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Abstract
Purpose To evaluate the predictive value of clinical param-
eters, including biomechanical properties on the outcome of
selective laser trabeculoplasty (SLT) in medically uncon-
trolled open angle glaucoma (OAG).
Methods Sixty-eight eyes from 68 patients with OAG and
IOP insufficiently regulated by topical medications were
enrolled. Patients’ follow-up occurred 6 and 12 months after
the procedure. The recorded parameters intraocular pressure
(IOP), angle characteristics, central corneal thickness (CCT)
and biomechanical properties of the eyes, including corneal
hysteresis CH and corneal resistance factor CRF measured
with the Ocular Responses Analyzer (ORA, Reichert Oph-
thalmic Instruments) were tested on their predictive value of
SLT-induced IOP lowering effect using correlation analyses
and regression models.
Results Mean IOP reduction 12 months after SLT was 4.2±
5.7 mmHg (23.2 %, from baseline 18.1±5.2 mmHg). The
preoperative IOP correlated significantly with IOP reduction
(maximum Spearman’s correlation r=0.75, p<0.001). In
linear regression analysis, the corneal biomechanical prop-
erties (CH and CRF) together with the baseline IOP revealed
good modelling for the IOP lowering effect of SLT
(R2=0.64, respectively).

Conclusions In addition to the baseline IOP biomechanical
properties (CH and CRF) are significant predictors of SLT
induced IOP lowering effect in medically uncontrolled
OAG.
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Introduction

Glaucoma is the leading cause of irreversible blindness, and
70 million people are affected worldwide. However, it can be
prevented by early diagnosis and treatment [1]. Pharmaco-
logical treatment strategies including reduction of aqueous
humor production by topical beta receptor blockers such as
timolol, or stimulation of the uveoscleral outflow by prosta-
glandin F2α analoga are generally accepted as first-line
treatment option in open angle glaucoma. Nonetheless, for
an efficient lowering of intraocular pressure (IOP), there are
patients that need additional treatment (medically uncon-
trolled glaucoma) and there are patients for which pharma-
cotherapy is not applicable. The first treatment of the trabec-
ular meshwork (TM) by laser application in patients with
open angle glaucoma (OAG) was reported in 1972 by
Krasnov [2]. In that context, argon laser trabeculoplasty
(ALT) became the most widely used technique and has been
studied intensively. Nevertheless, as an invasive procedure
with a questionable repeatability and as in a significant
number of ALT patients IOP increases again after a while,
ALT never supplanted pharmacotherapy as primary treat-
ment in patients with newly diagnosed OAG.

Introduced in 1995 by Park and Latina [3], selective laser
trabeculoplasty (SLT) is based on the concept of selective
photothermolysis. Using a 532-nm frequency-double q-
switched Nd:YAG laser that delivers a low-energy, large
spot, very brief pulse (3 ns) it targets selectively cells of the
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trabecular meshwork (TM) and therefore appears to be less
invasive, compared to ALT, but results in equivalent mean
IOP reduction [4, 5]. Although the exact mechanism of
action for reducing the IOP is not known aqueous outflow
is improved by SLT, with no or little photocoagulation-
induced thermal damage [3, 6, 7]. SLT may therefore be
used as first-line treatment in patients with OAG [8].

It has been reported that there is a correlation between
successful SLTand age, baseline IOP and the amount of laser
energy delivered, although most other clinical parameters
like angle characteristics or underlying diagnosis had no
predictive value [9–11].

Alterations of ocular biomechanical properties have been
implicated as risk factors for development and progression of
visual fields defects and optic nerve head damage in certain
types OAG [12]. The Ocular Response Analyzer (ORA;
Reichert Ophthalmic Instruments, Depew, NY, USA) pro-
vides measurement of corneal tissue properties including
corneal hysteresis (CH) and corneal resistance factor
(CRF). A decrease in CH and therefore a loss of viscous
damping in the corneal tissue has been closely linked to
glaucomatous optic nerve head degeneration and progres-
sion of glaucomatous visual field damage [13]. However,
there is no data on biomechanical properties such as CH or
CRF as potential predictive parameters regarding the out-
come of SLT.

This study investigates corneal biomechanics, as predic-
tors measured by ORA, on SLT treatment in medically
uncontrolled OAG.

Patients and methods

Patients with OAG and insufficiently regulated IOP by topical
medications were recruited at the glaucoma unit of the Depart-
ment of Ophthalmology, Ludwig-Maximilians-University, Mu-
nich, Germany. Ethical approval of the study was obtained from
the Institutional Review Board of the University Eye Hospital
Munich in Germany and all the patients who agreed to partic-
ipate signed a consent form. The study adheres to the tenets of
the Declaration of Helsinki. Exclusion criteria were congenital,
juvenile, inflammatory, or neovascular glaucoma, closed-angle
glaucoma, corneal opacities interfering with angle visualization
and any earlier ophthalmic surgery other than uncomplicated
phacoemulsification. Patients that underwent glaucoma surgery
because of uncontrolled glaucoma despite SLT during the 12-
month period after the procedure were not enrolled. All study
participants underwent a full ophthalmic examination, including
slit-lamp biomicroscopy, IOP measurement with Goldmann
applanation tonometry (GAT), gonioscopy, fundus examination
by indirect ophthalmoscopy and central corneal thickness
(CCT) measurement by ultrasound pachymetry. The observers
taking the IOP measurements were not masked as a potential

bias was supposed to be very low. Inclusion criteria were age
>18 years and spherical refraction between −8.0 and +4.0 di-
opters. IOP measurements were performed at baseline and
1 day, 6 months and 12 months after the SLT procedure.

Classification of the irido-corneal angle

The irido-corneal angle was graded using the most detailed
and recommended grading system of Spaeth [14]. The inser-
tion of the iris root had to be on the scleral spur (C), behind the
scleral spur (D) or on the ciliary band (E). In a few patients, the
angle was quite narrow (B), but enough TM was visible to
attempt the procedure. The curvarture of the iris was noted as
steep (s), regular (r) or queer (q). The TM had to be visualized
over 360° for proper application of the laser spots. The angular
approach was graded between 15°–20°, 25°–30° and 35°–50°.
The level of pigmentation was graded between 1+ (low pig-
mentation), 2+ (moderate pigmentation) and 3+ (intense
pigmentation).

Visual field was assessed using the Humphrey Field An-
alyzer (HFA), SITA 30–2 Standard, generating the standard
visual field parameters mean deviation (MD) and the pattern
standard deviation (PSD). A reliable visual field test was
defined as having a <25 % rate of fixation losses, and
<20 % false positive and false negative.

SLT procedure

All SLT procedures were performed by one surgeon (CH).
Tetracaine (0.5 %) was used for topical anaesthesia. A Latina
goniolens and the Ellex (Ellex SoloTM, Adelaide, Australia)
system were used to perform SLT procedures. The fixed spot
size of 400 μm and pulse duration of 3 ns was implemented.
Nonoverlapping spots were applied to the 360° of the TM.
The initial energy level was selected by the grade of angle
pigmentation with at least 0.8 mJ. Postoperative medications
after SLT included flurbiprofene (0.03 %) four times a day
for 3 days. Patients’ preoperative prescriptions for glaucoma
were continued in the immediate phase after SLT, and then
modified at follow-up visits according to their IOP measure-
ments when necessary.

Assessment of corneal biomechanics by ORA

In addition, an ORA measurement of both eyes was
conducted. The ORA determines corneal biomechanical
properties using an applied force-displacement relationship.
Details have been described previously [15–21]. In brief, the
difference between the inward and outward motion
applanation pressures is the CH and is an indication of
viscous damping in the cornea. CRF is a measure of the
cumulative effects of both the viscous and elastic overall
resistance of the cornea. Biomechanical and pressure values
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recorded included CH, CRF, the corneal compensated pres-
sure (IOPCC) and the Goldmann-equivalent pressure (IOPG).
Calculations of IOP-corrected and CRF-corrected CH and
CRF was conducted according to Spörl et al. [22] with
references of IOP=18 mmHg and CCT=540 μm, taking into
account that biomechanical properties of the eye are
pressure-dependent [23].

Statistics

Statistical analysis was performed with the SPSS statistical
software (Version 19.0, SPSS Science, Chicago, IL). De-
scriptive statistical analyses were performed to characterize
the patients’ clinical and functional data. Visual acuity mean
values were calculated after transforming the mean angle of
resolution values to -logMAR (negative mean angle of res-
olution) values. For correlation analysis, the Spearman’s r
correlation coefficient was calculated. Data were also fitted
to multiple linear regression analyses to assess the predictive
value of clinical and biomechanical parameters on the IOP
lowering effect of SLT using absolute values of IOP reduc-
tion; t-based 95 % confidence intervals (CIs) for the regres-
sion coefficients were used. For all tests, p<0.05 was con-
sidered to be statistically significant.

Results

A total of 68 eyes with medically uncontrolled OAG from 68
patients were included. Mean best-corrected visual acuity for
the treated eye was -logMAR 0.30 +/− 0.40. The mean
number of glaucoma medication was 2.38 +/− 1.10. The
distribution of glaucoma diagnosis for the eyes was as fol-
lows: primary open angle glaucoma (POAG) n=45 (66 %),
normal tension glaucoma (NTG) n=4 (6 %), pigment dis-
persion glaucoma (PDG), n=4 (6 %) and pseudoexfoliative
glaucoma (PEX) n=15 (22 %). The mean number of laser
applications per eye was 104 +/− 17 with a mean power of
1.28 +/− 0.32 mJ. There were no serious adverse events after
the SLT procedure, e.g. IOP spikes in the immediate post-
laser period. Corneal biomechanical properties measured
with the ORA were obtained from all 68 eyes. All relevant
data of the patients’ characteristics and clinical data are
displayed in Table 1. A documentation of the angle
according to the Spaeth classification was performed, angle
characteristics are displayed in Table 2.

Six months after SLT the overall IOP reduction was 3.8±-
4.4 mmHg (20.1 %, from baseline 18.1±5.2 mmHg). For the
subgroups, IOP reduction was 3.5±4.6 mmHg (19.7 %, from
baseline 17.8±4.6 mmHg), 1.0±4.0 mmHg (8.5 %, from
baseline 11.8±2.3 mmHg), −0.1±5.0 mmHg (−0.6 %, from
baseline 17.4±4.2 mmHg), 3.1±5.8 mmHg (15.5 %, from
baseline 20.0±5.1 mmHg) in the groups of POAG, NTG,

PDG and PEX, respectively. After 12 months, the IOP low-
ering effect was stable in each group with an overall reduc-
tion of 4.2±5.7 mmHg (23.2 %) from baseline. The

Table 1 Patients’ characteristics and clinical data

n (%) mean±SD

Glaucoma classification with respective
baseline IOP

68

POAG; n and baseline IOP 45 (66 %) 17.8±4.6

NTG; n and baseline IOP 4 (6 %) 11.8±2.3

PDG; n and baseline IOP 4 (6 %) 17.4±4.2

PEX; n and baseline IOP 15 (22 %) 20.0±5.1

Age (years) 68.5±13.3

male 35 (51 %) 67.7±14.2

female 33 (49 %) 69.3±12.3

Initial IOP (GAT) overall 18.1±5.2

Spherical equivalent −1.2±3.7

Diabetes 15 (22 %)

Lens status (pseudophacia) 38 (56 %)

MD (dB) −9.2±7.5

>−6 28 (41 %)

−6.1 to −12 18 (27 %)

< −12.1 22 (32 %)

PSD (dB) 6.1±3.7

CCT 542±38

CHcorr 9.3±2.0

CRFcorr 9.7±3.0

Initial IOPCC 22.1±6.0

Table 2 Angle
characteristics Angle characteristics n (%)

Angular approach (°) 68

15–20 4 (6 %)

25–30 20 (29 %)

35–50 44 (65 %)

Iris insertion (Shaffer) 155

A 0 (0 %)

B 3 (4 %)

C 16 (24 %)

D 44 (65 %)

E 5 (7 %)

Curvature of peripheral Iris

s 5 (7 %)

r 58 (86 %)

q 5 (7 %)

Pigmentation (1–3) 135

+ 32 (47 %)

++ 24 (35 %)

+++ 12 (18 %)
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difference of IOP reduction 6 and 12 months after SLT was
not significant on student testing (p=0.25). The relative IOP
lowering effect in the subgroups after twelve was 24.2 %,
8.5 %, −1.7 % and 15.5 % in the POAG, NTG, PDG and
PEX subgroup, respectively. In correlation analysis, the pre-
operative IOP correlated significantly with relative and ab-
solute IOP reduction after 6 and 12 months (Spearman’s
correlation coefficients r=−0.68 and r=−0.75, p<0.001,
respectively). The correlation of CHcorr and CRFcorr with
IOP reduction after 12 months was r=−0.17 (p=0.14) and
r=−0.19 (p=0.19). There were no significant correlations
between angle characteristics or other clinical parameters
and IOP reduction.

In multiple linear regression analysis, relevant clinical
parameters (age, number of glaucoma medications, presence
of diabetes, spherical equivalent, angle pigmentation, CCT
and lens status) and biomechanical parameters (CHcorr,
CRFcorr) were tested for their predictive value on the abso-
lute IOP lowering effect of SLT. Table 3 displays the co-
efficients for potential predictive parameters included for
prediction of IOP lowering effect 12 months after surgery
with R2=0.61 for all included variables (model 1), which
allows better modelling than the initial IOP alone (R2=0.56).
Using a backward model to reduce the number of included
parameters, beside the initial IOP the corneal biomechanical
parameters and CCT remain in the model with further im-
provement of the predictive potency (model 2, R2=0.65).
However, as the significance level was set at 0.05, only the
baseline IOP is a significant predictor. In the model 2, for
CHcorr and CRFcorr the standardized regression coefficients
are still larger than 1/smaller than −1, a sign of
multicollinearity indicating that the biomechanical parame-
ters are (highly) correlated. We therefore entered the baseline
IOP together with CHcorr or CRFcorr in a linear regression
model. The R2 for the baseline IOP alone is 0.56 (p<0.001).
Adding CHcorr or CRFcorr to the model, the R2 increases to
0.64 with p<0.001 for CHcorr and CRFcorr, respectively,
enhancing the predictive power of baseline IOP alone for
IOP lowering effect of SLT (model 3 with values for CHcorr,
Table 3). CCT failed to increase the predictive power of
baseline IOP (p=0.67).

Discussion

Since its initial description by Latina and Park in 1995, SLT
has proven to be safe and effective in lowering IOP in
different types of OAG. When applied to previously
untreated eyes, SLT may achieve a reduction of IOP of
approximately 30 %, being comparable with the IOP lower-
ing effect of prostaglandin F2α analoga [24, 25]. Even if its
principle of action is yet not fully understood, SLT seems to
have an enhanced safety profile compared to ALT and T
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therefore appears to be a feasible alternative or adjunct to
pharmacotherapy as primary treatment of eyes with OAG. It
could be shown in previous studies, that a higher baseline
IOP is predictive of a greater IOP decrease [9, 26]. In
addition it has been demonstrated that the type of glaucoma
has no significant influence on SLT success [27]. A recent
study revealed that thinner CCTwas correlated with a better
IOP control [28]. Although the starting IOP was found to be
predictive, one could argue that the magnitude of the poten-
tial IOP drops as the IOP becomes lower.

Our results are in consistence with these earlier findings,
as well as that angle characteristics (width and pigmentation)
have no predictive value [29]. The distribution of the differ-
ent types of glaucoma as well as the pressure lowering effect
of SLT in medically uncontrolled glaucoma is comparable to
previous studies [27, 30]. However, in the four included eyes
of patients with PDG, there was no IOP lowering effect of
SLT.

Alterations of the biomechanical properties of the eye
have been discussed as predictive factors for development
and progression of OAG [12, 13]. The viscous component of
the eye is supposed to play an important role in the patho-
genesis of OAG as the viscosity mediates damping proper-
ties and reduces pressure peaks. The human cornea combines
elastic and viscous properties and the viscosity of the cornea
is in good correlation with the viscosity of the sclera. There-
fore, corneal hysteresis (CH), as measured by ORA, may be
related to the distensibility of the optic nerve complex [31].
However, there is only very limited knowledge on how these
biomechanical parameters are affected by laser treatment of
the trabecular meshwork, such as SLT. In our study, biome-
chanical properties revealed good modelling for the IOP
lowering effect of SLT in linear regression in addition to
baseline IOP. It can be suggested that the obtained predictive
parameters are to some extend pressure related or influence
the measurement of IOP. However, using IOP-corrected
biomechanical parameters as recommended [22, 23] mini-
mizes that potential source of error.

In accordance with a previous study, other clinical param-
eters like lens status or presence of diabetes could not predict
the IOP lowering effect of SLT [29]. We did not observe a
significant predictive value of the CCT as reported previous-
ly, but in the model 2 the CCT remained in the model with a
p-value of 0.09. Therefore, a mild influence of CCT can also
be suggested by our data. The predictive value of biome-
chanical properties of the eye leads to the suggestion, that
corneal (and scleral) biomechanical properties as measured
with the ORA are also reflected in the TM. An association
between the biomechanical characteristics of the eye shell
and intraocular tissue of the anterior segment is therefore
very likely. As the targeted tissue in SLT is the TM, and there
is a positive prediction of biomechanical properties on the
IOP lowering effect of SLT, the biomechanical properties of

the eye shell are to some extend correlated with characteris-
tics of the TM. Corneal stroma, sclera and the major amount
of the iris are originally derived from mesenchymal tissue in
embryogenesis, which might be an explanation for the pre-
dictive impact. First results of direct measurements of bio-
mechanical properties of the TM using atomic force micros-
copy reveal a significant difference in the elastic modulus of
glaucomatous eyes [32].

A limitation of our study is that SLT was performed in
medically uncontrolled glaucoma, as the study was
performed at a tertiary university-affiliated glaucoma clinic.
Therefore, a transfer of our results to use biomechanical
parameters to predict success in treatment naive or medically
controlled glaucoma patients, in whom SLT could substitute
the local therapy, might not be applicable. Another limitation
is that in this investigation we did not test on absolute
success of SLT in uncontrolled OAG by defining a success
criterion (e.g., minimum IOP reduction of 20 % and absolute
IOP lower than 21 mmHg). However, we believe that suc-
cess has to be defined individually for every single patient,
and therefore we decided to test on absolute IOP reduction.

To date, the ORA is the only FDA approved instrument to
display biomechanical properties of the eye in vivo, and a
relatively high variability of repeated measurement is well-
known [22]. With new technologies more precise and reli-
able measurements will better display the biomechanical
characteristics in vivo and allow to better understand the
pathophysiological processes of glaucoma. An instrument
that generates in vivo measurements of the elastic tissue
properties like Young's modulus would be eligible [33].

However, our finding that biomechanical properties, be-
side the initial IOP, are predictive for the outcome of SLT in
medically uncontrolled OAG may provide an additional
criterion helping better to decide for the individual patient:
is the attempt of laser treatment with SLT is justified, should
pharmacotherapy be intensified, or should the patient pref-
erably undergo glaucoma surgery.

Conflict of interest No authors have any conflict of interest related to
this manuscript.
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