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Abstract: Selective laser trabeculoplasty (SLT), used to treat glaucoma and ocular hypertension,
requires the use of a gonioscope placed on the cornea to visualize and irradiate the trabecular
meshwork (TM). Alternatively, non-contact direct SLT (DSLT) irradiates the TM through the
overlying tissues. Here we analyze this innovative procedure using analytical modeling and
Monte Carlo simulations to quantify the laser energy reaching the TM through the overlying
tissues. Compared with energy launched from the laser, DSLT energy transmission to the TM
is 2.8 times less than SLT, which verifies the efficacy of non-contact DSLT given the lowest
reported effective SLT energies.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Glaucoma, a chronic disease that gradually impairs vision and may eventually cause blindness,
affects more than 70 million people worldwide and is expected to afflict 112 million by 2040
[1,2]. The only treatable risk factor for progression of this disease is its characteristically high
intraocular pressure (IOP). Thus, the primary goal of glaucoma therapy is to lower the IOP,
thereby reducing the risk of progressive optic disc degeneration and consequent visual field loss
resulting in vision impairment which may culminate in blindness [3,4]. Disease progression can
be slowed by medication, laser treatment, or surgery [5]. Topical medications (eye drops), a
common first-line treatment, have notoriously poor adherence, with only 23% to 60% of patients
consistently using their medications as prescribed over 12 months [6-9]. Recent studies have
found laser trabeculoplasty treatment to be superior to drug therapy as a first-line treatment in
open angle glaucoma (described below) [10], or when pharmaceutical treatment fails to achieve
adequate reduction of IOP [11].

1.1. Conventional glaucoma laser treatments

Glaucoma can be classified into open-angle glaucoma, in which the trabecular meshwork (TM),
the entrance of the aqueous humor drainage passageway, is visible, and angle closure categories,
in which the drainage through the TM is obstructed by angle narrowing, usually by iris adhesions
or anterior bowing of the iris. Each type of glaucoma has multiple possible causes.

Argon laser trabeculoplasty (ALT), an alternative to eye drops, was introduced by Wise and
Witter in 1979 [12,13]. In this procedure, laser energy is delivered to the TM, in order to cause
a thermally-induced structural changes resulting in IOP reduction. The TM is located in the
anterior chamber angle. The anterior chamber angle is formed by the intersection of the cornea
and iris edge and extends around the entire circumference. The TM is obscured from normal
view by the light-scattering white tissues of the scleral limbus. A typical ALT procedure delivers
50-100 laser shots to the TM. Typically, ALT laser shot parameters are 532 nm (the argon laser
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at 514 nm has since been replaced by the frequency-doubled Nd:YAG), peak power 0.3—1.0
W, exposure 0.1 s, and spot diameter 50 um [14]. Long-term ALT follow-up shows that after
a few years most patients revert to a higher IOP. Since ALT alters the tissue permanently, it
can be carried out only on the untreated TM [15,16]. In an effort to minimize the permanent
structural changes resulting from ALT, Latina et al. launched Selective Laser Trabeculoplasty
(SLT) in 1998 using a low-energy, nanosecond-pulsed laser [17]. Figure 1(a) depicts standard
SLT delivery of the laser beam to the TM using a gonioscope, allowing for visualization and
laser targeting of the TM through the cornea.
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Fig. 1. Laser delivery for SLT (a) and DSLT (b).

The short SLT pulse duration does not allow the heat deposited during the pulse to diffuse from
the light-absorbing melanin granules within the cells, thereby reducing collateral damage. SLT
uses a frequency-doubled, Q-switched 3 ns, 532 nm Nd: YAG laser with a spot size of 400um.
The energy deposited per laser spot in SLT is about three orders of magnitude less than in ALT.
In addition, SLT produces less post-laser inflammation of the anterior chamber than ALT, and it
leaves the TM virtually intact, damaging only the endothelial cells which regenerate [18]. Repeat
SLT treatments showed that the mean IOP following both initial and repeated SLT procedures
had been significantly reduced, meaning that repeat SLT treatments are possible [19-21]. Recent
prospective studies in which SLT was used as the primary therapy have shown IOP reductions of
about 30% below baseline untreated levels [22].

For standard SLT therapy the surgeon starts by using a laser-shot energy of 0.7-0.8 mJ, with
upward or downward energy titration until a bubble forms on the surface of the TM in the aqueous
humor, as visualized by a surgical microscope through the gonioscope. The energy level resulting
in such bubble formation (the ‘champagne level’) is called the threshold energy, although there is
no proven relationship between the threshold energy and the desired IOP reduction effect. The
recommended energy setting for conventional treatment is 0.1 mJ less than the threshold energy
[23].

There is considerable clinical variation in how SLT is performed, with no prescribed standard
energy, spot number, or extent of lasering on the TM [24] although a recent large clinical study
has narrowed the parameters [10]. All existing devices must be operated in combination with a
gonioscope lens (Fig. 1(a)), which targets the laser beam through the cornea to the TM treatment
zone. Reported side effects with the traditional treatment include a short-term IOP increase,
postoperative corneal edema, inflammation, corneal hysteresis, redness, discomfort, and anterior
chamber reactions. These side effects originate from the use of the gonioscope because of its
contact with and rotation on the cornea, from the passage of the laser beam through the cornea,
or both [25]. Moreover, treatments with the existing devices use about 100 manually delivered
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single-laser shots, requiring both time and special expertise, which explains why SLT, despite its
effectiveness, has not traditionally been offered as a first-line treatment for glaucoma.

1.2. Mechanism of action

The mechanism of action of SLT is not fully understood, although it is believed that it has to do
more with cellular and less with mechanical factors [26]. Cvenkel, et al. compared ALT and SLT
by applying, in three patients, each treatment on a different part of the same eye, removing the
eyes after one to five days, and then examining ex vivo [27]. At energy levels above threshold
(i.e., higher than in typical treatments), SLT caused some slight damage to the pigmented cells of
the TM as shown by light microscopy and transmission electron microscopy. The TM remained
intact except for cracks in the corneoscleral sheets and a few endothelial cells with disrupted
pigment granules and vacuoles. Again, these effects occurred above accepted treatment energy
levels. There is also reported evidence of TM cell division following both ALT and SLT [28].
Alvarado et al. suggested that modulation of aqueous outflow after SLT is caused by macrophages
removing debris from the TM [29]. Long-term modification of the TM has not been observed
after typical SLT, allowing for repeat treatments [19-21].

The laser-tissue interaction mechanism underlying the absorption of laser energy in SLT is not
well understood. Latina et al [17]. theorized that the mechanism involves linear absorption in
melanin, but subsequent studies seem to find absorption in melanin less important [30]. Typical
laser fluence for a SLT single spot (0.8 mJ, 400 um, 3 ns) is 1.3 J-cm™ and a peak power of
>400 MW-cm 2. These numbers, however, may underestimate the localized peak fluences and
powers, since diffuse reflection of the pulse from within the tissue may increase the intensity
and fluence close to the surface of the TM [31]. Furthermore, since the laser is a spatially and
temporally coherent source, speckle with high peaks can be expected on and within the TM. It
would therefore be reasonable to expect that nonlinear absorption processes (including plasma
formation) owing to high-peak powers may occur, together with linear absorption [32]. There
also exists the possibility of photobiomodulation mechanisms [33]. Recently hyper-reflective
particles in the anterior chamber after SLT have been observed using OCT appear to correlate
with IOP reduction, implying some sort of explosive laser effect, which the authors postulate as
thermally induced [34].

1.3. Direct SLT study

Direct selected laser trabeculoplasty (DSLT) was proposed as a method to eliminate the main
disadvantages of SLT, namely the necessity of placing of a gonioscope on the cornea to aim the
treatment laser to the TM and the skill required to perform the procedure. It was postulated that
illuminating the tissue directly overlying the TM, as shown in Fig. 1(b), would have the same
clinical effect as irradiating the TM through a gonioscope. In a comparative study of SLT and
DSLT, our group demonstrated their equivalent efficacies but advantageously showed that DSLT
was accompanied by fewer complications and less patient discomfort [35]. Note that in this study,
the same SLT laser system was used without modifications for both SLT and DSLT.

The success of the DSLT procedure, as reported in that study, was somewhat puzzling given the
widespread belief that in SLT the laser energy delivered to the TM must be at the sub-millijoule
level (just below the ‘champagne bubble’ threshold) in order to cause an effect. That first
study [35] led to many questions about how the laser reaches the TM and reacts with it, since
the beam is placed on the perilimbal sclera, a highly scattering tissue located above the TM.
Where, for example, should the laser be placed so as to ensure maximum irradiation of the TM?
How much energy reaches the TM through the light-scattering limbus? If DSLT is claimed to
be a fast non-contact procedure, what design considerations, with the first being safety, must
be implemented? Questions were also raised about the possibility that other target tissues, if
irradiated, might have a pressure lowering effect.
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In this paper we analyze the DSLT procedure [35] and discuss design requirements for an
automatic and safe procedure. In Section 2 we describe and analyze the placement of the treatment
beam in the original study and its relationship to the TM. In Section 3, using a one-dimensional
calculation and then Monte Carlo simulation, we calculate the energy reaching the TM. We
conclude that section by comparing the laser energy reaching the TM by the SLT and DSLT
procedures, in order to explain their similar efficacies. We conclude this section with a discussion
of the relevant design considerations for making the DSLT procedure automatic, with an emphasis
on laser safety.

2. DSLT laser spot placement

In the original DSLT study, the doctor placed the 400-um diameter aiming beam of a typical
SLT laser system manually on the sclera so that the beam edge was touching the corneal edge, as
shown illustrated for a single spot in Fig. 2 [35]. In this section we analyze this placement with
respect to the location of the TM.

Fig. 2. DSLT beam placement for a single spot. The treatment beam is aligned to the eye
by placement of the red aiming beam, as indicated in the figure by a red dot, such that the
beam’s periphery touches the corneal edge.

To interpret the placement of the laser spot, we start by analyzing the cross-section of the
anterior chamber, as shown by optical coherence tomography (OCT) in Fig. 3 as a representative
case [36]. The ‘Appearance’ band at the top of the figure indicates how the eye appears under
white light illumination: from the white sclera, through the greyish limbus, to the colored iris
seen through the transparent cornea. Of particular relevance is the white border, whose location
is described below. Note that the TM is located mainly behind the white and grey portions of the
limbus.

The TM starts in the angle vertex (AV) of the iridocorneal angle and extends upwards on the
angle. The obvious visible external ‘landmark’ of the DSLT procedure is the white border of
the sclera. The standard measure of this white border is the corneal ‘white-to-white diameter’
(Dwrw) measured by visual inspection using calipers, the extent on one side indicated by WB in
Fig. 3 [37].

Although this measurement depends on human judgment, repeatability of about 100 um has
been demonstrated [38]. Another relevant measure of the eye is the angle-to-angle diameter
(Data), as the AV is the approximate starting point of the TM. D474 has been measured by using
OCT of the entire anterior chamber to locate the AV on both sides and measuring the diameter
between these two points in the image [39]. Thus, since the TM starts at the AV, the location of
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Fig. 3. OCT image [36] of the eye with measurements. The bar at the top shows the
appearance of the eye as seen with visible light. The extent of the TM as seen in this cross
section is 0.825 mm, as explained below. Angles were obtained by measuring the tangent
lines shown in the image with the scale bar the same in both horizontal and vertical directions.
AV, angle vertex; WB, white border.

the TM in relation to the white border of the sclera can be determined assuming that the eye is
symmetric across its center.

Dsra and Dyrw have been previously reported [38,39]. The data from Goldsmith, et al
[39]., obtained under visible light, are used here. The average Dy is 12.53 mm (0.47 mm
standard deviation; SD) and the average Dyrw is 11.78 mm (0.57 mm SD), meaning that the
distance between the white border and the AV is 0.375 mm on average (half the difference of the
diameters), which is approximately the diameter of the treatment beam. This interesting result
shows that the placement of the 0.4 mm laser spot is directly above the TM, thus minimizing the
distance of the laser delivery point to the TM on average.

Since the TM is at an angle with respect to the axis of the eye, we next derive, from the position
of the AV, the extent of the TM from the white limbus edge. Figure 4 shows a geometric model
of the anterior angle. The average length of the TM (red line) has been reported as 700 + 200 um
(mean + 2 SD) measured histologically [40] and 825 + 182 um (mean + SD) measured on live
eyes by OCT As seen in Fig. 4, it would appear that some of the TM extends 250 um beyond the
white edge into the gray region of the limbus.

Since the beam is incident at an angle, refraction would be expected if the spot is placed directly
on the edge of the sclera. Thus, for example, taking an incident angle of 26.8° and assuming the
tissue index is similar to that of water (n ~ 1.33), the beam deflection would be approximately 130
um through 1.1 mm of tissue—a minor effect given natural biological variations. We conclude
that if the edge of the treatment beam is placed such that the periphery touches the white limbus
border, the treatment beam will be positioned directly over the TM.
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Fig. 4. Geometric model of the anterior chamber angle.

3. Energy transfer to the trabecular meshwork

Although the original DSLT study [35] targeted the TM by placing the laser on the perilimbal
sclera (a highly scattering tissue), the reduction in IOP was equivalent to that obtained by standard
SLT, where the laser is directly placed on the TM by delivery through the cornea. The literature
contains no conclusive SLT dose-response study of the laser energy required to produce the
maximal IOP reduction. In one SLT study, an average pressure-lowering effect of 20% below
baseline pressure was reported after laser treatment performed below the ‘champagne bubble’
threshold, i.e., at a fixed energy of 0.4 mJ [23]. In another study, 0.3 mJ was found to be effective
[41]. It has been hypothesized that microbubbles, which form at fluences less than champagne
bubbles, cause cell death and the increase in aqueous outflow [42]. It should be noted that the
energy levels stated for the foregoing procedures refer to the energy launched from the device, not
the energy reaching the TM. In the following DSLT analysis, we provide quantitative calculations
of the amount of light reaching the TM through the light-scattering tissue, and then compare the
result with the energy reaching the TM in SLT using 0.3 mJ, the lowest reported effective SLT
dose after allowing for losses and geometric effects.

In the absence of published data on optical properties of the limbus, we approximate them by
using the average of the optical properties of the cornea and the sclera, since the limbus is the
transition region between these tissues [43]. Reports on optical properties of the sclera [44,45]
indicate that this tissue reflects about 60% of 532-nm light, and transmits about 10% of the light
through its full (0.8 mm) thickness as measured with integrating spheres. These values do not
include effects from overlying tissues such as conjunctiva. In addition, the effective spot size
increases through the tissue owing to scattering upon propagation [46—49].

3.1. One-dimensional estimation

We assume that the limbus is half cornea, assumed to be transparent, and half sclera. Through a
full thickness of 0.8 mm sclera, transmission is 10% at 532 nm [44]. Using Beer’s Law [31], the
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attenuation coeflicient is found to be 2.88/mm. If the effective thickness of the equivalent limbus
tissue is 0.4 mm sclera, about exp(-2.88/mm - 0.4mm) ~ 32% of the light is transmitted through
the limbus. By this approximation, about one-third of the incident DSLT laser energy would
reach the TM.

The above calculation does not include the geometric effects of beam propagation through the
tissue, such as spot size enlargement, which would decrease the fluence reaching the TM. These
effects are modeled in the next section and then compared to the above calculation.

3.2. Monte Carlo simulation

A freeware Monte Carlo propagation code, MCmatlab [50], was used to model the propagation
of light through the limbus. The code uses the radiative transport equation to simulate light
propagating through geometries that are specified in three dimensions by discretizing the domain
into rectangular elements called cuboids [31]. Each material is specified by its refractive index
n, absorption u,, scattering u,, and Henyey-Greenstein scattering anisotropy factor g. The
code calculates the accumulated absorbed photon energy density (energy/volume) and fluence
(energy/area) in each cubiod, as well as the far-field radiative flux as a function of the solid angle.
Since photons can enter each cuboid from multiple directions, fluences greater than the launched
laser fluence can be achieved owing to the multi-directional scattering.

To specify the tissue properties, we needed to fit the Monte Carlo simulation to existing data
based on integrating sphere measurements: total reflection R and total transmission 7" of the
tissue. Using the far-field radiative flux from the simulation, R and T represent the total energy
within their respective hemispheres. Absorption A is calculated as the total absorbed energy
within the tissue, such that R + T+A = 100% [31]. In these MCmatlab simulations, light was
collected only through the top and the bottom surfaces of the tissue slab so that the reported
integrated sphere measurements could be more accurately simulated. This means that light may
be trapped inside the tissue and emerge from the sides of the simulation boundaries.

3.2.1. Scleral tissue parameters

We used the range of scattering parameters reported by Bashkatov et al [45]. in the Monte Carlo
simulation to obtain the R, T, and A parameters taken from Vogel et al [44]. The sclera model
used is shown in Fig. 5. Table 1 and Table 2 show the resulting scattering parameters and the
resulting simulated integrated tissue parameters, respectively.

Incident beam

D,=0.4mm, half divergence
/ 19.4mrad, Gaussian profile

air 0.2mm
sclera 0.8mm
absorbinglayer == — 0.01mm

4mm square

Fig. 5. Geometry for determining sclera scattering coefficients. Cuboid size is 0.01lmm on
each side.. (Typical sclera thickness 0.8mm [44], an arbitrary air gap of 0.2mm to visualize
reflection, and a single cuboid thick absorbing layer of 0.01mm were modeled.)

3.2.2. Sclera spot size calculations

The spot size of the emergent beam was calculated through full-thickness sclera to place an
upper bound worst-case scenario on delivery of laser energy to the TM. The spot size and energy
were obtained by placing a very highly absorbing single plane of cuboids (u, = 103 cm™!) on the
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Table 1. Scattering Parameters for Human Sclera

Parameter Symbol Unit Reported [45] Simulated Fit
Absorption La cm™! 1-2 1
Scattering s cm™! 170-215 213
Anisotropy g 0.65-0.73 0.64

Table 2. Integrated Tissue Parameters (0.8 mm thickness at 532 nm)

Parameter Symbol Reported [44] Simulated Fit
Total absorption A 25% 26%
Total transmission T 8-20% 18%
Total reflection R 55-70% 56%

posterior sclera surface and plotting the absorbed photon density, normalized such that the total
normalized photon density was equal to the total transmission 7" calculated from a simulation
without the absorbing layer.

The size of the transmitted spot through full-thickness sclera was calculated from launching
a standard SLT-type beam of spot size 400 um (1/e? full width) and half-angle divergence of
19.4 mrad. Figure 6 depicts the normalized fluences on a linear and a log scale. On the linear
scale, the incident beam can be seen at the top, impinging on the tissue 0.2 mm below the top of
the simulation domain. The log plot shows the extent of scattering. The scattering coeflicient
provides an expected scattering length value of 52 um, meaning that on direct transmission
through 0.8-mm-thick sclera a photon is expected to be scattered about 16 times. Figure 6(b)
qualitatively shows that the beam is highly scattered in the tissue, with an emergent spot size
much larger than the incident beam.

02 .02 x [em] y [em] 02 02 x [em]
(a) Linear scale (b) Log scale

Fig. 6. MCMatlab normalized fluence rate resultsfor full-thickness sclera. (Simulated
20x10° photons.)

Figure 7(a) shows a line-out of the intensity distributions at the launch point and at the back
surface of the sclera. The peak intensity at the posterior surface decreases to less than 1% of
the incident beam. Figure 7(b) shows that the spot size, as defined by 86.5% enclosed energy
diameter is consistent with Gaussian beams, and that it increases from 0.4 mm to 1.94 mm,
which is qualitatively in agreement with previous spot size measurements through sclera at longer
wavelengths [46].
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Fig. 7. MCMatlab simulation result for full-thickness sclera. (Simulated 20x10° photons.)
Radially Enclosed Energy is calculated by integrating the energy about the center of the
incident beam.

3.3.  Limbus modeling

In this section, laser beam propagation is modeled using the scattering parameters obtained in
Section 3.2.1.

3.3.1. Metrics

The following three metrics are defined for analyzing light transmission through tissue:
1) Total transmission: the total integrated energy arriving at the posterior surface of the tissue.

2) Peak transmission: ratio of the maximum transmitted incident fluence on the posterior
surface of the tissue to the maximum fluence on the anterior surface of the tissue.

3) Limbus transmission: the integrated energy arriving at the 0.4 mm X 0.825 mm ellipse
centered on the peak transmission location at the posterior surface of the sclera, which
simulates the TM. (Note that 0.4 mm corresponds to the incident beam width and 0.825 is
the average reported width of the TM.)

3.3.2. Limbus structure

The representative limbus shown in Fig. 3 was modeled using the geometry depicted in Fig. 8 and
the tissue properties recorded in Table 3, where the limbal sclera tissue was modeled assuming that
the scattering coefficients were the average of those in the cornea and those obtained previously
in the sclera. Figure 8 shows the incident beam profile in the top left corner, the transmitted spot
in the bottom right corner, and a cross section of the simulation at the top right corner. Note that
most of the scattering occurs in the first layer of the limbus.

Table 3. Tissue Properties

Parameter Unit Air Sclera Limbal Sclera Cornea
n 1 1.42 1.42 1.42
Ha cm™! 1078 1 0.5 1078
Us cm™! 1078 213 21372 1078
g 1 0.64 (1+0.64)/2 1

Normalized line-out plots of the incident beam and the posterior surface spot are shown in
Fig. 9. Limbus transmission was about 11.2%, which is equivalent to the energy of the incident
beam reaching the posterior surface of the limbus. Peak transmission through the tissue was
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Fig. 8. Simulated limbus geometry and results. Fluence plots are on a linear scale with
color scale normalized in each plot. (Limbus geometry is from Fig. 3 measurements.)

6.6%. Total transmission to the posterior surface of the tissue was 45.3%, which is similar to the
32% recorded in Section 2.

1Limbus Model: Line out of fluence along maximum0 1
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Fig. 9. Normalized fluences of the incident and transmitted beams (top) with line-out
normalized to the peak incident beam (right). The shift in the peak beam is due to refraction.

4. Discussion

Using DSLT laser spot placement, the Monte Carlo simulation yielded a peak transmission of
6.6% and a limbus transmission of 11.2% to the TM. Further increase in transmission to the
TM may be expected if the laser spot is moved on the limbus towards the pupil as scattering is
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expected to decrease in this direction due to the transition of highly scattering scleral to highly
transmission corneal tissue [43]. In the following calculation we compare the DSLT and the SLT
results.

Figure 10 presents a comparison of the delivery of the DSLT beam and the SLT beam to the
TM. The SLT beam approximately bisects the anterior chamber angle, so that in this example
the laser impinges on the TM at an angle of about 20.5°. Assuming a diameter beam of 400
um, the size of the beam on the TM surface would be 1140 pm. Using the limbus transmission
metric defined previously, the SLT beam on the TM would be about 1.6 times larger than the TM
itself, meaning that energy is lost since it overfills the TM. Examination of SLT images obtained
with the aiming beam reveals significant scattering and beam distortion, estimated at a 2X loss
including absorption. Thus, SLT energy transmitted to the TM would be 1/2/1.6 ~ 36%. Given
that the minimal proven dose of SLT energy effective for IOP reduction is 0.3—0.4 mJ (0.2 mJ
appears to have been used in at least part of the treatments [51,52]), as measured in air at the
device exit before it enters the gonioscope [23,41], only (0.3—0.4 mJ)x0.36 =0.09—-0.125 mJ of
the energy is delivered to the TM. This energy represents the upper bound on a minimal effective
dose. As simulated in the previous section, limbus transmission for DSLT is 11.2%. Thus, in
order to obtain 0.09—0.125 mJ on the TM, 0.82—1.1 mJ of DSLT energy is required to deliver
the 0.3—0.4 mJ SLT dose. The calculation is summarized in Table 4. The original DSLT study
used 0.8 mJ; this would be equivalent to 0.3 mJ of SLT, which would seem probable for pressure
reduction given the results of the 0.3-mJ study [41].

Fig. 10. DSLT and SLT beam delivered to the TM [36].

Table 4. Comparison of SLT and DSLT transmission to TM

Procedure Parameter Value
SLT SLT energy in air (lowest reported effective dose [23]) 0.3 m]
Transmission due to spot size elongation on TM 63%
Transmission due to scattering, absorption, and distortion on delivery 50%
Energy delivered to the TM 0.09 mJ
DSLT Transmission to TM (Monte Carlo simulation) 11.2%
DSLT energy in air required to obtain 0.09 mJ on the TM (0.3 mJ SLT dose) 0.8 mJ

DSLT vs. SLT Increase in DSLT energy over SLT to achieve same delivered energy on the TM x2.8
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DSLT is expected to be as effective as SLT in lowering IOP in all types of glaucoma, including
angle closure glaucoma (ACG). In ACG the iris bows forward towards the TM or cornea
obstructing fluid drainage through the TM. Direct visualization of the TM with a gonioscope is
obstructed and standard SLT laser delivery is not possible. Patients with incomplete ACG have
been successfully treated with SLT in regions of the eye where the TM was still visible [53-59].
As SLT has been shown to be effective in lowering IOP in ACG, DSLT is expected to provide a
similar pressure lowering result to SLT with the possibility of increased effectiveness as even
gonioscopically obscured portions of the TM may be irradiated without a gonioscope, as shown
in Fig. 10.

There is a worldwide need to increase the adoption of laser trabeculoplasty as a first-line
treatment for patients with open angle glaucoma and ocular hypertension, as SLT has been shown
to be efficient and cost effective [10]. Conventional SLT requires a gonioscopy lens to visualize
the TM and to aim the laser [60], which requires a high level of skill obtained by training and
experience [61,62], and, as such, only 25% of general ophthalmologists offer SLT to their patients
[63]. Automation of SLT would make it more accessible to patients, since in addition to highly
trained practitioners, the DSLT procedure could be performed by general ophthalmologists and
other eye-care providers. In the envisioned non-contact DSLT procedure the patient’s head rests
on the device, which then automatically determines the laser treatment target. The operator
approves and, if necessary, adjusts the target. The laser is then fired to complete the treatment
while eye-tracking algorithms keep the laser on target even if the eye moves. The laser treatment
itself is intended to take about a second, thus having the added benefit of increasing patient
comfort and stability. An additional advantage is that the device does not touch the patient’s
eye, thus further increasing patient comfort and decreasing side effects associated with the
gonioscope laser delivery in conventional SLT procedures. Although standard SLT lasers are
reported to operate up to 1 Hz, lasers with higher repetition rates can be made. High-speed laser
beam-steering is a mature technology that is commonly used in laser material processing and can
move laser spots in milliseconds or less. It should therefore be feasible to automate the DSLT
procedure to deliver about 100 laser spots to the TM in a few seconds or less. It will be noted that
one difference between SLT and DSLT is that no direct visualization of the TM occurs during
DSLT laser delivery: in SLT the TM is visualized with a gonioscope before and after the laser is
fired allowing the operator to make adjustments during the procedure.

For SLT a Class 3b laser is used, meaning that direct exposure of the retina to it may cause
permanent injury. Calculations conforming with IEC 60825-1:2014 Ed 3 [64] show that a
nanosecond laser with a 2 mJ, 532 nm, 400 um diameter spot is about 1000x above the maximum
permissible exposure (MPE) for retina and about at the MPE for skin, which is typically used
for all tissues except for retina. No permanent damage is expected on the sclera, limbus, or
iris, as the MPE includes a significant margin of safety from permanent damage. As permanent
laser modifications require energy above a certain threshold (MPE), no significant difference is
expected in undesired consequences between SLT and DSLT as both are at or below the MPE.
Given the relation of treatment energy to MPE, no histological studies to evaluate laser induced
tissue changes are currently planned, nor have the Institutional Review Boards (IRBs) required
them at future clinical sites. (See below for a discussion of the clinical trials.)

When using a non-contact device where the eye is free to move, it is imperative that the device
can safely place the laser spot on the correct target location, and not through the pupil to the retina.
The system response time can then be calculated by the time taken for the eye to move such that
the laser delivery location moves from the typical target location (the white boundary of the
sclera) to the edge of the pupil. The fastest motion of the eye is a saccade, which is an involuntary
motion. During a saccade the eye can move at speeds of 170 mm/s, which is approximately 1
mm in 5 ms on the surface of the eye [65].
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Assuming that the DSLT beam is to be placed such that its periphery touches the white
boundary of the sclera, the DSLT target would be a ring about 11.1 mm in diameter, including 3
SDs of the Dy measurements [39]. For the purpose of this calculation, we assume that the
maximum diameter of a contracted pupil is 4 mm [66]. Thus, the beam would have to travel
about 3.6 mm in order for its periphery to touch the edge of the pupil. This distance might be
less, since the pupil is not necessarily centered in the limbus, the laser spot may extend beyond
the 400-pum diameter, and a smaller limbus size should be used to include more of the population.
Given these considerations, the system’s response time (the time between image exposure and
laser fire) should be less than 15 ms to ensure that the laser does not pass through the pupil
and damage the retina. Stabilization of the eye can be assisted by providing a fixation target for
the patient. As an example for feasibility, refractive eye surgery uses a fixation target with eye
tracking at 60 Hz for laser beam placement [67].

BELKIN Laser has constructed a prototype DSLT device, utilizing off-the-shelf components
and taking account of the design considerations discussed. Our device, without having direct
contact with the eye, automatically delivers 100 laser shots in about one second. The main
components of the device include a camera (few ms exposure and data transfer time), high
speed galvo scanner mirrors (sub millisecond positioning time), a laser (sub ms response time),
and a controller. Before each laser shot the device uses active eye tracking to update the laser
targeting, such that the total time from the start of image acquisition to laser delivery is less than
15 ms. A similar non-contact concept using eye tracking an automatic laser targeting has been
demonstrated for retinal surgery [68].

5. Conclusions

The DSLT clinical experiment performed by our group and published in 2017 [35] was analyzed
here for laser spot placement and laser fluence reaching the TM. By positioning the laser beam
on the sclera such that its periphery touched the white boundary, the laser spot is placed directly
over the TM, thus minimizing the length of its path to the TM, and hence minimizing its energy
loss due to scattering and absorption. The energy reaching the TM during DSLT was calculated
to be about 11% of the discharged energy, as compared to about 32% for SLT, noting that energy
measurements were taken in air at the device’s output. Thus, when comparing the energy levels
of SLT to DSLT, a factor of 2.8 should be used. SLT treatment of 0.3 mJ (the lowest reported
value yielding IOP reduction) [23] would be equivalent to 0.8 mJ of DSLT. In other words, the
use of 0.8 mJ our 2017 DSLT clinical study [35] was equivalent to an SLT treatment of 0.3 mJ,
which may explain why DSLT was effective in lowering IOP in that study. Increasing DSLT
energy will be the subject of future clinical work.
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