Map
(retardation), and the Deviation Map (probability).

The Fundus Image is used to check for image quality. To see if the image is well
focused and evenly illuminated with the optic disc well centered, and the ellipse
properly placed around the optic disc (Fig. 8.14).

The RNFL Thickness Map (GDx VCC) or Nerve Fiber Layer Map (GDx ECC) is
a color-coded representation of the RNFL thickness (Fig. 8.15).

The Deviation Map: The Deviation Map reveals the location and magnitude of
RNFL defects over the entire thickness map (Fig. 8.16). The Deviation Map ana-
lyzes a 128 x 128 pixel region (20° x 20°) centered on the optic disc. To reduce
variability due to slight anatomical deviations between individuals, the 128 x
128 pixel thickness map is averaged into a 32 x 32 square grid, where each square
is the average of a 4 x 4 pixel region (called super pixels). For each scan, the RNFL
thickness at each super pixel is compared to the age-matched normative database,
and the super pixels that fall below the normal range are flagged by colored squares
based on the probability of normality. Dark blue squares represent areas where the
RNFL thickness is below the fifth percentile of the normative database. This means
that there is only a 5 % probability that the RNFL thickness in this area is within the
normal range, determined by an age-matched comparison to the normative data-
base. Light blue squares represent deviation below the 2 % level, yellow represents
deviation below 1 %, and red represents deviation below 0.05 %. The Deviation
Map uses a grayscale fundus image of the eye as a background, and displays abnor-
mal grid values as colored squares over this image. This helps the user determine
precisely the location of the abnormalities.
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Fig. 8.9 An original GDx-ECC printout of a patient with advanced RNFL loss (Image courtesy of
A Ferreras)
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Fig. 8.10 The Parameter
Table for a glaucoma
patient. Abnormal values
are color-coded based on
their probability value,
similar to the super pixels
in the Deviation Map. The
NFI values are not
color-coded (see below for
a description of the NFI)

Fig. 8.11 The superior
average corresponds to the
superior 120° of the
calculation circle (red
area) (Image courtesy of A
Ferreras)
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Normal Glaucoma
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Fig. 8.12 Standard Deviation (modulation) examples in normal and glaucoma subjects (Image
courtesy of A Ferreras)
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Fig. 8.13 Color-coded probability table

Fig. 8.14 Fundus Image
(reflectance) with a
correctly centered
calculation circle
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Fig. 8.15 The nerve fiber Nerve Fiber Layer Map
layer map is a false color _

retardation (thickness) map
with the corresponding
color-thickness legend

0 P-pm 200

Right Deviation Map

Fig. 8.16 Deviation from
normal map in a color-
coded representation of
probability
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8.6 Examples
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Fig. 8.17 Focal RNFL defects in the superior and inferior poles of the optic disc in the right eye,
and superior area in the left eye (GDx ECC report) (Image courtesy of A Ferreras)
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Fig. 8.18 Diffuse damage on the RNFL in both eyes (GDx ECC report) (Image courtesy of A
Ferreras)
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Chapter 9
Optical Coherence Tomography

Paolo Frezzotti

Optical coherence tomography (OCT) is the most sensitive and promising diagnostic
technique for detecting damage to optic nerve fibres. OCT is a modern imaging
technique based on analysis of semicoherent radiation reflected by the structure of
the tissue analysed. The high resolution possible with OCT (about 2 pm versus
150 pm with ultrasonometry) enables noninvasive imaging of the anterior chamber,
retinal layers, choriocapillaris, retinal pigmented epithelium (RPE) and optic nerve/
lamina cribrosa. The method is based on light, which unlike sound waves used in
B-mode ultrasonography does not require contact with the tissue to be examined. It
measures the delay in the echo and the intensity of diffused light, that is, the light
reflected by tissue microstructure, using a wavelength of about 820 nm. This low
coherence, near-infrared beam is projected by a superluminescent diode. The echo
propagation times of the light reflected by the tissue are compared with those of the
same beam reflected from a reference mirror at a known distance. The OCT system
combines the pulses of light reflected by the eye (e.g. the retina) and the mirror,
creating interference that is measured with a photodetector. Although the light
reflected by the tissue is composed of multiple echoes, the distance travelled is deter-
mined by changes in mirror distance. The lag time of the reference light is used to
deduce the thickness of the structures through which the light passed. Time-domain
OCT is a technique by which movement of the mirror enables repeated scans at dif-
ferent depths (a single coherence measurement on a single structure at a given depth
is called an A-scan). Maximum scan rate can be 17,000 A-scans/s, providing a one-
dimensional measurement, which is then processed in two dimensions (B-scan) giv-
ing an image of the different tissue layers at the point analysed. The resulting section
is called a “tomogram” (Fig. 9.1), visualised in real time using a scale of false colours
representing the degree of backscattering of the light by the tissues at different
depths.
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The image is captured in a few seconds and requires steady fixation by the
patient. A major advance consisted in analysing (by Fourier transform) the interfer-
ence spectrum of the two reflected broad-spectrum beams, instead of measuring
beam coherence. This Fourier spectral domain technique is much faster (simultane-
ous analysis at different depths), more accurate (2 pm) and therefore greatly reduces
imaging times. Its main disadvantages are that the light cannot reach the retina if
there are lens opacities and fixation must be extremely steady. However, it is worth
bearing in mind that OCT images are not images of structure but a mathematical
reconstruction built on a photograph of the fundus. The structures visualised are the
result of selective absorption and selective reflection by the structure or the interface
illuminated by the laser. This can depend on the type of structures (the most reflec-
tive are the retinal nerve fibre layer (RNFL), retinal pigmented epithelium and inter-
plexiform cells) and on the direction of the incident ray (when structures are
perpendicular to the ray, reflectivity is greater, indicated in red in OCT images).

Since 2001, analysis of the anterior segment using a wavelength of 1310 nm has
been combined with analysis of eye fundus structures. This wavelength makes it
possible also to examine the iris-corneal angle. The OCT-Visante® instrument we
used for this chapter performs 2048 scans/s with axial and transverse optical resolu-
tion of 18 and 60 pm, respectively, and an imaging time of 0.125 s. In any case, OCT
enables qualitative, morphological (anterior chamber, retina and optic nerve head)
and quantitative analysis providing thickness mapping in various sectors. It is reli-
able, easy to perform, contact-free, pain-free and has a short learning curve. The
images can be analysed, quantified, compared with later images or with other
images obtained, for example, by fluoroangiography or ICG. In this chapter, we
consider the information that OCT offers for studying, classifying and monitoring
glaucoma patients through:

1. Anterior pole evaluation

2. Retinal nerve fibre layer and optic nerve head analysis
3. Ganglion cell analysis

4. Lamina cribrosa assessment

Fig. 9.1 Tomogram based
on scale of false colours
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9.1 Anterior Pole Evaluation

The Visante OCT instrument enables visualisation of the form, site and position of
anterior chamber components and defines and measures the distances between
them. The software automatically eliminates distortion induced by optical transmis-
sion factors. Various measurements can be obtained from the images: CA depth,
angle to angle, chamber angle amplitude, pupil diameter and lens curvature.

In glaucoma, OCT of the anterior chamber is of special interest for assessing the
amplitude and conformation of the angle, complementing gonioscopic evaluation.
The anterior chamber angle is the junction between the iris root and the cornea. An
important anatomical landmark for evaluating the angle is the scleral spur, which is
the connecting point between the posterior curvature of the cornea and the curvature
of the sclera. The trabecular meshwork and Schwalbe’s line are located anterior to
the scleral spur, whereas the iris root and the ciliary body are located posterior to it.
Once the scleral spur is identified, the position of the iris relative to the scleral spur
is checked. If the iris is posterior to the scleral spur, the angle is open, whereas if the
iris is anterior to the spur, the angle is either narrow or closed.

The following figures show different clinical conditions detected by Visante
OCT:

OCT is a useful tool for evaluating filtering blebs or glaucoma drainage devices
in the postoperative period. Clinically, blebs can be described as diffuse, cystic,
encapsulated or flat. However, these descriptions are subjective and there may be
cases in which clinical appearance does not correlate with bleb function. Visualising
intrableb morphology with anterior segment imaging may therefore enhance our
understanding of different surgical outcomes and wound healing. The following
figures show certain aspects of conjunctival blebs after trabeculectomy.

Fig. 9.2 Measurement of
horizontal and vertical
anterior chamber
diameters, angle amplitude
and corneal thickness
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Fig. 9.3 Anatomical aspects
of the anterior chamber angle.
Red dot: scleral spur
connecting point between the
posterior curvature of the
cornea and the curvature of
the sclera. Yellow dot: linear
distance of 500 pm anterior
to the scleral spur marking
the site of the trabecular
meshwork

P. Frezzotti

Fig. 9.4 Narrow angle. Clinical feature with Van Herick sign. OCT image shows temporal and

nasal closure of the angle

Fig. 9.5 Narrow angle. The
chamber angle is closed. Note
synechia at the base of the
angle caused by inflammation
arising during closure crises
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Fig. 9.6 Narrow angle.
The angular recess is
present. The situation
worsens during midriasis
and progressive apposition
will lead to chronic closure
(Mapstone’s hypothesis of
two-stage closure of the
angle)

Fig.9.7 Anxenfeld’s anomaly. Anterior segment photo and OCT image showing posterior embryo-
toxon with iris processes that extend to Schawalbe’s line (red dotted arrow). The changes to the
angle affect the entire angle and the iris usually inserts anteriorly and obscures the scleral spur

Fig. 9.8 Pigment dispersion glaucoma. OCT image showing concave iris with underlying iris-
zonula contact that during miosis-midriasis causes degranulation and dispersion of pigment.
Indeed, the pathogenetic event of this syndrome has extensive close contact between iris and lens
that by causing contact at the pupil leads to accumulation of aqueous humour in the anterior cham-
ber, pressure imbalance and iris concavity (inverse pupillary block)
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Fig. 9.9 (a) Plateau iris.
OCT image showing a flat
iris profile with anterior
insertion (red dotted line)
and anterior rotation of the
ciliary bodies which raise
and push the iris root
towards the angle. (b)
Plateau iris. OCT image
showing the angle of (a)
after Argon laser
iridoplasty treatment. The
angle appear open now

Fig. 9.10 Type L bleb
(low reflectivity). OCT
image showing surgical
path from anterior chamber
to the evident bleb. The
low reflectivity of the
conjunctiva indicates
imbibition of aqueous
humour by the bleb and
success of the operation.
The biomicroscope image
shows a wide raised bleb

P. Frezzotti
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Fig. 9.11 Type H bleb
(high reflectivity). OCT
image showing that the
bleb is functioning. The
scleral surgical path is
evident. The high
reflectivity of the
conjunctiva over the bleb
indicates reduced
imbibition. The
biomicroscope image
shows a wide functioning
bleb

Fig. 9.12 Type E bleb
(encapsulated or cystic).
OCT image showing thin
conjunctiva and
iridectomy. Function may
be relative and variable.
The biomicroscope image
shows a thin raised bleb
with a cystic appearance; it
maintains relative function
in the nasal sector
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Fig. 9.13 Type F bleb
(flat). OCT image showing
opening of the anterior
chamber but the surgical
path is not visible. The
bleb is absent and not
functioning. The
biomicroscope image
shows a flat bleb with
absence of filtration

Fig. 9.14 Canaloplasty:
detail of the Schlemm
canal stretched by a
prolene suture, which
when correctly tensioned,
improves its drainage
capacity

P. Frezzotti
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9.2 Retinal Nerve Fibre Layer and Optic Nerve
Head Analysis

The new generations of spectral-domain OCT have improved sensitivity in detect-
ing structural changes in retinal nerve fibres and optic nerve head (ONH) morphol-
ogy, achieving a resolution of 2 um. The OCT software package includes 19 scan
and 18 analysis protocols. Together they make it possible to analyse the optic disc,
the nerve fibre layer and the macula with the same instrument. The video camera
enables fundus examination in action and simultaneous saving of video images and
scans. OCT of the optic nerve enables detection of retinal nerve fibre damage and
changes in time by statistical comparison of different OCT images from the same
patient.
OCT examination print-out consists of various parts (Fig. 9.15):

. Table of parameters compared with a normative database

. Topographic map of retinal nerve fibre layer (RNFL) thickness
. Map of RNFL deviation from normal values

. Neuroretinal rim thickness

. RNFL TSINIT graph of measurements in the area analysed

. Mean RNFL thickness in each quadrant

. Horizontal and vertical B-scans

. Calculation of RNFL thickness in the circle of interest

0N B W

In the protocol, mean RNFL thickness is visualised using a white-green-yellow-
red colour code. Colour coding indicates the particular position of the A-scan in the
graph, the quadrant mean values and the clock-position in the circular graphs, and
right and left eye columns of the table of data. In the age-matched normal popula-
tion, the percentiles regard each specific measurement of RNFL thickness, in the
following way:

100 %

95 %
Normal
Distribution 5 %
percentiles

1%

0 %

e The thinnest 1 % of measurements fall in the red area. Measurements in red are
considered outside normal limits (red <1 %, outside normal limits).

e The thinnest 5 % of measurements fall in or below the yellow area (1 % <yel-
low<5 %, suspect).
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* 90 % of measurements fall in the green area (5 % <green<95 %).
¢ The thickest 5 % of measurements fall in the white area (white>95 %).

Of the ONH parameters examined, those that revealed progressive changes in the
manifestations of glaucoma were vertical thickness of the neuroretinal rim, overall
area of the rim and vertical C/D ratio. However, these parameters do not help distin-
guish initial from advanced glaucoma. For this purpose, OCT measurements of
RNFL parameters, especially average RNFL thickness, RNFL thickness in the
lower temporal zone and RNFL in the lower quadrant (Fig. 9.16) were more
useful.

Although diagnosis and follow-up assessments of glaucoma are based on ana-
tomical and functional damage, the relationship between the two has not yet been
clearly defined. Studies seeking a connection between visual field and anatomical
damage have begun to link this data. An understanding of the relation between
structure and function in glaucoma could facilitate efficacy evaluation of structural
and functional tests for early diagnosis of glaucoma damage and for accurate stag-
ing. As damage progresses, there is a correlation between worsening of both the
optic disc and the disease; structural changes seem to be detectable before func-
tional ones. Rao et al. (2011) compared treated and untreated patients with POAG,
finding that in the course of the disease most patients (>50 %) deteriorated preva-
lently from a structural point of view, about 30 % deteriorated only functionally and
about 10 % deteriorated structurally and functionally. More recent studies showed
that when applied to slight-moderate glaucoma, spectral-domain OCT ensures a
better correlation between structure and function than time-domain OCT. However,
one parameter explains only 30 % of the trend of the other. Thus it is possible to be
faced with different clinical situations, as illustrated in the following examples.

Anatomical variations in the optic nerve are so numerous that they cannot all be
included in the database used by OCT software. This may lead to classification of
abnormal ONH parameters for absolutely normal RNF and white-on-white perim-
etry parameters. In such situations, the RNFL classification must be preferred, mon-
itoring any changes through careful follow-up (Fig. 9.17).

When faced with altered anatomical ONH and RNFL parameters and high intra-
ocular pressure without visual field damage according to conventional white-on-
white perimetry, we have preperimetric glaucoma. Besides monitoring the patient
we can consider beginning therapy, especially when anatomical damage is substan-
tial (Figs. 9.18 and 9.19).

When structural damage is associated with functional visual field damage, we
have initial glaucoma. In this stage, ONH and RNFL damage is greater than visual
field damage, especially in young patients.

There are cases in which alteration of ONH parameters and visual field is associ-
ated with normal RNFL thickness. Indeed, one may encounter patients with OCT
evidence of damage as well as visual field damage in one eye, but only visual field
damage in the other eye. This is sufficient for a diagnosis of glaucoma in both eyes
(Fig. 9.21).
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When the severity of glaucoma increases to the stage of moderate, it can present
with greater OCT evidence of structural damage than functional visual field dam-
age. In this case, anatomical damage can provide important indications of how func-
tional damage could evolve (Fig. 9.22). Another possible presentation shows greater
concordance of structural ONH damage and RNFL thickness with visual field dam-
age (Fig. 9.23).

Imaging of structural damage is also important in advanced forms of glaucoma,
although assessment of clinical condition and progression are essentially based on
functional visual field data. Structural damage to RNFL thickness does not go below
50 pm, which corresponds to visual field areas of absolute scotoma. In these forms
of glaucoma, the concordance between anatomical and functional damage may
vary, but unlike in the above situations, the visual field usually shows greater evi-
dence of damage. Examples follow (Figs. 9.24 and 9.25).

Another major use of OCT in assessing progression of glaucoma is that proposed
by guided progression analysis (GPA), a programme of analysis of progression
based on data obtained from OCT images (Fig. 9.26). As shown in the figure, the
upper part of the OCT print-out shows images of ONH fibre thickness, and below it
images showing changes in fibre thickness between OCT examinations. When a
first reduction (possible change) is detected, it is highlighted in yellow (Fig. 9.27);
if it is confirmed in the next OCT (probable change) it is highlighted in red; if an
increase is detected, it is highlighted in violet (Fig. 9.27). Further down we find
graphs representing longitudinal changes in RNFL thickness and in the overall
mean value for the upper and lower sectors; changes in mean cup/disc ratio during
follow-up are represented in the same way. In the lower part of the print-out on the
left, we have a graph with RNFL thickness profile with the same colour coding for
changes over time; on the right we have a window in which progression probability
is indicated in an immediate and readily understood manner by summary boxes
containing parameters that may vary significantly. It is important to bear in mind
that like other types of morphological analysis of fibres, OCT, too, is subject to
certain artefacts: strong interference at the vitreous-retinal interface and intraretinal
oedema can deceive the automatic segmentation algorithm, creating false measures
and increasing test-retest variability.
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Fig. 9.15 Print-out of OCT examination of the optic nerve head and RNFL
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Fig. 9.16 OCT print-out — the most useful parameters (circled) for differentiating normal and
glaucomatous patients are: vertical thickness of neuroretinal rim, overall area of rim, vertical C/D
ratio, average RNFL thickness, RNFL thickness in lower temporal zone and in the lower

quadrant
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Fig. 9.17 RNFL parameters are normal, whereas ONH parameters (rim area, vertical and average
C/D ratio, cup volume) are abnormal. In this case, it is sufficient to monitor the patient
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Fig. 9.18 ONH and RNFL parameters are slightly altered and Octopus perimetry seems normal.
In deciding whether or not to begin therapy, it is also important to consider risk factors. The patient

should be monitored



242 P. Frezzotti

| % RNFL Thicknass Map

ANFL Thickness Map

Neurc-retinal Rim Thickness
0D --- 05

Disc Center (-0.08.0.15) mm RNFL Thickness Désc Center {-0.12.0.12) me
Extracted Horizontal T Extracted Horizontal Tomogram

0D - 05

X0

100

a 3 1 .

He P B P N w0 2

Extracted Vertical Tomogram Extracted Vertcal Tom
[N £
D o ol M mas
LI .
MA SN BN TR
= ™ 4
RNFL
Quadrants
RNFL Cocular Tomogram ™ RNFL Ciroulae Tomogram
-
142 7 o @ ™
=] 50
45 70 RNFL
Clock
L 70 Hours
0 . &0 nc P 7

Fig.9.19 ONH and RNFL parameters are altered in both eyes, especially in the right eye. Octopus
perimetry is again normal. In this case with high intraocular pressure, we have preperimetric glau-
coma and hypotonic therapy should be started
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Fig. 9.20 ONH and RNFL parameters are altered in both eyes, especially in the left eye, and
Octopus perimetry shows damage in both eyes. This case, in which there is good agreement
between structural damage detected by OCT and perimetric damage, can be classified as initial
glaucoma. In such patients, perfect concordance between the two is rare. Hypotonic therapy should

be begun and the patient monitored periodically
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Fig. 9.21 ONH parameters are altered in both eyes, especially in the right eye, which also shows
Octopus perimetry alterations. RNFL structural parameters detected by OCT are only altered in the
right eye. In this case, we can also classify the left eye as glaucomatous due to perimetric damage,
even in the absence of RNFL alterations
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Fig. 9.22 ONH and RNFL parameters are altered in both eyes in more or less the same way.
However, perimetry shows greater functional damage on the left. In such patients it is particularly
useful to monitor regions that have structural damage but normal visual field
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Fig. 9.23 ONH and RNFL parameters are altered in both eyes in more or less the same way.
Perimetry confirms structural damage with good concordance. Progression of the disease should
be carefully monitored by evaluating both anatomical and functional damage
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Fig. 9.24 Advanced glaucoma: ONH and RNFL parameters are severely altered in both eyes and
more or less in the same manner. ONH morphological parameters are all pathological and average
RNFL thickness of the right eye is 50 pm, although certain areas (nasal and temporal sectors) show
RNFL thickness within normal limits. Perimetry amplifies the structural damage findings, showing
visual field areas of the right and left eyes with VFIs of 1 % and 6 %, respectively. This is the ter-
minal stage of the disease where functional damage outweighs OCT evidence of structural
damage



248 P. Frezzotti

oD os | RNFL Thickness Map
Average R'.'.F'-L Thicknass

[ RNFL Symmetry
Fir

1.58 mer?
Average CID Ratio

Vertical CID Ratio

| Cup Volume
RNFL Deviaton Map RNFL Deviation Map
it o = tinal Rim T
/. e -.\\ Ty O =o=
e (D3
Y

nier = Canter (-0.09.0.1 v
Dssc Center (0.03.0.08) mm RNFL Thickness Disc Conter (-0.09,012) mm
Extracted Horzontal Tomogram Extracted Horizontal Tomogram

Extracted Vertical Tomogram

RNFL
Quadrants

44 RNFL
Clock
40 Hours

Fig. 9.25 Advanced glaucoma: ONH and RNFL parameters are severely altered in both eyes.
ONH morphological parameters are all pathological and average RNFL thicknesses of the right
and left eyes are 41 and 50 pm, respectively. Perimetry shows a good correlation with structural
damage, revealing visual fields in line with clinical severity
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Fig. 9.26 Print-out of parameters used by GPA to monitor progression of glaucoma
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9.3 Ganglion Cell Analysis

Spectral-domain OCT has proved useful for assessing glaucoma because it enables
the ganglion cell complex (GCC) to be studied. The GCC consists of three layers
(nerve fibre layer, ganglion cell layer and inner plexiform layer) containing axons,
cell bodies and dendrites of ganglion cells, loss of which is typical of glaucoma optic
neuropathy. Cross-sectional imaging of the macular area was performed using the
Cirrus OCT macular cube (512x 128). This acquisition protocol generates a cube
through a 6 mm square grid of 128 B-scans, each consisting of 512 A-scans. A built-
in GCC analysis algorithm detects and measures the thickness of the macular GCC
in a 6x6x2 mm elliptical annulus centred on the fovea. The annulus has an inner
vertical diameter of 1 mm, chosen to exclude parts of the fovea where the layers are
very thin and difficult to detect accurately, and an outer vertical diameter of 4 mm,
chosen to coincide with where the GCC again becomes thin and difficult to detect.
The thickness values recorded are mean thickness, mean minimum thickness (thick-
ness of the thinnest sector) and the topography of the macular region divided into six
sectors: superior, inferior, superior and inferior temporal and superior and inferior
nasal. Again, the data is first compared with a normative database in the form of
maps, graphs and tables that use colours in the same manner as for the ONH proto-
col. GCC thicknesses in the normal range are represented by green backgrounds.
The thinnest 5 and 1 % of measurements are represented by yellow and red back-
grounds, respectively. The hypernormal (95th to 100th percentiles) pRNFL thick-
nesses are presented by a white colour (Fig. 9.28). Early glaucoma damage manifests
with changes in the mean minimum thickness of the inferior temporal sector.

Continuous development and evolution of methods for measuring structure have
helped researchers in their attempts to link structural evaluations with visual func-
tion. As already mentioned, many studies that examined the relation between struc-
ture and function in glaucoma have led to a simple linear (one-to-one) model linking
structure (GCC thickness) and function (visual field sensitivity). However, other
parameters such as wide anatomical variability, simultaneous presence of other
local or systemic pathologies, or the entity of sight defects can influence structural
measurements, such as RNFL and GCC thicknesses. We also have to consider that
visual sensitivity expressed by the visual field reaches a plateau and does not
increase indefinitely, even when GCC thickness is particularly large. Besides, a
rapid decrease in visual sensitivity expressed by the visual field seems correlated
with situations in which GCC thickness falls below a certain threshold. This indi-
cates that nonlinear logistic analysis, as studied by many researchers, would be
more appropriate for reliably linking this structural and functional data. Until this is
achieved, I submit a series of conditions that can be useful in clinical practice.

When faced with high intraocular pressure and alterations in GCC anatomical
parameters without conventional white-on-white perimetric evidence of visual field
damage, we have preperimetric glaucoma. In such cases, besides monitoring the
patient it is worth contemplating therapy, especially when anatomical damage is
substantial (Fig. 9.29).
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With progression of the disease, we have initial glaucoma when structural
damage is associated with functional visual field damage. In this stage, one may be
faced with situations in which GCC damage is congruous with functional damage
as indicated by white-on-white perimetry (Fig. 9.30).

However, we are more likely to encounter cases in which ONH, RNFL and GCC
damage is greater than visual field damage as detected by Humphrey perimetry
(programme 30.2 and 10.2) or by Octopus perimetry (G1 and M), especially in
young patients. Indeed, it is mainly in young patients that we find situations in
which the difference between structure and function is much more accentuated.
This is because young people have a high reserve of ganglion cells for the different
areas of the visual field, so that structural damage may be greater than visual field
damage (Fig. 9.31).

Also in more advanced forms of glaucoma, it is interesting to note that structural
damage tends to be on average greater than perimetric damage. Patients with asym-
metric damage, as shown in Figs. 9.32 and 9.33, are of special interest. Figure 9.30
showed a match between structure and function, both in the damaged and the
undamaged (left) eye. In Fig. 9.31, structural and functional damages were
congruous in both eyes. Indeed, MD was —17.6 dB and mean thickness 60 pm in the
right eye, compared to —1.4 dB and 73 pm in the left eye.

In advanced forms of glaucoma, structural damage is also substantial, though
assessment of clinical condition and progression are essentially based on functional
visual field data. In fact it is often difficult to assess variations in structural damage
when faced with major reductions in GCC thickness, as in the right eye shown
below, in which structural damage is at a maximum and perfectly matches the func-
tional damage detected by white-on-white Octopus perimetry. The major structural
damage in the left eye provides an indication of the evolution of functional damage
in time. In this example, we have extreme situations: MD —23.2 dB in the right eye
coupled with a mean thickness of 44 pm, that is, correspondence of structural and
functional damages, whereas MD 02.4 dB and 50 pm in the left eye show that struc-
tural damage is more evident than perimetric damage.
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Fig. 9.28 Spectral-domain OCT analysis of retinal ganglion cells: thickness data is provided after
comparison with a normative database in the form of maps, graphs and tables using colours in the
same way as in the ONH protocol
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Fig. 9.29 GCC parameters are slightly altered and Octopus perimetry is normal. In this case, risk
factors should also be considered when deciding whether to begin therapy. The patient should be

monitored
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Fig. 9.30 GCC parameters are altered almost perfectly in line with severity and position indicated
by Humphrey 10.2 perimetry. In these stages, structural damage can be detected earlier than func-
tional damage
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Macular Cube 512x128 oD @ @ O0S

Fig. 9.31 ONH, RNFL and GCC parameters are altered more than those measured by Humphrey
perimetry. Note that in the right eye there is structural and functional damage, though the former
seems greater. In the left eye only structural damage is evident, and greatly precedes the appear-
ance of functional damage as measured by Humphrey perimetry (24.2 and 10.2). In this case, it is
important to begin therapy in both eyes, seeking an appropriate pressure target with patient risk
factors in mind
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Fig. 9.32 Alterations in ONH, RNFL and GCC parameters matched functional damage as mea-
sured by Octopus perimetry. Note the interesting structural/functional congruence in both eyes
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Fig. 9.33 GCC parameters are reduced and match evidence of functional damaged measured by
Humphrey 30.2 perimetry in both eyes
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Fig. 9.34 Alterations of ONH, RNFL and GCC parameters in the right eye are at a maximum and
congruous with damage detected by white-on-white Octopus perimetry. In the left eye, by contrast,
structural damage is much more evident, providing an indication of the evolution of functional
damage over time
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9.4 Lamina Cribrosa Assessment

In glaucoma, functional damage affects the axons of retinal ganglion cells and this
damage is thought to begin in the lamina cribrosa (LC). The pathology of the dis-
ease is not yet completely understood and to improve diagnosis and prognosis we
need to know the effects of intraocular pressure on the biomechanics of the LC and
the surrounding sclera. In recent years, OCT has been used to obtain in vivo images
of deep ONH structures, especially the LC. OCT images of the LC are acquired
with a deeper focal plane than the optimal plane for RNFL images. This means that
traditional ONH images used to analyse RNFL thinning and thickness often do not
give optimal visualisation of the LC. A technique known as enhanced depth imaging
(EDI) has been developed to improve visualisation of deeper structures, such as the
choroid and LC (Fig. 9.35). Available EDI-OCT instruments often use the mean of
many photograms to see deeper tissue. To maintain reasonable image-acquisition
times, these instruments use radial models and a certain distance between B-scans.
In this way, it is possible to see posterior deformation of the LC and its posterior
displacement with respect to the sclera. This technique is developing fast and will
make it possible to visualise deep ONH components, though the resolution and
contrast of OCT images are still less than those, for example, of RNFL images.
Moreover, detection of the posterior surface of the LC is still highly variable even
with EDI-OCT, as this surface is difficult to identify. Large areas of the LC also
remain difficult to visualise. Much work is still necessary, comparing detection of
the posterior surface of the LC by OCT with histological images from humans and
primates. At the present time, the proliferation of articles on the topic could lead to
premature introduction of LC thickness measures into clinical practice.

Fig. 9.35 EDI-OCT
images use the mean of
many photograms to see
deeper tissue. In the image
a is shown the lamina
cribrosa of a normal
subject; in the image b is
shown a POAG patient
with an evident
deformation of the lamina
cribrosa
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Chapter 10
Measuring Hemoglobin Levels in the Optic
Nerve Head for Glaucoma Management

Manuel Gonzalez-de-la-Rosa, Marta Gonzalez-Hernandez,
Carmen Mendez-Hernandez, Elena Garcia-Martin,
Francisco Fumero-Bautista, Silvia Alayon, and Jose Sigut

10.1 Introduction

The color of the optic nerve head (ONH) is mainly due to its hemoglobin content.
The ganglion cell axons may not have myelin at this level. Like the rest of the retina,
this tissue is virtually transparent to radiation of the visible spectrum. In the rest of
the retina, light is eventually absorbed by photoreceptors and the pigmentary epithe-
lium, but in the ONH the light is reflected by the myelin in the lamina cribrosa. Part
of it is absorbed by hemoglobin in the capillaries that nourish the axons, giving rise
to the pink color of the ONH. The greater the thickness of the tissue or its concentra-
tion of hemoglobin, the more intense the color, and the thinner the tissue or the less
abundance of blood, the whiter it will appear (Fig. 10.1).

In a color photograph of the ONH, the results also depend on additional factors
such as the chromatic response of the camera’s detector, the spectral composition of
the illumination light and absorption by the lens, which is more pronounced in blue
and increases with age or the presence of cataracts.

To determine the amount of hemoglobin present in the ONH, using a photographic
color image, all these factors must be taken into account. Fortunately, we have a struc-
ture in the nerve itself that can serve as a reference; this structure is the network of
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central retinal vessels carrying hemoglobin. On comparing the color of neuronal tissue
and that of these vessels, one can estimate the amount of hemoglobin in each region of
tissue with little influence of the additional factors listed in the previous paragraph.

Hemoglobin absorbs more green radiation than red. It can be shown experimen-
tally that for a relatively thin structure such as the ONH, the ratio of green compo-
nent to red ((R-G)/R) is proportional to its thickness or its hematic content.
Measuring this ratio in each zone of the tissue and taking the same measurement in
the main vessels as a reference, one can obtain a representative map of local amounts
of hemoglobin. This is very probably the most important factor for ONH perfusion.
Other parameters to consider include the degree of oxygenation and the rate of
blood circulation (Fig. 10.2).

The Laguna ONIE program (Optic Nerve Hemoglobin; insofts]@gmail.com ©)
allows measuring the amounts of hemoglobin present in the structures of the ONH,
analyzing photographs captured by a fundus camera that has been appropriately
calibrated. The program has demonstrated its capacity for the diagnosis and inter-
pretation of glaucomatous damage, as well as other types of neurological damage
such as that seen in multiple sclerosis or Parkinson’s disease.

In the text that follows, we will describe the use of the program and provide some
examples of practical results.

Fig. 10.1 The pink color of Tissue of the optic nerve head
the optic nerve head depends
on the hemoglobin contained
in its capillaries. The
observation light is reflected
on the myelin, and that not
absorbed by hemoglobin,
mainly red, reaches the
observer

Central
retinal

Lamina
cribrosa

Fig. 10.2 If one photographs microplate wells containing dilutions of hemoglobin (a), the red and
green components of the image will be proportional to the concentration and depth (b) of the layer
through which the light passes, as shown in the graph on the right
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10.2 Image Capture of the ONH and Delimitation
of Boundaries, Vessels, and Cup

When a fundus image is captured with the intention of examining the retina, the ONH
image often appears too white, without details. This is because it is a much paler struc-
ture than the rest of the fundus. For useful results and visualization of ONH details, it is
necessary to underexpose the photograph, using a flash of lower intensity than usual. In
a very bright image, the color levels of the camera detector reach their maximum value
(255) and this saturation prevents seeing the chromatic characteristics of the tissue.

Initial versions of the Laguna ONhE program required manual definition of the
ONH boundaries. Delimitation of the cup was not possible and, therefore, the ONH
was divided into 24 regular sections by two circular lines at 1/3 and 2/3 of the
radius, and four regularly spaced diameters. Analysis of all these sectors allowed us
to calculate a glaucoma discriminant function (GDF) that has been shown to be use-
ful for detecting the presence of perfusion defects characteristic of glaucoma, par-
ticularly affecting sectors 8 and 20. It even allows us to estimate the vertical cup/
disc ratio without defining their precise form (Fig. 10.3).

A second version of the program allowed us to transpose the cup and disc bound-
aries obtained with OCT to a photographic image of the ONH, so that we could
separately determine the amount of hemoglobin in the cup and in the various sectors
of the neuroretinal rim (Fig. 10.4). Another version exploited the delimitation of
these structures performed with a stereoscopic fundus camera to obtain similar
information.

More recently these advances have allowed us to establish a relationship between
the distribution of hemoglobin and the size and shape of the cup, so it has been pos-
sible to define its boundaries with great precision, without the need for OCT infor-
mation or stereoscopic photography, simply using a conventional photograph.

Applying methods of image segmentation based on color patterns and identifica-
tion of the components compatible with the shape of the ONH, it has been possible
to automatically establish the boundaries of the ONH in 90 % of cases, without
operator intervention. With the image of the ONH on the screen, a click of the
mouse on the center of the ONH cues the program to automatically suggest the
boundaries of the cup and disc, which must be accepted by the user (Fig. 10.5).

Incorrect delimitation of the boundaries with this automatic method is rare, but
can occur especially in cases with areas of atrophy close to the ONH or other
unusual morphology. In these cases the user can rectify the disc boundaries at their
discretion. To do so an ellipse is projected on the ONH. The center of the ellipse and
its shape can be changed using the mouse, until it fits the boundaries. When this
configuration is confirmed, multiple points appear on radial axes, which can be
adjusted one by one to fit the exact shape of the ONH (Fig. 10.6).

Once the ONH boundaries have been established, estimation of the cup is per-
formed automatically in all cases, since automatic delimitation is generally more
accurate than anything the user can achieve on a two-dimensional image. Similarly,
internally, the program performs an automatic delimitation of the central retinal
artery and vein and its main branches, excluding tissue information, and for use as
a reference value of hemoglobin.
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Fig. 10.3 Example of
segmentation of the ONH
in 24 sectors
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Fig. 10.4 Fusion of an OCT image (left) and a photograph of the ONH (right) to delimit the
boundaries of the cup and disc
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on the center of the optsc disc to tast the suomatic detection

Fig. 10.5 By clicking on the center of the image (left), one obtains the cup and disc boundaries
(right) which must be accepted

Fig. 10.6 Approximate delimitation using an ellipse (left) and fine-tuning using multiple radial
points (right)
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10.3 Hemoglobin Map

After boundary delimitation, the program automatically interprets whether the image
is of a right or left eye, asking for user confirmation. It then shows the representative
map of the presence of hemoglobin in each region of the ONH. A chromatic scale
identifies these amounts of hemoglobin in percentages; 100 % corresponds to the cen-
tral vessels of the retina. Warmer colors represent high densities of hemoglobin and
cooler colors represent areas of lower perfusion or thin tissue, as in the case of cup
(Figs. 10.7 and 10.8).

Fig. 10.7 Example of a hemoglobin map in a normal subject, with disc and cup delimitation

Fig. 10.8 Example of a hemoglobin map in glaucoma
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10.4 Glaucoma Discriminant Function (GDF)

In glaucoma, it is well known that there is often greater deterioration of the ONH in
areas close to the superior and inferior pole regions. Indeed, using the Laguna ONhE
program, lower perfusion is usually found in the vicinity of its central vertical diam-
eter, especially in the extreme and intermediate zones (e.g., sectors 8 and 20), as the
subject loses tissue in the neuroretinal rim. Other regions, such as the temporal rim
region (Sector 15), are more resistant to glaucomatous damage, which in effect
show less impairment of perfusion.

The topographic distributions of hemoglobin allow us to estimate the vertical
ratio cup/disc ratio as well as an index called “glaucoma discriminant function”
(GDF) which has been shown to have high diagnostic capacity. This index tends to
be positive in normal subjects and negative in glaucomatous subjects, which is use-
ful for monitoring the disease. It has been adjusted for a specificity close to 95 %,
so that negative values are infrequent in normal subjects, and highly negative values
very infrequent (Figs. 10.9, 10.10 and 10.11).

Although the program attempts to compensate for the presence of cataracts, this
circumstance may occasionally cause slight overestimation of hemoglobin.
Moderate opacification of the lens has a negligible effect. Only with cataracts that
require surgical intervention does this overestimation reach approximately 3—4 %.
However, estimated cup/disc ratio and GDF index are not affected by the presence
of this type of cataract (Fig. 10.12).

Fig. 10.9 Hemoglobin map and GDF in a normal case
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Fig. 10.11 Hemoglobin map and GDF in advanced glaucoma

M. Gonzalez-de-la-Rosa et al.
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Normal
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MNormal

Glaucoms Glawcoma

Fig. 10.12 Hemoglobin map and GDF before and after cataract operation in a patient with a nor-
mal optic nerve
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10.5 Rim Hemoglobin

The program also provides information on the amount of hemoglobin present in the
eight sectors into which the rim is usually divided, compared to the normal popula-
tion. It has been shown that these perfusion data are better correlated with the
patient’s visual field sensitivity than mere measurement of the rim area, which can
be obtained using OCT, for example. It has also been shown that rim surface area in
many glaucoma patients is not only lost, but that hemoglobin content in the residual
rim is often lower than normal (Fig. 10.13).

Fig. 10.13 Figure showing
the percentile of rim
hemoglobin data in the
patient mentioned in

Fig. 10.11, with respect to
the normal population
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10.6 TSNI Diagram

Another way to view the results is a diagram similar to that usually used to represent
the thickness of the nerve fiber layer around the ONH. In this case the amount of
hemoglobin present in the neuroretinal rim is represented starting with the temporal
region and followed by the superior, nasal, and inferior regions (TSNI). The dia-
gram simultaneously shows color-coded percentiles of these densities in the normal
population, so they can be compared with those of the subject (Fig. 10.14).

Rim Hb

100

Hb Percentage

0
(TEM)O 360
Sector

Fig. 10.14 TSNI diagram showing the amounts of hemoglobin in the rim of the same glaucoma-
tous subject mentioned in Figs. 10.11 and 10.13
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10.7 Sector Hemoglobin: Numerical Data

To calculate the GDF index and the vertical cup/disc ratio, the program divides the
ONH into 24 sectors as previously described. The amounts of hemoglobin in each
of these sectors, as well as those in the 8 sectors of the rim, are displayed in the form
of a table, which also shows their percentile relative to that of the normal population
(Fig. 10.15).

This information may be useful in other diseases such as optic neuritis where
reduced perfusion may be found in different regions from those affected in glau-
coma. In multiple sclerosis, for example, reduced perfusion is most frequently
observed in area 15 or the temporal rim, which is not usually the case in glaucoma
(Fig. 10.16).

Mean Hb Percentiles of the Hb
0-1% 1-5% 5-35% 35-65% 65-95% 95-100%
Total 60.9 60.9]
Cup Hb 54.0 54.0
Sector 311-40° (T) 70.4 704
Sector 41-80° 75.8 75.8
Sector 81-120° 70.9 70.9
Sector 121-230° 64.4 64.4
Sector 231-270° 65.2 65.2
Sector 271-310° 67.3 67.3
Sector 1 65.8 65.8
Sector 2 55.6 55.6 |
Sector 3 (N) 65.6 65.6
Sector 4 68.1 68.1
Sector § 50.1 50.1
Sector 6 (NI) 69.0 69.0
Sector 7 68.0 68.0
Sector 8 61.1 61.1
Sector 9 (1) 75.0 75.0
Sector 10 55.7 55.7
Sector 11 64.4 64.4
Sector 12 (TI) 714 714
Sector 13 54.6 54.6
Sector 14 64.0 64.0
Sector 15 (T) 73.5 735
Sector 16 53.1 53.1
Sector 17 62.0 62.0
Sector 18 (TS) 78.7 78.7
Sector 19 438 43.8
Sector 20 49.5 49.5
Sector 21 (S) 66.3 66.3
Sector 22 48.9 48.9
Sector 23 44.0 44.0
Sector 24 (NS) 56.6 56.6

Fig. 10.15 Table showing numerical results of the previous case
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Fig. 10.16 Temporal perfusion defect in a case of optic neuritis due to multiple sclerosis
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10.8 Data Export and Analysis

The total and sectorial index results and the diagnostic results of each test can be
exported to an Excel file and printed out. This also facilitates statistical analysis of
the results. The Excel spreadsheet includes graphic representations of patient data,
which can be used in workshops and presentations (Fig. 10.17).

Glaucoms Discriminant Function (GOF)

ook

Mean o Percentiles of the Hb
- S-S 90
I 95

Percenties of the e

Rim He:

Glaucoma Discriminant FuncSon (G0F]
oor an Rl 40

Hb Percentage

Fig. 10.17 Excel sheets showing results
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10.9 Follow-Up

From the database of images for each patient, the tests can be recovered for overall
analysis, and progression of the GDF index can be estimated by linear regression
analysis (Fig. 10.18).

GDF Change (-5, 1/year; p<0.01)

GDF

Fig. 10.18 Graphic representation of change in the amount of hemoglobin (/eff) and progression
of GDF values (right)
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Chapter 11
Structure and Function Relationship
in Glaucoma

Rizwan Malik and David F. Garway-Heath

11.1 Introduction

A clinician’s assessment of a patient with glaucoma is based on risk assessment for
disease (or disease progression), assimilation and integration of the results of visual
field and imaging investigations with clinical findings. In some patients, this can be
challenging. The decision-making process can be facilitated by an understanding of
how visual field and structural measures are related and an understanding of reasons
for discrepancy between the results of visual field and structural assessment. The
aim of this chapter is to provide such an understanding. This chapter is formatted as
a series of questions so that the reader can target areas most relevant to their interest
or need.
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11.2 How Is the Anatomy of the Retina and Optic Nerve
Related?

A basic knowledge of optic nerve anatomy is helpful in predicting the location of
visual field defects which arise from glaucomatous damage to the optic nerve head
(also referred to as ‘optic disc’).

Retinal ganglion cells receive their input from amacrine and bipolar cells in the
retina, which in turn receive their inputs from the photoreceptor cells (Fig. 11.1).
The retinal ganglion cells are located in the ganglion cell layer, the innermost layer
of the retina.

photort?ceptor gap junction

Horizontal

Bipolar cell cell

Midget
bipolar cell
Amacrine cells

Ganglion cell

optic nerve

Fig. 11.1 Simplified diagram of the retina. The retinal ganglion cells receive their input from
photoreceptor cells in their retina via a number of intermediate cells in the retina
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The retinal ganglion cell axons travel forward towards the vitreous, turn direc-
tion to lie in the nerve fibre layer on the retinal surface, before entering the optic
nerve head. Throughout the retina, there is a regular topographic arrangement, so
that the fibres from the temporal retina enter the temporal optic nerve and fibres
from the nasal retina enter the nasal optic nerve. The course of the nerve fibres in the
retina varies depending on the location in the retina: the fibres in the temporal part
of the retina tend to be arcuate and take a path around the fovea, above and below
the temporal raphe; those in the nasal retina tend to radiate radially. The fibres trav-
elling between the perifoveal region and the optic nerve form the papillomacular
bundle (Fig. 11.2).

papillomacular fibres

arcuate fibres

Fig. 11.2 (a) Retinal photograph taken with a blue filter with digital enhancement; (b) retinal nerve
fibre bundles which have been traced back from the retina to their entry into the optic nerve [1]
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11.3 What Is the ‘Optic Nerve Head’?

The optic nerve head is composed of the surface nerve fibre layer, as well as the
prelaminar, laminar and retrolaminar portions of the optic nerve [2] (Fig. 11.3). The
optic disc and surface of the nerve fibre layer is visible clinically when examining
the retina. The prelaminar and laminar portions of the nerve contain significant
amount of glial tissue and connective tissue which contribute to residual rim tissue
in advanced glaucoma. The lamina cribrosa is an important site of injury in
glaucoma.

Spectral domain ocular coherence tomography of the optic nerve head has given
new insights into the structures which correspond to the clinically viewed nerve
head margin [3] (also see Fig. 11.14).

RNFL

Optic disc /

Nerve fibre layer

Retina
Pre-laminar ON

Choroid
Laminar Cribrosa

Sclera

Retrolaminar ON

Fig. 11.3 Diagram of the optic nerve head. ON optic nerve, RNFL retinal nerve fibre layer
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11.4 What Are the Pathophysiological Processes at
a Cellular Level Responsible for Glaucoma?

Death of retinal ganglion cells and related axons from glaucomatous injury is
multifactorial. Mechanical and ischaemic injury, in part from raised intraocular
pressure, are key mechanisms. Abnormal immunity, inflammatory mediators and
excessive glutamate production may also contribute [4] (Fig. 11.4).

Microcirculation

[ Lateral genicul
: Intraocular ateral geniculate
' . . nucleus and other targe
' pressure
Ischaemia—hypoxia ‘

Retinal
ganglion

cell

N
{r

Lamina cribrosa

Aberrant  rer———
imm:nily / Inflammatory Blockade of
neurotrophins and other

cytokines

target derived factors

Astrocytes

Excessive glutamate
stimulation

Glial cells

Fig. 11.4 Mechanisms of retinal ganglion cell death in glaucoma [4]. Reproduced from the
Lancet, with permission from Elsevier
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11.5 What Are Structural Measures for Glaucoma
Assessment?

A structural measure for glaucoma assessment refers to measurements of the neuro-
retinal rim, retinal nerve fibre layer (RNFL) and the ganglion cell layer in the mac-
ula. The diagnosis of glaucoma is based on structural changes to the optic disc,
specifically an enlargement of the optic disc cup and narrowing of the neuroretinal
rim, with thinning of the RNFL which may be visible ophthalmoscopically. With
advancing glaucoma, the neuroretinal rim exhibits progressive narrowing.

Whilst clinical examination of the optic disc and RNFL is essential, agreement
between clinicians is often poor [5]. In other words, whilst one clinician may recog-
nise an optic disc as glaucomatous, another may classify the same optic disc as
healthy. Imaging of the optic disc and nerve fibre layer provides a more objective
method of structural assessment. There are various imaging methods available,
from optic disc photography to high resolution ocular coherence tomography
(OCT), Fig. 11.6. Imaging modalities have been discussed in Chapters 7, 8, and 9.
A number of measurements are provided by these devices. Neuroretinal rim area
(RA) and RNFL thickness, and more recently ganglion cell layer thickness, are the
most common structural measures used for comparison with functional measures.

Fig. 11.5 Photograph of
an optic disc with early
inferior rim narrowing and
a subtle retinal nerve fibre
layer defect (arrows)
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11.6 What Are Functional Measures for Glaucoma
Assessment?

A variety of psychophysical and electrophysiological tests can be used to test the
functional integrity of the visual system (Fig. 11.6). In clinical practice, visual field
examination is the most widely used test and, for many, functional assessment in
glaucoma is synonymous with visual field examination.

Although there are different forms of visual field test, standard automated perim-
etry is most common in clinical practice. This utilises a ‘white’ light on a less bright
‘white background’ to measure retinal sensitivity (in decibels, dB) at multiple loca-
tions. Glaucoma is characterised by defects (loss of sensitivity) in the visual field
(Fig. 11.7); examination of the visual field is mandatory in patients who have, or are
suspected to have, glaucoma. The location, shape, extent and depth of visual field
defects depend on the location of optic disc damage and the stage of disease [6].
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Tests to evaluate structure of the ONH Tests to evaluate function of the ONH

Test

Example(s)

Test

Example(s)

Stereoscopic Optic Nerve
Head Photography

Donaldson camera
Nidek 3Dx camera

Visual acuity

Snellen, LogMAR

Optic Nerve Head

Discam

Contrast sensitivity

Pelli-Robson contrast

tomography, OCT

Fourier-domain / Spectral-domain
OCT (Heidelberg Spectralis,
RTVue, Cirrus)

Morphometry-Planmietry sensitivity
Confocal scanning laser | Heidelberg retinal tomograph, Perimetry Standard automated
tomography HRT (achromatic) perimetry
Frequency doubling
perimetry
High-resolution perimetry
Motion perimetry
Colour vision Ishihara colour plates
Scanning laser GDx Pupillometry RAPDX, ISCAN
polarimetry Pupillometry System
Ocular coherence Time-domain (Stratus OCT3) Electrophysiology | Pattern electroretinogram

Multifocal visual evoked
potential
Photopic negative response
of flash ERG

Fig. 11.6 Structural and functional tests for glaucoma

-

Fig. 11.7 Progressive visual field loss in glaucoma
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11.7 Why Are Both Structure and Function Needed
to Quantify Glaucoma?

Loss of retinal ganglion cells and related axons is associated with both structural
damage and visual field loss in glaucoma and so it would be reasonable to expect a
relationship between structure and function throughout the course of disease. In
advanced glaucoma, structural and functional abnormalities are usually both appar-
ent and there is high agreement between abnormal structure and abnormal function
[7]. However, in earlier stages, identification of abnormality is often challenging.
Structural abnormality may be detected before visual field abnormality in some
patients whilst reproducible visual field loss may be detected first in other patients
(Fig. 11.8) [8, 9]. This ‘structure-function dissociation’ has been demonstrated in a
number of large studies in glaucoma (Fig. 11.9) [10-12].

There are a number of reasons for this seeming dissociation. Firstly, structural
abnormality is often difficult to ascertain in optic discs which are abnormally large,
small or tilted. In such patients, visual field abnormality may be the first detectable
sign of glaucoma. Secondly, the agreement of abnormal structural and functional
measures depends on the criteria used to define abnormality (Fig. 11.10).

Thirdly, both structural and [14], functional tests have significant test-retest vari-
ability [15, 16]. That is, a patient may have an abnormal result on one test, but a nor-
mal result on a subsequent test, and vice versa. For instance, in the Ocular Hypertension
Treatment Study (OHTS), many patients who had developed reproducible glaucoma-
tous visual field defects in two consecutive tests later performed a visual field test that
was within normal limits [17]. The variability of visual field examination can be high
(Fig. 11.11), especially in patients with established visual field loss [16]. In such
patients, careful structural evaluation may provide the first reliable and consistent
signs of glaucoma. More recently, it has become clear that the test-retest variability of
structural measures can also be substantial [18]. When the results of structural and
functional tests are consistent with the clinical impression, additional weight to the
diagnosis is added. However, when the results of investigations are not consistent
with clinical impression, tests should be repeated in the first instance. Interpretation
of clinical investigations for glaucoma is further discussed below.

Fig. 11.8 ‘Structure-function dissociation’: patient with (a) abnormal structure with confocal
scanning laser tomography and (b) normal visual field
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Fig. 11.9 Results of large studies showing the percentage of patients who first develop visual field
or optic disc change (as defined by study criteria). EGPS European Glaucoma Prevention Study,
EMGT Early Manifest Glaucoma Trial, OHTS Ocular Hypertension Treatment Study
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Fig. 11.10 ‘Agreement’ between tests depends on the criteria used to define abnormality. In this
patient with suspicious optic disc (a) and (b) reproducible visual field defect, the Moorfields
Regression Analysis [13] from the Heidelberg Retina Tomograph, HRT3, gives a ‘borderline’
result. If this is regarded as ‘abnormal’, then the result is in agreement with the abnormal visual
field. However, if the borderline result is treated as ‘normal’, then the two tests are seemingly
discordant
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11.8 Why Is Variability Important?

Variability is important because it is a significant factor contributing to discordance
between structural and functional tests. Intra-individual (within-subject) variability
can refer to test-retest variability or longitudinal variability, in which repeated mea-
sures are different despite no change in the underlying severity of glaucoma. These
are sometimes referred to short- and long-term fluctuation, respectively. A third
source of variability is variability across individuals, or inter-individual variability.
So, for example, inter-individual structure/function variability occurs when two
individuals with the same rim area can have different visual field sensitivity. This
variability exists across both healthy individuals and patients with glaucoma.
Variability is the main source of measurement ‘noise’ when attempting to identify
the structure and function ‘signal’. In fact, noise can account for the observed degree
of discrepancy between structural and functional measures [19]. Trends in visual
field measurements can be predicted with greater precision if the amount of vari-
ability at each level of sensitivity is accounted for [20].
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Fig. 11.11 Test-retest variability of visual fields. This patient had 6 repeat tests over a few weeks
(a); The corresponding Mean Deviation, MD (dB) is shown in (b)
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11.9 Are Structure and Function Quantitatively Related?

Despite measurement variability, visual field and structural measurements are
related. A detailed description of the mathematical models that have been proposed
to link structure and function has been published [21], but is beyond the scope of
this chapter. However, a brief description aids the clinicians’ understanding of how
the two parameters may be related. This is useful for estimating the severity of glau-
coma as well as identifying reasons for discordancy between structural and func-
tional measurements.

Investigation of the longitudinal relationship between structure and function
(‘structure-function relationship’) would need serial measurements over many
years, which is difficult in practice. For this reason, cross-sectional measurements
of structure and function for individuals with a range of glaucomatous disease are
often studied. Inferences are then made about how these parameters may be related
during the course of the disease process at an individual level.

A number of studies have concluded that a curvilinear relationship exists between
visual field sensitivity (in dB) and rim area or RNFL thickness (in linear units)
[22-24]. This implies that a given change in RA corresponds to a small change in
visual field in early disease, whilst the same change in RA corresponds to a rela-
tively larger change in visual field in more advanced disease, Fig. 11.12.
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Fig. 11.12 Curvilinear relationship between visual field sensitivity (dB) and neuroretinal rim
area loss (%) [22]
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11.10 What Are the Simple Linear and Non-linear Models
of Structure and Function?

The simple linear model predicts that visual field sensitivity (dB) and structural
measures (or ganglion cell number) are linearly related when the visual field sensi-
tivity is also plotted in linear units [23, 25-27]. It follows that if visual field sensitiv-
ity is plotted in dBs, the relationship is curvilinear [23, 25].

The non-linear model predicts that the relationship between dB visual field sen-
sitivity and dB (logarithmic) ganglion cell number or structure is linear, but with a
slope different from 1 [28]. This model has been derived from examining the rela-
tionship between visual field sensitivity and ganglion cell counts in monkey eyes at
different retinal eccentricities [28, 29] (Fig. 11.13).

Both the simple linear and non-linear models are accepted models for relating
structure and function.
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Fig. 11.13 Simple linear and non-linear structure-function models (Adapted from Harwerth et al.
[29]). Reproduced from the Progress in Retinal and Eye Research, with permission from Elsevier



294 R. Malik and D.F. Garway-Heath

11.11 What Factors Influence the Quantitative
Structure-Function Relationship?

Units of measurement, the stage (and range) of glaucoma severity studied and mea-
surement variability all influence the nature of the structure-function relationship.

The non-linear relationship between structure and function may be an attribute of
differing units of measurement: visual field sensitivity is conventionally measured
in dB, which is logarithmic, whilst RA and RNFL thicknesses are measured in lin-
ear units. The relationship can be made more linear by plotting both structure and
function in either linear or logarithmic units, as described above.

The range of disease severity studied can influence the inferred structure-function
relationship. For a wide range of disease severity, the relationship is curvilinear. For
a limited range of patients with early disease, the relationship appears more linear
[30]. The relative range of measurements is different for structural and functional
measurements. RA and RNFL thickness never drop to zero, even in eyes which are
blind with glaucoma [31], because of non-neural tissue elements, whereas visual
field sensitivity is extinguished in blind eyes.

Statistical methods used to assess whether a relationship exists between two
measures, such as structure and function, involve fitting a line or curve to a scatter-
plot of data, such as visual field sensitivity versus RA or RNFL thickness.
Conclusions regarding the structure-function relationship also depend on the statis-
tical technique used to fit the data. Different conclusions can arise by using different
techniques to fit the same data [32].

Visual field sensitivity, and therefore the structure-function relationship, is
affected by stimulus parameters used to measure sensitivity [33]. So, the structure-
function relationship also varies with stimulus size and retinal eccentricity.

11.12 Why Is the Structure-Function Relationship
in the Macula Important?

The macula contains the highest density of retinal ganglion cells, and as such, has
been the subject of much renewed interest in glaucoma [34-36]. Ganglion cell dys-
function may be evident, using electrophysiological techniques, in the macula when
there is no visual field loss in the same region [37]. The macula may, therefore, pro-
vide a target for identifying early functional losses in some eyes. Standard stimuli
used in perimetry may be too large, in relation to neural receptive field size [38], to
tap into ganglion cell losses in the macula and optimisation of psychophysical stimuli
for detection of field losses close to fixation, is the subject of current research [33].
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11.13 Does the Structure-Function Relationship Provide
an Insight into the Relationship Between Retinal
Ganglion Cell Counts and Visual Field Sensitivity?

Structural measures are often assumed to represent retinal ganglion cell numbers
and, as such, the structure-function relationship may give a valuable insight as to
how visual field sensitivity changes with progressive ganglion cell loss. Relationships
between RNFL thickness and visual field sensitivity [29] have been validated from
ganglion cell counts in monkey eyes [28]. RA is related to retinal ganglion cell
counts, but the relationship is only weak to moderate [39]. Therefore, conclusions
from studies of the structure-function relationship, whilst often assumed to translate
to the relationship between ganglion cell number and visual field sensitivity, should
be interpreted with some caution.

Recently, novel spectral domain OCT-derived measures of rim tissue, such as
minimum rim width (Fig. 11.14), have shown to be better for discriminating glau-
comatous eyes from healthy eyes compared to conventional rim measures [40].
Minimum rim width is likely to provide a more accurate representation of neuronal
loss in glaucoma than neuroretinal RA measured from photographic images. This is
largely because the clinical disc margin has poor correspondence to the aperture in
Bruch’s membrane which transmits optic nerve [41].

Fig. 11.14 Minimum rim width, MRW and Horizontal rim width, HRW are OCT-derived rim
parameters and may better reflect neural loss in glaucoma than rim area (from confocal scanning
laser tomography). /LM internal limiting membrane, BMO Bruch’s membrane opening
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11.14 Is There a Topographical Relationship Between
Structure and Function?

A knowledge of the topographical relationship between the optic disc and corre-
sponding region of the visual field is essential for discerning whether an abnormality
(or change) in the visual field is due to glaucoma. The spatial relationship between
visual field locations and the optic disc has been well studied [42—44]. The ‘Garway-
Heath map’ (Fig. 11.15), provided the first complete description of this correspon-
dence between conventional visual field locations and the optic disc by examining
the path of discrete RNFL defects from red-free photographs [45]. Subsequently, a
number of different correspondence maps have been published, with differing meth-
odology, but similar overall findings [46—48]. The topographical map is useful clini-
cally for relating optic disc changes to visual field loss and also have proved invaluable
for research studies for quantifying the relationship between structure and function.

Whilst correspondence maps essentially provide an average description of the
correspondence between optic disc sector and visual field, at an individual level the
relationship is variable [1, 45, 47]. In other words, in one patient, a given location in
the visual field may map to a specific sector of the optic disc, whilst in another
patient, map to an adjacent sector. The precise correspondence depends on factors
such as the position of the optic disc relative to the fovea, the degree of optic nerve
tilt and axial length (Fig. 11.16) [1]. Consideration of these factors may reduce
some of the structure/function variability across individuals and provide ‘individu-
alised” maps so that the location of visual field loss corresponding to optic nerve
changes in a specific sector can be predicted more precisely.
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Fig. 11.16 Factors affecting the precise structure-function spatial correspondence
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11.15 How Should the Results of Tests be Interpreted?

As a disease, the glaucoma in the early stages poses a unique diagnostic dilemma,
in that there is a lack of a single definitive diagnostic test. Diagnosis is based on the
clinician’s impression. In essence, the likelihood a patient has glaucoma is gauged
by assimilating findings from the history, examination and clinical investigations.
The results of investigations which do not corroborate with a clinical impression
should be questioned. Conversely, the results can add support to a diagnosis of glau-
coma in suspect patients, when the diagnosis is in doubt.

In probabilistic terms, a history and clinical examination is used to estimate the
a priori risk of glaucoma for a given patient [49]. The results of investigations then
alter this a priori probability to derive a post-test probability (Fig. 11.17). For exam-
ple, a patient with a suspicious optic disc and a positive family history for glaucoma,
high intraocular pressure and a thinner cornea will have a higher pre-test probability
of glaucoma than a patient with an absence of family history, normal IOP and thick
cornea. An abnormal imaging result is unlikely to influence the post-test probability
much for the latter scenario, in which the pre-test probability for glaucoma is low.

Family history
of glaucoma

L

Risk assessment
for glaucoma

Age Race IOP CCT

Pre-test

probability of PR UL
glaucoma examination
Result of

investigation

Post-test

probability of
glaucoma

Fig. 11.17 Interpreting tests for glaucoma. The result of an investigation should only be consid-
ered in conjunction with a clinical impression. /OP intraocular pressure, CCT central corneal
thickness
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11.16 Can Structural and Functional Tests Be Integrated
for Glaucoma Assessment?

In recent years, there has been a move to integrate structural and functional tests to
facilitate clinical decision making in patients with glaucoma. Bayesian methodol-
ogy has been applied, using the results of confocal laser scanning tomography to
predict a trend in visual field change (Fig. 11.18) [50].

Although imaging and perimetric test results can be displayed simultaneously on
a common platform (Fig. 11.19), there is no agreed method for integrating the
results of these investigations. However, this is subject of contemporary research.
Indices derived from both visual field and OCT have been reported to be sensitive
for identifying progression [51].

30-
m 28— o _ L
B — = T — __.__
- L] e I ol [ ]
s} -
S 26- —
= First 3 VF measurements
2 used to predict trend
L 24
c 4th measurement
©
7]
S 22-

20-

640 645 650 655 660 665
Age (years)

Predicted trend based on first 3 VF measurements

Ll b Adjusted trend using RA as a prior measure

Fig. 11.18 Using rim area as a ‘prior’ for estimating the trend in visual field sensitivity
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Fig. 11.19 FORUM is an example of results of imaging, and visual field investigations are
displayed on a common platform (Courtesy of Zeiss)
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Chapter 12
Assessment of Structural Glaucoma
Progression

Francesco Oddone

12.1 Introduction

Glaucoma is a group of chronic, progressive optic neuropathies with in common
morphological changes that take place along the visual pathway from the retinal
ganglion cell layer to the brain. Associated with these changes, there is a progres-
sive decay of the visual function in the form of visual field loss that can eventually,
in absence of treatment, lead to blindness.

The detection of morphological glaucomatous changes over time is a complex
clinical task. The complexity arises from different factors: the rate of change may
vary generously from patient to patient as well as within the same patient over time,
the morphological changes commonly do not match, neither chronologically or in
magnitude, the functional changes, and ultimately we lack an accurate reference test
against which the accuracy of new testing strategies can be assessed. Moreover, we
need to consider another factor contributing to the complexity, and this is repre-
sented by the rapidly evolving technology that impairs the possibility for the clini-
cian to rely on consistent consecutive tests over time making the task of detecting
changes even more arduous.

In this scenario, in order to maximize the likelihood to detect morphological
glaucoma progression, the clinician should be knowledgeable about qualitative
methods of detecting changes, to become knowledgeable about the statistical pro-
gression analysis strategies and algorithms, and to be always up to date with the
technological advancements.
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12.2 Morphological Changes During Glaucoma

Glaucoma determines, at the eye level, characteristic changes of the morphology of
the optic nerve head (ONH) and a progressive thinning of the retinal nerve fiber
layer (RNFL) and of the ganglion cell layer (GCL).

Morphological glaucomatous changes that can be assessed at the optic nerve
head level are represented by a focal and/or generalized narrowing of the neuroreti-
nal rim that determines a focal or generalized enlargement of the optic disc cup.

12.3 Detecting Structural Progression Qualitatively

Morphological glaucomatous changes that can be assessed qualitatively are repre-
sented by ONH and RNFL changes. Changes of the optic nerve head are repre-
sented by a focal and/or generalized narrowing of the neuroretinal rim (Fig. 12.1)
that determines a focal or generalized enlargement of the optic disc cup, while
changes of the RNFL are represented by the onset or the enlargement of wedge
shaped RNFL defects.

These changes can be qualitatively appreciated either directly at the slit lamp, by
high magnification ophthalmoscopy, or by means of consecutive monoscopic or
stereoscopic photographs. Ophthalmoscopy for detecting glaucoma progression is
limited by the high grade of subjectivity and by the lack of a reliable reference com-
parator to establish whether changes have occurred or not. Drawings in the patients’
note can be helpful but again subjectivity and lack of reliability are issues of major
concern. Nevertheless ophthalmoscopy has one advantage over fundus photographs
that even the most advanced technologies are lacking, that is the capability of
assessing the color of the fundus feature (e.g. pallor) despite assessing whether pal-
lor is changed over time is a difficult task even for an expert clinician.

Monoscopic or stereoscopic high magnification fundus photography still repre-
sents the gold standard for detecting structural changes over time in glaucoma.
Despite also the qualitative assessment of fundus photographs suffers from the
problem of subjectivity, there are structural changes that can be best detected by this
method. In fact, ONH changes are often accompanied by changes in the relative
position and visibility of the main ONH and peripapillary vessels. Baring of a vessel
previously sustained by neural tissue is a clear sign of neuroretinal rim thinning and
glaucoma progression (Figs. 12.1 and 12.2) and the currently available imaging
devices are not yet capable of analyzing vessels characteristics.
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12.3.1 Baring Vessels

haemorrhage

Venous
vessel

Baring of the
venous vessel

Fig. 12.1 (a) Right ONH photograph taken in 2004. A splinter hemorrhage of the disc is clearly
visible in the infero-nasal quadrant. (b) in the same quadrant 3 years later is clearly visible a
marker of structural progression represented by the baring of a major venous vessel
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12.3.2 ONH Hemorrhages

ONH hemorrhages are not pathognomonic of glaucoma, but when they occur in a
glaucomatous eye they are a good predictive sign of future progression of the visual
field damage [1]. ONH hemorrhages can be only appreciated by qualitative methods
such as ophthalmoscopy or fundus photography but not by the high-tech imaging
devices (Figs. 12.1, 12.2, 12.3, 12.4).

B.2013

s o
haemor_‘rh'

Fig. 12.2 (a) Right ONH photograph taken in 2011. An enlargement of the optic disc cup is evi-
dent associated with a focal narrowing of the rim in the infero-temporal quadrant (notching) with
signs of probable past splinter hemorrhages. (b) In the same quadrant 2 years later is clearly visible
a recurrent splinter hemorrhage. (¢) Corresponding ONH OCT angiography acquired in 2014
showing an area of reduced flow in the same quadrant. (d) Corresponding progression of the visual
field damage



12 Assessment of Structural Glaucoma Progression 309

30-06-2011  GHT: Fuorl limiti normali |1o-11-2011 GHT: Fuori limiti normali
59mm 58mm
. 1 ' 2 -
EREEERRN
EEREEE -
FL:0/17 FN: 6% FP: 2% FL:0/17 FN: 0% FP: 0%
Fovea: 34 dB MD: -T5408 P<OSK Fovea: 37 dB MO -820d8 P<0S5%
VFI: 80% PSD: 13.02d8 P<0.5% VFl: T9% PSD: 129948 P<0.5%
100%
801
............................................ 2 anni
60%
VFI
B0
0%
0% : . _ ;
” g2 Eta 9
Velocith della progressione: -2.8 £ 2.6 %/anno (95% confidenza) Primo lest & riferimento scelto non utilizzato per
Pendenza significativa a P <5% compensare gll effetti di apprendimento marcato.

Consultare la stampa GPA intero per | dati di analisi completa
Deviazione dal riferimento Anaksi della progressione

52mm

-t S5~ 3
=7 =5 =1|-0-5 =
4w 11|11 29
€511 "E1 =3 X
332 v 111 =3
2111|1109
0= 0|1 0 2
1 ojla=

e
B
= x

e o=
O
. -

Fowvea: 32d8 MD: -9.73dB P<05% FL:0/17 FN: 0% FP: 0%
VFI: T2% PSD: 1285d8 P<0.5% Progressione possibile

Fig. 12.2 (continued)
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Fig. 12.3 Left eye, same patient of Fig. 12.2. (a) Left ONH photograph taken in 2014. A splinter
hemorrhage is visible in the supero-temporal quadrant. (b) Few months later the supero-temporal
hemorrhage is reabsorbed and a new one appeared in the infero-temporal quadrant. (c)
Corresponding progression of the visual field damage
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12.4 Detecting Structural Progression Quantitatively

12.4.1 Statistical Approaches

Progressive changes over time of a biological parameter can be studied either with
an event analysis approach or with a trend analysis approach. Both approaches are
valid, but they are not interchangeable since they provide different information.

Event analysis is based on the statistical comparison of a follow-up test with a
baseline reference test, and if the difference between the two exceeds the threshold
of the test-retest variability the follow-up test is flagged as progressed. The strength
of this approach is that a relatively small number of consecutive examinations is
required to perform the analysis (usually 4, including a confirmation test), while the
major limitation is represented by the lack of information about the rate of change
over time (Figs. 12.4, 12.5, 12.6, 12.7, 12.8, 12.9, 12.10).

The trend analysis approach does not need a baseline reference test but take into
account the whole series of examinations performed over time that is fitted into a
regression model which enable the calculation of the rate of change and its statisti-
cal significance. The major limitation of the trend analysis approach is represented
by the higher number of examinations required for the analysis to be reliable (mini-
mum 6). Nevertheless, newly proposed frequency of testing algorithms may reduce
this number and improve accuracy [2, 3].
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[/ 17

Baseline 2 years later

Fig. 12.4 (a) Baseline right ONH photograph showing splinter hemorrhages at the inferior pole.
(b) Right ONH photograph showing structural damage occurring at the inferior pole in 2 years of
follow-up. (¢) Cirrus-HD OCT Guided Progression Analysis printout (Carl Zeiss Meditec, Dublin,
USA). The trend analysis of the superior RNFL thickness shows statistically significant progres-
sion (red dot). The inferior RNFL thickness trend analysis shows no significant changes. This is
related to a common artifact called “floor effect” that occurs in advanced damaged ONH/RNFL
when OCT cannot detect further thinning of an already very thin residual tissue. In advanced cases,
imaging might not represent the method of choice for monitoring further progression. (d)
Cirrus-HD OCT Guided Progression Analysis printout (Carl Zeiss Meditec, Dublin, USA). The
event analysis shows a statistically possible loss in the superior quadrant at the Sth follow-up test
confirmed and flagged as likely loss at the 6th test. Event analysis approach to detect progression
compares each single follow-up test with the baseline. If the difference between the two exceeds
the threshold of the test-retest variability, the follow-up test is flagged as possible progression. If
this is confirmed, the following test is flagged as likely progression. The event analysis does not
provide estimates of rate of change. (e) Corresponding visual field progression
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Fig. 12.5 (a) Visual field index (VFI) progression analysis is showing a stable trend between 2007
and 2013. The event analysis (bottom right of the printout) shows test locations flagged as likely

progressing.

(b) The Cirrus-HD OCT GPA trend analysis (Carl Zeiss Meditec, Dublin, USA)

shows a likely progression of the average, superior, and inferior RNFL thickness. The TSNIT

graph at the

bottom left of the page shows the areas of change. (¢) The Cirrus-HD OCT GPA event

analysis shows a likely progression in the two last follow-up tests
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Fig. 12.6 (a) Visual field progression analysis is showing significant progression between 2007 and
2013 with both approaches (trend and event analysis). (b) The Cirrus-HD OCT GPA trend analysis
(Carl Zeiss Meditec, Dublin, USA) shows a likely progression of the average, superior, and inferior
RNFL thickness. The TSNIT graph at the bottom left of the page shows the areas of change. (¢) The
Cirrus-HD OCT GPA event analysis shows a likely progression in the two last follow-up tests
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Fig. 12.7 (a—c) show the progression printouts from baseline to follow-up #9 for a RNFL circle
scan performed by the Heidelberg Spectralis OCT. Apart from the usual classifications, on the
right-hand side a difference graph is shown highlighting differences between individual exams (red
indicating a decrease, green an increase) in the thickness values
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Fig. 12.8 The new Glaucoma Module Premium Edition of the Spectralis OCT2 (Heidelberg
Engineering, Heidelberg, Germany) provides new paradigms for ONH analysis and for diagnosing
progression. The glaucoma progression analysis provides comparison to the normal aging slope
(green line), and the rim or any of the RNFL parameters can be selected looking at its changes
globally or by sector
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Fig. 12.9 The new Spectralis OCT2 Glaucoma progression analysis shows the slope of change in
microns per annum and also gives a probability value
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Masal RNFL Thicknass

Temporal RNFL Thickness

Fig. 12.10 (a, b) show the new possibility to analyze individual sectors over time and compare
them to a normative age corrected database. This is especially interesting, since here also the slope
of nerve fiber loss and its comparison to the loss due to normal aging (p value) are compared and
thus give a good guideline to the clinician on whether this change differs significantly from the
normal aging, thus indicating a possible pathological decrease
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