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Abstract

Objective This study describes the imaging of the filtering area in CO, laser-assisted sclerectomy surgery (CLASS) using
ultrasound biomicroscopy (UBM) combined with the Indiana Bleb Appearance Grading Scale (IBAGS) and evaluates the
mechanism by which CLASS lowers the intraocular pressure (IOP).

Methods Twenty-eight cases (28 eyes) of primary open-angle glaucoma that could not be controlled by drugs underwent
CLASS. At 1, 3, 6, 12, 18, and 24 months after surgery, IBAGS was used to evaluate the external morphology of the filtering
blebs, and UBM was used to describe and measure their internal structure.

Results During the early period after CLASS, most cases showed diffuse filtering blebs with a serious degree of congestion.
At the end of follow-up, most cases did not present filtering blebs. All patients showed an intact and thin trabeculo-
descemetic membrane (TDM) with an average thickness of 0.094 +(0.017 mm. The scleral reservoir size gradually decreased
over time and tended to stabilize after 18 months. At 3 and 6 months after surgery, 53.57% of the patients had abnormalities
in the TDM area, and after laser goniopuncture treatment, the scleral reservoir became slightly larger and the IOP decreased.
The TDM thickness was not correlated with postoperative IOP, and the scleral reservoir size was negatively correlated
with IOP.

Conclusion During the early phase after CLASS, the subconjunctival and suprachoroidal pathways may be the main
mechanisms lowering IOP; over time, internal drainage pathways such as the intrascleral, trabecular-meshwork, and
suprachoroidal pathways play greater roles in lowering IOP.

Introduction

CO, laser-assisted sclerectomy surgery (CLASS) is a recent
modification of nonpenetrating glaucoma filtration surgery
that has the same effect as traditional nonpenetrating deep
sclerectomy (NPDS) in lowering the IOP [1]. The occur-
rence of TDM perforation during deep scleral dissection in
NPDS is closely related to the learning curve. During the
early stage of learning, the incidence rate can reach
30-50%, while experienced surgeons have an incidence rate
of 3% [1]. The need to dissect the deep sclera and preserve
the intact and thin TDM during the operation increases the
difficulty of surgery and the requirements for surgical
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experience, affecting the popularity of NPDS [2]. CLASS
uses a CO, laser that provides accurate ablation of dry tis-
sues and is absorbed by fluid, ablates the deep sclera to form
a scleral reservoir, and ablates the corneal sclera. During the
CO; laser ablation process, the aqueous humour percolates
and absorbs the CO, laser to prevent further ablation,
avoiding the occurrence of TDM perforation and generating
an intact and thin TDM [3]. CLASS creates the scleral
reservoir and TDM easily and accurately, and rendering
deep sclerectomy easier, conducive to the popularity of
surgery [1].

The long-term success of glaucoma filtration surgery
depends on the formation and maintenance of filtration
channels. In both NPDS and CLASS, the aqueous humour
seeps through the intact and thin TDM to the scleral
reservoir, then through a variety of aqueous outflow chan-
nels, reducing the IOP. Formation and long-term main-
tenance of the scleral reservoir are thought to be important
in facilitating aqueous humour drainage [4]. For the eva-
luation of the external filtering bleb morphology, the
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Indiana Bleb Appearance Grading Scale (IBAGS) and the
Moorfields Bleb Grading System [5] are currently the two
most widely used clinical grading systems. Ultrasound
biomicroscopy (UBM) [6] inspection techniques can pro-
vide a good assessment of the features of the intrableb and
intrascleral space in the surgical area, enabling a better
understanding of the structural changes caused by filtration
surgery. At present, there are few reports on long-term
observations of CLASS filtration channels. We combined
IBAGS and UBM to image filtration in the CLASS surgical
area and evaluate the drainage mechanism of the aqueous
humour in CLASS. We also studied the correlations
between scleral reservoir measurement parameters and
intraocular pressure (IOP).

Materials and methods
Research design

This study was approved by our institutional ethics com-
mittee and followed the Declaration of Helsinki. Written
informed consent was obtained from all participants enroled
in the study.

This study was an uncontrolled retrospective study. In
total, 28 patients (28 eyes) with medically uncontrolled
primary open-angle glaucoma (POAG) underwent CLASS
at the glaucoma department of our institution from
November 2016 to December 2017. All participants were
from the Han Chinese population with a heavily pigmented
iris and were followed up postoperatively for 24 months.
The inclusion criteria were as follows: patients aged 18
years or older, medically uncontrolled POAG that was
defined as uncontrolled IOP (221 mmHg) under maximally
tolerable hypotensive medications (three or more), and with
progressive visual field defects and cup/disc ratio progres-
sion. The exclusion criteria were as follows: history of
previous intraocular surgery and ocular laser procedures,
other eye diseases, refractive stromal opacity that may
interfere with optic nerve evaluation, and patient unco-
operative or unable to complete the examination.

All patients underwent comprehensive ocular examina-
tions before the surgery, including best-corrected visual
acuity (BCVA), IOP (Goldmann applanation tonometer),
slit-lamp biomicroscopy, fundus examination including
optic disc evaluation (stereoscopic optic disc photography;
Kowa Nonmyd WX, Kowa Company, Ltd., Japan),
gonioscopy, visual field examinations (Humphrey Field
Analyzer; 30-2; Carl Zeiss Meditec, Dublin, CA), and nerve
fibre layer thickness (RNFL) (Optical Coherence Tomo-
graphy; Heidelberg Engineering Inc., Heidelberg, Ger-
many). The patients attended glaucoma clinic follow-up
visits 1 week, 1 month, 3 months, 6 months, 12 months,
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18 months, and 24 months after the surgery. Each visit was
followed by an IOP measurement and a gonioscopic
examination of the surgical area. At 1, 3, 6, 12, 18, and
24 months after the surgery, a UBM examination and slit-
lamp photography were performed in the operation area.
“Complete success” was defined as IOP values ranging
between 5 and 18 mmHg without glaucoma medication,
IOP reduction of >20% compared with baseline IOP, and
without the need for additional glaucoma medication or
reoperation (except for laser goniopuncture (LGP) therapy);
“qualified success” was defined as when the IOP was
achieved with glaucoma medication. Failure was defined as
an IOP value <5 or >18 mmHg, IOP reduction of <20%
compared with baseline IOP, or the need to undergo further
glaucoma drainage surgery other than goniopuncture.
Goniopuncture was not considered a failure or adverse
event, as it is commonly used as a normal postoperative
intervention to maintain or augment the operative results

[7].
Surgical procedures

All lasers and surgeries were performed by an experienced
glaucoma surgeon (GX Tang). All patients underwent laser
peripheral iridotomy (LPI) and argon laser peripheral iri-
doplasty (ALPI) at the peripheral iris corresponding to the
scleral reservoir ablation site 1 day before the surgery. ALPI
settings of 250-300 mW power with a spot size of 500 um
for a duration of 0.2 s and LPI setting of 2-5 mJ were used.
A neodymium:yttrium aluminium garnet (Nd:YAG) laser
was used to create a peripheral iridotomy (minimum 0.2 mm
in width) as close as possible to the root of the iris and
centred in the expectant ablation area. Following the treat-
ment, 1% prednisolone acetate drops (PredForte; Allergan,
Irvine, CA) were applied four times daily.

The surgical procedures were as follows. First, a con-
junctival flap was generated using the upper fornix as the
base. Tenon’s capsule was opened and separated to
expose the scleral area. Electric coagulation was per-
formed on the blood vessels on the scleral surface for full
haemostasis. A scleral flap approximately 5 mm x 5 mm in
size and approximately one-third of the thickness of the
sclera was dissected at least 1 mm within the clear corneal
limbus. A cotton sheet containing 0.04% mitomycin was
placed under the conjunctival and scleral flaps for 2-5
min, and the area was washed with 50 ml normal saline.
Second, the CO, laser beam was then applied over the
scleral bed to create a deep scleral lake. The ablation of
the scleral lake was performed as follows: a rectangular
ablation was selected—the size was 3 mm x4 mm, the
energy was 20-24 W, and the ablation depth was close to
the suprachoroid lamina; 0.04% mitomycin was then
applied on the scleral floor for 1 min, followed by washing
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out. The ablation of the corneoscleral limbus was per-
formed as follows: arc ablation was selected, the size was
2 mm x 1 mm, and the energy was 20 W, and the ablation
was performed until the outer wall of Schlemm’s canal
was opened, abd aqueous humour percolation was
observed. Finally, the superficial scleral flap was reposi-
tioned and closed with two interrupted 10-0 nylon sutures
at the top corners, the knots were buried. No tension was
applied to the two sutures as the aqueous outflow resis-
tance was at the TDM. The conjunctival flap was closed
tightly with interrupted 10-0 nylon sutures. The patients
were postoperatively treated with tobramycin dex-
amethasone eye drops (Novartis Alcon, Switzerland) six
times daily, and the dose was tapered for a minimum of
6 weeks; the patients also received 0.5% pilocarpine
nitrate eye drops (Shandong Baofu Ruida Pharmaceutical
Co. LTD, Shandong, China) three times daily for
3 months.

LGP was performed with a Microruptor II neodymium:
yttrium aluminium garnet (Nd:YAG) laser when the IOP
exceeded 18 mmHg; the scleral reservoir decreased, and
the TDM area exhibited an anomaly due to insufficient
aqueous percolation through the TDM. Tiny holes were
created around the TDM to facilitate aqueous humour
drainage from the anterior chamber to the sclera reservoir.
A Lasag-15 gonioscopy contact glass CGAL (Haag-Streit
AG, Switzerland) was used to create 2—6 spots around the
TDM, with energy ranging from 2 to 4 mJ. Shooting was
stopped and the IOP was checked as soon as a microhole
was made in the membrane. LGP was considered a suc-
cess when the final IOP was less than 18 mmHg. In cases
of peripheral anterior synechiae (PAS) to TDM, ALPI was
applied simultaneously to shrink the iris and separate the
peripheral iris from TDM. ALPI settings included power
250-300 mW, spot size 300-500 pm, spot duration 0.2 s.
After treatment, the patients were treated with tobramycin
dexamethasone eye drops four times daily for 7 days and
0.5% pilocarpine nitrate eye drops three times daily for
1 month.

UBM inspection

We used an MD-300 L UBM (E1920NW Tianjin MEDA)
to acquire images with a probe frequency of 50 MHz,
inspection depth of 5mm, and observation range dis-
played on the monitor (8 mmx5.5mm). All UBM
inspections were performed by one inspector. All patients
underwent a scan of the surgical area perpendicular to the
limbus, and the scan was repeated three times to evaluate
the following factors: quantitative indicators, including
central anterior chamber depth; residual TDM thickness;
scleral reservoir size with measures of the maximum
anteroposterior length (MAPL) of the longitudinal scan

and maximum height (MH); and qualitative indicators,
including the reflective density and height of the filtering
bleb, the integrity of the TDM, the visibility of the sub-
scleral flap path, and the presence of a hyporeflexive
suprachoroidal space.

Based on the parameters measured by UBM, the filtering
blebs were divided into the L-type (low-reflective), H-type
(highly reflective), E-type (encapsulated), and F-type (flat-
tened) [8]. The largest and clearest images of the scleral
reservoir in the scanned images were measured using a
UBM calliper tool; each parameter in the same image was
measured three times, and the average value was recorded.
TDM was measured at the thinnest point.

Indiana bleb appearance grading scale

According to the IBAGS system [9], the external
morphologies of the filtering bleb were scored, including
the following four indicators: height (HO-3), range (E0-3),
blood vessel distribution (V0-4), and the Seidel test (SO-2).

Statistical analysis

SPSS 17.0 statistical software was used for the data pro-
cessing, and the general data are described by the mean +
standard deviation (SD), as medians and interquartile range
for continuous variables, or as n (%) for categorical vari-
ables. The Shapiro—Wilk test was used to test normality,
and parametric or nonparametric tests were then applied
accordingly. Pearson’s correlation coefficient or Spear-
man’s correlation coefficient was used to evaluate the cor-
relations between the IOP and scleral reservoir parameters.
I0OP, MAPL, and MH at different time points after the
surgery were compared by a single-factor repeated-mea-
sures analysis of variance. Kaplan—-Meier curves were cre-
ated to present the duration of complete and qualified
success. P <0.05 was considered statistically significant.

Results

In total, 28 consecutive POAG patients (28 eyes) were
enroled in the study. All participants were from the Han
Chinese population. We examined 22 males and six females
with a mean age of 51.61+14.73 years (range 29-82
years). The initial BCVA (LogMAR) was 0.25+0.31
(range 0-1). The initial visual field mean deviation was
—12.34 +7.56 dB (range —1.82 to —27.7 dB), and the mean
pattern SD was 8.76 +3.69 dB (range 1.77-14.65 dB). The
initial mean retinal nerve fibre layer thickness was 76.93 +
16.93 um (range 46—109 um). The mean number of anti-
glaucoma medications before surgery was 3.29+0.46
(range 3-4).
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Table 1 The average IOP at pre-operation, 1 week,1, 3, 6, 12, 18,
24 months after surgery. 107 1 ]
Time IOP (mmHg) IOP reduction from t P | T I N
Mean + SD Pre-op Mean = SD -
05
Pre-op  26.96 +3.82 —_— —_— —— L Beicssssieey
1w 10.53£1.40 10.69 +£4.99 19.634 <0001 T ~.
Im 14.50+£3.17 6.71 £5.17 14.229 <0.001 20'6- *
3m 17.06 £4.31 416542 10.515 <0.001 %
6m 17.64 £4.66 3.58 +5.44 9.774 <0.001 E
© 044
12m 15.34+£3.16 5.88+4.74 14.359 <0.001
18 m 15.75+£3.27 5.47+4.57 14.316 <0.001
24 m 15.97£3.20 5.24+4.51 14.219 <0.001 g2 - complete success
- ~MIquaiified success
F 99.928 ;. Complete success-
censored
P <0.001 ggg;’;g dsuccess-
0.0
T T T T T T
0 5 10 15 20 25
0P time(m)

The average IOP significantly decreased from 26.96 + 3.82
mmHg before surgery to 10.53 £ 1.40 mmHg 1 week after
surgery (P<0.001), 14.50+3.17mmHg 1 month after
surgery (P<0.001), 17.06 £4.31 mmHg 3 months after
surgery (P<0.001), 17.64 £4.66 mmHg 6 months after
surgery (P<0.001), 15.34+3.16 mmHg 12 months after
surgery (P<0.001), 15.75+3.27 mmHg 18 months after
surgery (P<0.001), and 15.97 +3.20 mmHg 24 months
after surgery (P <0.001). Thus, the IOP at each time point
after surgery was significantly lower than that before sur-
gery (Table 1). The mean number of antiglaucoma medi-
cations was 0.07 +0.26, 0.36 £0.62, 0.46+0.79, 0.61 +
1.03, and 0.71 +1.21 at 3, 6, 12, 18, and 24 months after
surgery, respectively, and the difference was significant
()(2 =31.397, P<0.001), but there was no significant dif-
ference between 18 and 24 months (;(2 =3.000, P =0.083).
The complete success rates were 71.4%, 67.9%, 64.3%, and
64.3% at 6, 12, 18, and 24 months after surgery, respec-
tively, and the qualified success rates were 92.9%, 85.7%,
85.7%, and 85.7% at 6, 12, 18, and 24 months after the
surgery, respectively (Fig. 1).

UBM findings (Fig. 2)
Anterior chamber depth

The central anterior chamber depth was reduced from 2.69
+0.38 mm before surgery to 2.55+0.36 mm 1 month after
surgery (P <0.001), 2.61 £0.33 mm 3 months after surgery
(P<0.05), 2.61 £0.37mm 6 months after surgery (P<
0.05), 2.66+037mm 12 months after surgery
(P>0.05), 2.67+0.37mm 18 months after surgery (P>
0.05), and 2.66 +0.37 mm 24 months after surgery (P>
0.05) (Table 2). At 1 month after surgery, a hypoechoic area
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Fig. 1 Kaplan-Meier curves. Kaplan-Meier curves of complete
success and qualified success 24 months after CLASS.

Table 2 Anterior chamber depth at pre-operation, 1 week,1, 3, 6, 12,
18, 24 months after surgery.

Time ACD (mm) Mean + SD t P
Pre-op 2.69 +£0.38 —_— —
I m 2.55+0.36 5.120 <0.001
3m 2.61+0.33 2.730 0.011
6 m 2.61+0.37 2.526 0.018
12m 2.66 +£0.37 1.246 0.223
18 m 2.67+0.37 1.183 0.247
24 m 2.66 +£0.37 1.646 0.111
F 9.798

P <0.001

Fig. 2 UBM findings (radial section): 1. A shallow and diffuse fil-
tering bleb; 2. The height of filtering blebs; 3. Thickness of the residual
trabeculodescemetic membrane (TDM); 4. Maximum anteroposterior
length (MAPL); 5. Maximum height (MH).

in the suprachoroidal space was clearly observed posterior
to the scleral reservoir site in four eyes (14.29%), which
might represent ciliary body detachment or suprachoroidal
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Fig. 3 The changes of filtering 254
blebs. Morphology of filtering

blebs at 1, 3, 6, 12, 18,

24 months after surgery.

im 3m 6m 12m

time

a filtering bleb stype

drainage of the aqueous humour. UBM follow-up was
conducted 1 month later, and all hypoechoic area
disappeared.

Filtering bleb morphology and scleral reservoir size

Morphology of filtering blebs: After 24 months of follow-
up, the rate of low reflection under filtering blebs and the
height of the filtering blebs showed downward trends, and
the rate of high reflection under filtering blebs showed an
upward trend. At 1 month after surgery, 21 eyes (75%) had
L-type filtering blebs, and seven eyes (25%) had H-type
filtering blebs. At 12 months after surgery, 12 eyes (43%)
had L-type filtering blebs, and 16 eyes (57%) had H-type
filtering blebs. At 24 months after surgery, 11 eyes (39%)
had L-type filtering blebs, and 17 eyes (61%) had H-type
filtering blebs; additionally, the L-type filtering blebs
showed a downward trend, while the H-type filtering blebs
showed an upward trend. No E-type or F-type filtering blebs
were found at 24 months. Regarding the filtering bleb
height, at 1 month after surgery, five eyes (18%) had
a filtering bleb height less than 1 mm, 18 eyes (64%) had a
filtering bleb height of 1-2 mm, and five eyes (18%) had a
filtering bleb height >2 mm. At 24 months after surgery, 22
eyes (79%) had a filtering bleb height less than 1 mm, six
eyes (21%) had a filtering bleb height of 1-2 mm, and zero
eyes (0%) had a filtering bleb height >2 mm (Fig. 3).
Scleral reservoir size (Fig. 4): After 24 months of follow-
up, all 28 eyes (100%) had a visible subscleral flap path. A
complete TDM was observed in all cases; at 1, 3, 6, 12, 18,
and 24 months after surgery, there was no statistically sig-
nificant difference in the TDM thickness (F = 1.551,
P>0.224), and there was no statistically significant corre-
lation with the postoperative IOP. The MAPL values of the
scleral reservoir 1, 3, 6, 12, 18, and 24 months after surgery

time

b filtering bleb height

O o §o |4 o wAP
—— e i —— : > e 57
3m 6m LGP

im 12m 18m 24m

Fig. 4 The changes of scleral reservoir in the UBM images. The
changes of scleral reservoir at 1, 3, 6, 12, 18, and 24 months after
surgery (treated with LGP at 6 months after surgery).

were 2.180+0.924 mm, 1.783 £0.870 mm, 1.659 +0.842
mm, 1.701 £0.851 mm, 1.636+0.802mm, and 1.611=+
0.775 mm, respectively (F=40.217, P<0.05). The MH
values of the scleral reservoir 1, 3, 6, 12, 18, and 24 months
after surgery were 0.528 +0.226 mm, 0.441 +0.188 mm,
0.379 £0.178 mm, 0.388 £0.1901 mm, 0.374 +0.179 mm,
and 0.381 £ 0.185 mm, respectively (F = 28.054, P <0.05).
There was no statistical correlation between the MAPL or
MH of the scleral reservoir and the IOP 1 month after
surgery, but they were negatively correlated with the IOP at
3, 6, 12, 18, and 24 months after surgery (Tables 3, 4,
Fig. 5).

Gonioscopy

The gonioscopy after CLASS clearly revealed the TDM
area (Fig. 6). At 1, 3, and 6 months after surgery, an IOP
level higher than the target level was observed in four,
seven, and four eyes, respectively; furthermore, abnormal-
ities in the TDM area were observed, including PAS to the
TDM, pigmentation of the TDM area, and adhesion of
blood cells. The corresponding UBM images also clearly
showed the area of peripheral iris synechiae to the TDM
(Fig. 6). LGP was performed in these 15 patients (53.57%).
The mean amount of time between LGP and CLASS was
3.27 +1.91 months. We also compared the scleral reservoirs
treated with LGP with those not treated with LGP and found
that the size of the scleral reservoir with the LGP treatment

SPRINGER NATURE
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Table 3 TDM, scleral reservoir size (MAPL,MH) at 1, 3, 6, 12, 18, 24 months after surgery.

Time TDM (mm) MAPL(mm) Mean+SD Median Minimum Maximum MH(mm) Mean+SD Median Minimum Maximum
I m 0.094+£0.017 2.180+0.924 2.045 0.66 3.88 0.528 £0.226 0500 0.2 1.18
3m  0.095+0.014 1.783+0.870 1.645 0.50 3.80 0.441+£0.188 0.395 0.17 0.96
6m  0.095+0.014 1.659+0.842 1.500 0.44 3.75 0.379+0.178 0.350 0.15 0.74
12m 0.096+0.016 1.701 £0.851 1.620 0.48 3.84 0.388 +£0.190 0.350 0.15 0.80
18m 0.093+0.012 1.636+0.802 1.570 0.50 3.59 0.374+0.179 0.360 0.12 0.75
24m 0.097+0.014 1.611+0.775 1.610 0.44 321 0.381+0.185 0.345 0.14 0.78
F 1.551 40.217 28.054
P 0.224 <0.001 <0.001
Table 4 Correlation between the MAPL,MH and IOP at 1, 3, 6, 12, 18, 24 months after surgery.
Parameter 1m 3m 6m 12m 18 m 24 m
r P r P r r P r P r P
MAPL —0.250 0.199 -0.610 0.001 —0.572 0.001 —0.566 0.002 —0.579 0.001 —0.619 0.000
MH —0.051 0.797 —0.488 0.008 —0.400 0.035 —0.437 0.020 —0.532 0.004 —0.542 0.003
TDM 0.135 0.492 0.018 0.930 0.300 0.121 0.336 0.080 0.254 0.193 0.323 0.093

3.004
= MAPL
e

250

2,00

1.501

1.007

scleral reservoir size(MAPL,MH)(cm)

050~ I -------
............ I 3 I
e L SR S |
0.00
T T T T T
im 3m 6m 12m 18m 24m

time
Fig. 5 The changes of scleral reservoir size. The changes of MAPL,
MH at 1, 3, 6, 12, 18, and 24 months after surgery.

was significantly smaller than that without the LGP treat-
ment (P <0.05) (Fig. 7).

IBAGS scoring

IBAGS was used to score the external morphology of the
filtering blebs. At 1 month after surgery, three eyes (11%)
were HO, 20 eyes (71%) were H1, and five eyes (18%) were
H2; three eyes (11%) were EO, 18 eyes (64%) were E1, and
seven eyes (25%) were E2; and two eyes (7%) were V1, 12
eyes (43%) were V2, 11 eyes (39%) were V3, and three
eyes (11%) were V4. At 24 months after surgery, 19 eyes
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(68%) were HO, nine eyes (32%) were H1, and zero eyes
(0%) were H2; 21 eyes (75%) were EO, five eyes (18%)
were El, and two eyes (7%) were E2; and 25 eyes (89%)
were V1, three eyes (11%) were V2, zero eyes (0%) were
V3, and zero eyes (0%) were V4. The Seidel tests were all
negative. After 24 months of follow-up, the height of the
filtering blebs progressively decreased, the range of the
filtering blebs progressively shrank, and the degree of
vascular congestion became progressively lighter (Fig. 8).

Surgical complications

During the 24-month follow-up period, UBM and gonio-
scopy revealed inaccurate ablation (one patient) and severe
PAS (three patients). No hyphema, hypotony, bleb leakage,
bleb infection, wound dehiscence, iris incarceration, or
aqueous misdirection was observed.

Discussion

In the patients with POAG, we found that after the treatment
with CLASS, the depth of the central anterior chamber 1, 3,
and 6 months after surgery was slightly shallower than that
before surgery, and the depth of the central anterior cham-
ber 12, 18, and 24 months after surgery did not significantly
change from that before surgery. The IOP at each time point
after surgery significantly differed from that before surgery;
the mean number of antiglaucoma medications decreased
from 3.29 +0.46 before surgery to 0.71 +1.21 24 months
after surgery; the complete success rate was 64.3%, and the
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Fig. 6 The gonioscopy images
and corresponding UBM
images. a The gonioscopy of
CLASS operation field (the red
box is the TDM area); b
Pigmentation of the TDM area; ¢
Adhesion of blood cells of the
TDM area; d Peripheral iris
synechiae to the whole TDM
area; e The corresponding UBM
image of figure d; f Peripheral
iris synechiae to the part TDM
area; g The corresponding UBM
image of figure f; h Peripheral
iris synechiae to the back TDM
area; i: The corresponding UBM
image of figure h.

qualified success rate was 85.7%. This result is similar to
previous findings [10]. Therefore, we believe that CLASS is
a simple, safe, and effective treatment [11, 12]. CLASS can

not only significantly reduce the postoperative IOP and
the use of antiglaucoma drugs [7, 10, 12] but also sig-
nificantly reduce complications associated with penetrating

SPRINGER NATURE
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Fig. 7 The changes of scleral reservoir size after the LGP. Com-
pared the scleral reservoirs (MAPL,MH) treated with LGP with those
not treated with LGP.

trabeculectomy [2, 13], CLASS may be an alternative to
trabeculectomy [14].

In both CLASS and NPDS, compared with classic tra-
beculectomy, the greatest advantage is the unique drainage
route of the aqueous humour. The aqueous humour passes
through an intact TDM and gradually seeps from the ante-
rior chamber to the scleral reservoir, thus avoiding the
sudden decrease in IOP after trabeculectomy. The key to
surgical success is retaining a thin TDM during the opera-
tion to achieve effective aqueous humour penetration and
persistence of the scleral reservoir after surgery. CLASS
uses a carbon dioxide laser ablation system to generate the
TDM easily and accurately. We observed that an intact and
thin TDM was formed after CLASS, and no microperfora-
tion occurred intraoperatively; at 1 month after surgery, the
TDM thickness was 0.094 +0.017 mm, and after 24 months
of follow-up, the TDM thickness was 0.097 +0.014 mm.
There were no significant differences across different time
frames after surgery, and the postoperative TDM thickness
was significantly lower than that reported after NPDS
[15, 16].

The mechanism by which nonpenetrating glaucoma fil-
tering surgery lowers the IOP is very complicated. It has
been reported that the aqueous humour can be drained
through the  subconjunctival, trabecular-meshwork,
intrascleral, and suprachoroidal-space pathways [17]. We
used IBAGS to observe the external morphology of the
filtering blebs and used a UBM examination to evaluate the
internal structure of the operation area, thus performing a
complete evaluation of the external and internal filtering
blebs after CLASS. At 1 month after surgery, most filtering
blebs had an external morphology that was diffuse, and the
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incidence of H1 was 71%, but the degree of congestion of
the filtering blebs was severe, and the incidence of V2-V3
was 82%. At 24 months after surgery, most cases did not
show filtering blebs; the occurrence rate of HO was 68%,
and the occurrence rate of EQ was 75%. After 24 months of
follow-up, we found that the height of the filtering blebs
was lower, the scope of the filtering blebs gradually
decreased, and the degree of vascular congestion gradually
lowered. These changes are consistent with our classifica-
tion of filtering blebs under UBM examination. At 1 month
after surgery, most filtering blebs appeared as L-type fil-
tering blebs, and 64% of the filtering blebs had a height of
1-2 mm. Over time during the follow-up period, the L-type
filtering blebs gradually changed into H-type filtering blebs,
and the height of the filtering blebs gradually decreased. At
18 months after surgery, the proportion of L-type filtering
blebs, the proportion of H-type filtering blebs, and the
height of the filtering blebs tended to be stable. In 1995,
Yamamoto et al. [8] studied UBM images of filtering blebs
after trabeculectomy; classified the filtering blebs into the
L-type (low-reflective), H-type (highly reflective), E-type
(encapsulated), and F-type (flattened); and found that the L-
type filtering blebs were the main type in eyes with good
IOP control. Oh et al. [18] used IBAGS and AS-OCT to
compare the morphology of filtering blebs 3 months after
trabeculectomy and deep sclerectomy and found that the
height of the filtering blebs was lower, the scope was nar-
rower, and vascular congestion was more severe in the deep
sclerectomy group. Jankowska-Szmul et al. [19] used
IBAGS and AS-OCT to observe the morphology of filtering
blebs 1 year after CLASS. The cases in the successful
groups mostly showed shallow filtering blebs, and the
incidence of H1 decreased from 91% 1 month after surgery
to 52% 12 months after surgery; the incidence of HO
increased from 0% 1 month after surgery to 48% 12 months
after surgery. These results are consistent with our obser-
vations. Therefore, we believe that most patients have a
subconjunctival drainage route early after CLASS and that
this route slowly diminishes and blebs continue to flatten
over time and tend to stabilize by 18 months after surgery.

By observing the evolution of the filtration channel under
UBM in 28 eyes over 24 months, we found that the scleral
reservoir persisted in all cases; the scleral reservoir size
gradually decreased over time, although it was slightly
increased at 12 months after surgery, subsequently shrank,
and stabilized at 18 months after surgery. Combined with
the gonioscopic examination of the surgical site, we found
that at 3 and 6 months after surgery, 15 eyes (53.57% of the
patients) showed obvious pigmentation in the TDM area or
partial or complete peripheral iris synechiae to the TDM,
resulting in insufficient penetration of aqueous humour and
an increased IOP. After the LGP treatment, the scleral
reservoir became larger; the IOP was controlled in five eyes,
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Fig. 8 IBAGS use to score the external morphology of the filtering blebs. a filtering blebs height (HO-3); b filtering blebs range (E0-3); ¢ blood

vessel distribution (V0-4).

and antiglaucoma drugs were still needed to reduce the IOP
in 10 eyes. We compared the size of the scleral reservoir
with and without LGP and found that the size in the LGP
treatment group was significantly smaller than that in the
non-LGP treatment group. We also found that in all cases
without the LGP treatment, the scleral reservoir size gra-
dually decreased with a longer follow-up time, while in the
LGP treatment group, the size of the scleral reservoir was
slightly increased 12 months after the surgery. This finding
further shows that anterior adhesion or pigmentation in the
TDM area can lead to insufficient aqueous humour pene-
tration and an increased IOP, and after the treatment with
LGP, the scleral reservoir becomes larger, and the IOP
decreases. This finding is consistent with the observations
reported by Cabrejas Laura et al. [20], who found that
6 months after NPDS, the eyes without the LGP treatment
had a lower IOP and thinner TDM than those with the LGP
treatment. Therefore, the existence and maintenance of the
scleral reservoir are very important for postoperative aqu-
eous drainage, which is the basis of aqueous drainage to the
suprachoroidal, trabecular meshwork, intrasclera, and
subconjunctiva.

Chinese patients possess a thicker iris thickness and nar-
rower anterior chamber compared with those of Caucasian or
African patients, so they typically develop a crowded anterior
segment [21]. Furthermore, the incidence of PAS has
reportedly been relatively high after CLASS [1]. Thus, pre-
operative iris management is necessary to improve the long-
term surgical outcomes, and such modifications should be
made considering the specific characteristics of Chinese
patients with glaucoma [22]. We performed an LPI and an
ALPI in the area facing the scleral reservoir ablation site to
neutralize the pressure between the posterior and anterior
chamber and to keep the iris away from the ablation site. After
these treatments, we found a substantial reduction in the

incidence of LGP at 1 month after surgery. Laser gonio-
puncture is considered a routine procedure in nonpenetrating
glaucoma surgery and is used as normal postoperative inter-
vention to maintain or augment the filtration and to decrease
the IOP and avoid additional filtering surgery [1, 23]. In
recent studies, the LGP reported frequency ranged from
45.7% to 65% in NPDS [24, 25] and from 18.5% to 85% in
CLASS [1, 7, 12]. Although some authors did not use LGP in
NPDS or CLASS to avoid goniopuncture complications such
as wide rupture of TDM, hyphema, IOP spike, and choroidal
detachment [11, 26], the complete success rate dropped pre-
cipitously compared with that achieved with the use of LGP
[1, 24]. In this study, there were no goniopuncture compli-
cations, and the mean interval between LGP and CLASS was
3.27+191 months, similar to the findings reported by
Greifner et al. [1] with a mean time of 82.5 + 107 days after
surgery. Therefore, when the IOP increases after 2-3 months,
sometimes rather abruptly, and the scleral reservoir gradually
decreases on the UBM, these phenomena suggest the pro-
gressive reduction in permeability of the intact TDM, and it is
an indication for LGP.

Emi et al. [27] reported that when the IOP was 15
mmHg, the posterior suprachoroidal pressure was 3.7 + 0.4
mmHg lower than the IOP. These authors found that at a
higher IOP, the pressure difference between the anterior
chamber and the suprachoroidal space was increased; this
pressure difference was the driving force of the uveal sclera
outflow. In CLASS, i.e., the ablation of the scleral lake, the
ablation depth is close to the suprachoroid lamina; the
aqueous humour under the scleral reservoir is separated
from the choroid by a thin scleral wall and might be filtered
to the suprachoroidal space, causing detachment of the
ciliary body [16]. In long-term follow-up after NPDS, more
than half of cases presented a hypoechoic area in the
suprachoroidal space which was associated with lower IOP
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and was statistically significant at 2 and 3 months after
surgery. This effect was caused either by ciliary body
detachment with a subsequent decrease in aqueous pro-
duction or by choroidal resorption. Moreover, the authors
considered that the choroidal resorption of the aqueous
humour also took place in eyes without a hypoechoic area
in the suprachoroidal space [4, 15]. We only observed this
phenomenon in four eyes at 1 month after surgery, which
could further verify the drainage of the aqueous humour
through the thin deep scleral wall to the suprachoroidal
space. A hypoechoic area in the suprachoroidal space may
be seen in normal eyes, but this normal anatomic variant
was not observed preoperatively and was much smaller than
observed in our study. We observed fissures in the supra-
choroidal space of four cases that did not receive special
treatment. UBM follow-up was conducted 1 month later,
and the entire hypoechoic area disappeared. Therefore, the
suprachoroidal outflow pathway after CLASS may play a
fairly major role in lowering the IOP.

Many studies have reported the relationship between
scleral reservoir measurement parameters and IOP after
NPDS. Some scholars believe that the scleral reservoir size
is negatively correlated with IOP and that scleral filtration
plays an important role in reducing the IOP [20, 28]. Other
scholars believe that the correlation among the scleral
reservoir size, TDM, and IOP is weak [19, 29]. In our study,
there was no correlation between the TDM and IOP, but we
found a negative correlation between the length and height
of the scleral reservoir and the IOP during all time periods
except for 1 month after surgery. Thus, the larger the scleral
pool, the lower the IOP. At 1 month after surgery, there was
no correlation between the size of the scleral reservoir and
IOP. This finding may have been due to the action of
subconjunctival filtration (external filtration) during the first
month after surgery. Therefore, by observing the evolution
of the filtration channel after CLASS through UBM, we
believe that the mechanism of the long-term reduction in the
IOP in CLASS seems to be less dependent on external fil-
tering blebs and more dependent on the internal drainage
pathways. To a certain extent, CLASS overcomes the pro-
blem of maintaining filtering blebs after filtration surgery.

With the advancement of glaucoma surgery and the
improvement in surgical methods, we hope to increase the
use of the Schlemm tube or the uveal choroid route to drain
the aqueous humour and reduce the IOP through nonfiltering
bleb surgery to avoid the complications caused by sub-
conjunctival filtering blebs. The advancement of non-
penetrating glaucoma surgery has led to the current
application of CLASS, which is a simple, safe, and effective
method of lowering the IOP. By observing the morphology
of the filtering blebs combined with the visualization of the
scleral pathway under UBM, we believe that during the early
stage after CLASS, the subconjunctival and suprachoroidal
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pathways may be the main mechanisms by which CLASS
reduces the IOP, while internal drainage pathways such as the
intrascleral, trabecular-meshwork, and suprachoroidal path-
ways play greater roles over time.

Summary
What was known before

e CLASS is a recent modification of nonpenetrating
glaucoma filtration surgery that has the same effect as
traditional nonpenetrating deep sclerectomy (NPDS) in
the lowering IOP.

What this study adds

e We combined IBAGS and UBM to image the filtration
in the CLASS surgical area and evaluate the drainage
mechanism of aqueous humour in CLASS. We also
studied the correlations between scleral reservoir
measurement parameters and intraocular pressure (IOP).
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