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Abstract
Glaucoma is a serious complication after corneal transplantation that can lead to permanent loss of
vision. Peripheral anterior synechiae (PAS) leads to severe glaucoma, which is refractory to medications,
however, the exact mechanism of PAS development after corneal transplantation is still elusive. Recent
studies revealed signi�cant alterations in cytokine levels in aqueous humor (AqH) in glaucoma. Hence,
we quanti�ed PAS area using three dimensional OCT and evaluated the association between cytokine
levels in AqH and PAS area after Descemet stripping automated endothelial keratoplasty (DSAEK). We
�rst found that the total protein level in AqH was signi�cantly higher in eyes with PAS progression than
those without, and was positively correlated with the progression of PAS area after DSAEK. Furthermore,
the postoperative PAS area was signi�cantly correlated with the AqH levels of interleukin-8, interferon-γ,
and soluble intercellular adhesion molecule-1. Multivariate analyses showed that the total protein levels
in AqH and presence of preoperative PAS were signi�cant risk factors for increased PAS area after
DSAEK. The PAS development was associated with intraocular pressure increase after DSAEK. In
conclusion, these �ndings suggest that pathological alterations in the AqH can cause PAS progression
and glaucoma after DSAEK.

Introduction
Glaucoma is a serious complication after corneal transplantation that can lead to permanent loss of
vision. The incidence of glaucoma varies among surgical procedures; for example, it has been calculated
to be 9–35% after penetrating keratoplasty (PK)1–4, 0–4.5% after anterior lamellar keratoplasty (ALK)5–7

and 2–14% after endothelial keratoplasty (EK)8–12. The trends of postoperative transient intraocular
pressure (IOP) increase also vary among these procedures, that is, 29–80% after PK, 17–36% after ALK,
and 31–60% after EK1–12. Various mechanisms are involved in elevated IOP, including intraoperative
viscoelastic material, pupillary block due to air tamponade, response to topical steroids, damage to
out�ow mechanisms, and angle-closure due to peripheral anterior synechiae (PAS)1,9. PAS is known to
cause refractory glaucoma after corneal transplantation13–15, iridocorneal endothelial (ICE)
syndrome16,17, and uveitis18. However, the exact mechanism of PAS development remains poorly
understood.

Recent advances in anterior segment optical coherence tomography (AS-OCT) have enabled non-invasive
and accurate quanti�cation of PAS13–15, 19,20. Recently, we have shown that alterations in the aqueous
humor (AqH) microenvironment, such as elevated total protein/cytokine levels, signi�cantly in�uence the
long-term prognosis of corneal endothelial cells after PK and Descemet stripping automated endothelial
keratoplasty (DSAEK)21–23. Through these AqH investigations, we noticed that PAS developed after
corneal transplantation in eyes with high AqH total protein/cytokine levels. Thus, we hypothesized that
high AqH total protein/cytokine levels are associated with PAS formation after DSAEK, leading to an
increase in IOP and refractory glaucoma. In the current study, we �rst measured AqH protein/cytokine
levels before DSAEK and analysed PAS alterations after DSAEK using AS-OCT. Second, we evaluated the
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correlations between AqH total protein/cytokine levels and PAS alterations. Third, we evaluated the
association between PAS and the incidence of IOP increase after DSAEK.

Results
Clinical Results

A total of 146 consecutive patients who underwent DSAEK at Tokyo Dental College Ichikawa General
Hospital between November 2015 and March 2019 were included in this study (Table 1). All the DSAEK
surgeries were successful. The logarithm of minimal angle resolution (logMAR) signi�cantly improved
from 1.30 ± 0.71 preoperatively to 0.45 ± 0.40 at 3 months, 0.38 ± 0.39 at 6 months, and 0.36 ± 0.46 at 12
months (all, P < 0.0001). Corneal endothelial cell density (cells/mm2) of the graft decreased from 2746 ± 
249 to 1566 ± 592 at 3 months, 1433 ± 556 at 6 months, and 1253 ± 600 at 12 months (all, P < 0.0001).
Postoperative complications occurred as follows: pupillary block due to air tamponade in three eyes (2%)
and graft detachment requiring air injection in �ve eyes (4%), all of which were treated appropriately.

Table 1
Demographics of patients

Eyes (n) 146

Sex, n (%)  

Male 61(42%)

Female 85 (58%)

Age (years)

Range

72.9 ± 10.5

(27–95)

Axial length (mm) 23.4 ± 1.80

Number of previous intraocular surgeries 1.7 ± 1.5

Mean ± SD

SD: standard deviation, BSCVA: best spectacle-corrected visual acuity, logMAR: logarithm of minimal
angle resolution, IOP: intraocular pressure, CCT: central corneal thickness, NA: not available

*Chi-squared test

 

Time course alteration of PAS Indices

PAS developed in 10 eyes (6.8%) without preoperative PAS and progressed in 22 eyes (15.1%, Fig. 1a-d)
with preoperative PAS and did not progress in 15 eyes (10.3%) with preoperative PAS. Table 2 shows the
time-course alterations of the PAS indices in 146 eyes. The PAS %degree increased from 17.8 ± 32.1%
preoperatively to 18.8 ± 31.2% at 3 months, 20.2 ± 34.1% at 6 months, and 22.6 ± 33 .6% at 12 months
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after DSAEK (P = 0.89, 0.45, and 0.33, respectively). PAS maximum height increased from 0.46 ± 0.90 mm
preoperatively to 0.51 ± 0.92 mm at 3 months, 0.53 ± 1.00 mm at 6 months, and 0.58 ± 1.05 mm at 12
months after DSAEK (P = 0.11, 0.12, and 0.17, respectively). PAS area increased from 2.00 ± 4.42 mm2

preoperatively to 2.10 ± 4.86 mm2 at 3 months, 2.71 ± 6.47 mm2 at 6 months, and 3.00 ± 6.85 mm2 at 12
months after DSAEK (P = 0.13, 0.16, and 0.06 respectively). Compared to the preoperative value, the PAS
%degree increased by 1.96 ± 19.0 % at 3 months, 3.93 ± 18.9 % at 6 months, and 4.21 ± 19.0 % at 12
months postoperatively (Table 3). Maximum height increased by 0.07 ± 0.60 mm at 3 months, 0.11 ± 0.61
mm at 6 months, and 0.16 ± 0.60 mm at 12 months postoperatively. PAS area increased by 0.14 ± 4.27
mm2 at 3 months, 0.89 ± 4.88 mm2 at 6 months, and 0.98 ± 5.43 mm2 at 12 months after DSAEK.

 

Table 2
Time course alteration in PAS indices

PAS Preop 3 months 6 months 12 months

%Degree

P value*

17.8 ± 32.1 18.8 ± 31.2

0.89

20.2 ± 34.1

0.45

22.6 ± 33.6

0.33

Maximal height (mm)

P value*

0.46 ± 0.90 0.51 ± 0.92

0.11

0.53 ± 1.00

0.12

0.58 ± 1.05

0.17

Area (mm2)

P value*

2.00 ± 4.42 2.10 ± 4.86

0.13

2.71 ± 6.47

0.16

3.00 ± 6.85

0.17

*P values compared with preoperative values (N = 146 eyes) Mean ± SD

PAS: peripheral anterior synechiae, SD: standard deviation
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Table 3

Progression of PAS indices

  3 months 6 months 12 months

Δ%Degree 1.96 ± 19.0 3.93 ± 18.9 4.21 ± 19.0

ΔMaximal height (mm) 0.07 ± 0.60 0.11 ± 0.61 0.16 ± 0.60

ΔArea (mm2) 0.14 ± 4.27 0.89 ± 4.88 0.98 ± 5.43

Mean ± SD

PAS: peripheral anterior synechiae, SD: standard deviation

Δ%Degree = (Postoperative PAS degree) - (Preoperative PAS degree)

ΔMaximal height = (Postoperative PAS maximal height) - (Preoperative PAS maximal height)

ΔArea = (Postoperative PAS area) - (Preoperative PAS area)

 

Correlation Between Total Protein Level in Aqueous Humor and PAS

The total protein level of the AqH was 1.14 ± 0.77 mg/dL. The mean protein level was signi�cantly higher
in 47 eyes with PAS or PAS progression than in those without (1.45 ± 1.03 mg/mL vs. 1.00 ± 0.57 mg/dL,
P = 0.04). The total protein levels in the AqH were signi�cantly correlated with the preoperative PAS
%degree (Table 4, r = 0.180, P = 0.0258), maximum height (r = 0.246, P = 0.0021), and area (r = 0.155, P = 
0.055). Furthermore, the total protein levels in the AqH were signi�cantly correlated with the PAS %degree
(r = 0.362, P < 0.0001 at 3 months, r = 0.310, P = 0.0001 at 6 months, and r = 0.356, P = 0.0002 at 12
months), maximum height (r = 0.376, P < 0.0001 at 3 months, r = 0.338, P = 0.0001 at 6 months, and r = 
0.403, P < 0.0001 at 12 months), and area (r = 0.375, P < 0.0001 at 3 months, r = 0.338, P = 0.0001 at 6
months, and r = 0.391, P < 0.0001 at 12 months) after DSAEK.
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Table 4
Correlations between total protein levels in aqueous humor and PAS indices

PAS
indices

Preop 3 months 6 months 12 months

r

(95% CI)

P
value

r

(95% CI)

P
value

r

(95% CI)

P
value

r

(95%
CI)

P
value

%Degree 0.180

(0.022 to
0.306)

0.026 0.362

(0.209 to
0.497)

< 
0.0001

0.310

(0.170
to
0.486)

0.0001 0.356

(0.176
to
0.514)

0.0002

Maximum
height

0.246

(0.091 to
0.390)

0.0021 0.376

(0.225 to
0.509)

< 
0.0001

0.338

(0.170
to
0.486)

0.0001 0.403

(0.228
to
0.552)

< 
0.0001

Area 0.155

(-0.004 to
0.306)

0.055 0.375

(0.225 to
0.509)

< 
0.0001

0.338

(0.170
to
0.486)

0.0001 0.391

(0.215
to
0.543)

< 
0.0001

Δ%Degree     0.242

(0.080 to
0.391)

0.0037 0.197

(0.020
to
0.361)

0.029 0.242

(0.052
to
0.415)

0.013

ΔMaximal
height

    0.163

(-0.002 to
0.319)

0.053 0.197

(0.020
to
0.361)

0.029 0.209

(0.017
to
0.386)

0.033

ΔArea     0.257

(0.097 to
0.405)

0.002 0.311

(0.142
to
0.462)

0.005 0.342

(0.160
to
0.502)

0.0004

*Spearman’s correlation analysis, PAS: peripheral anterior synechiae, CI: con�dence interval

 

Total protein levels in the AqH were signi�cantly positively correlated with Δ%degree (r = 0.242, P = 0.0037
at 3 months, r = 0.197, P = 0.029 at 6 months, and r = 0.242, P = 0.0134 at 12 months), Δ maximum height
of PAS (r = 0.163, P = 0.053 at 3 months, r = 0.197, P = 0.029 at 6 months, and r = 0.209, P = 0.033 at 12
months), and ΔPAS area (r = 0.257, P = 0.002 at 3 months, r = 0.311, P = 0.005 at 6 months, and r = 0.342,
P = 0.0004 at 12 months).



Page 7/22

Multivariate Analysis

Although these data indicated an association between total protein levels in the AqH and PAS
progression after DSAEK, other clinical factors, such as the presence of preoperative PAS, larger grafts,
and shorter axial length (shallow anterior chamber), can also be potential confounding factors. Thus, to
identify the risk factors for the progression of PAS, we conducted a multivariate analysis. We selected the
ΔPAS area as it represents a three-dimensional alteration of PAS (%degree and maximum height are two-
dimensional parameters) and had the greatest standard correlation coe�cients in the correlation
analyses with the total protein levels in the AqH. Multivariate analyses showed that the total protein levels
in the AqH and the presence of preoperative PAS factors were signi�cantly associated with the
progression of PAS area (β = 0.193–0.574, all P < 0.02), whereas axial length, graft size, and patient age
were not (Table 5).

Table 5
Multivariate analysis for clinical factors associated with progression of PAS area

Δ PAS Area 3 months 6 months 12 months

β P value β P value β P value

Preop total protein levels 0.221 0.002 0.226 0.003 0.193 0.020

Preop PAS (0 or 1) * 0.551 0.000 0.574 0.000 0.574 0.000

Axial length (mm) -0.003 0.967 -0.002 0.976 0.031 0.704

Graft size (mm) -0.054 0.444 -0.064 0.410 -0.033 0.679

Age -0.068 0.333 -0.100 0.191 -0.073 0.365

Adjusted R2 0.443 0.454 0.452

VIF = 1.11 ~ 1.12

*Presence of preoperative PAS was dichotomized as categorical variables for multivariate regression
analysis as follows: presence of preoperative PAS, absence = 0, presence = 1

PAS: peripheral anterior synechiae, VIF: variance in�ation factor

 

Association between PAS and Intraocular Pressure Increase

At 12 months, PAS was successfully observed using AS-OCT in 96 of the 146 eyes. Among these 96 eyes,
an IOP increase greater than 21 mmHg was observed in 14 (48.3%) of 29 eyes with PAS and in 15
(23.1%) of 65 eyes without PAS. The incidence of IOP increase greater than 21 mmHg was signi�cantly
higher in eyes with PAS than in those without PAS (Table 6, P = 0.026).
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Table 6
Association between presence of PAS and IOP increase after DSAEK

  PAS (+) PAS (-) Total

IOP increase (+) 14 15 29

IOP increase (-) 17 50 67

Total 31 65 96

No of eyes

Post-DSAEK IOP increase was de�ned as an increase in intraocular pressure above 21 mmHg

PAS: peripheral anterior synechiae, IOP: intraocular pressure

P value = 0.026 (Fisher’s exact test)

 

Cytokine Levels in Eyes with and without PAS

We showed that the preoperative protein level in AqH is a relevant factor for PAS formation after DSAEK;
however, the exact reasons remain elusive. Therefore, we hypothesized that in�ammation in the AqH
plays a pivotal role in PAS formation, leading to an IOP increase after DSAEK. We measured and
compared the in�ammatory cytokine levels in the AqH between the eyes with and without the presence of
PAS after DSAEK (Table 7). The levels of IL-6 (P = 0.043), IL-8 (P = 0.003), IL-17A (P = 0.002), MCP-1 (P = 
0.045), IFN-γ (P < 0.001), E-selectin (P = 0.015), and sICAM-1 (P < 0.001) were signi�cantly higher in 47
eyes with PAS or PAS progression than in those without.
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Table 7
Preoperative aqueous total protein/cytokine levels strati�ed by presence of PAS after DSAEK

  PAS (-)

(N = 99)

PAS (+)

(N = 47)

P value†

Total protein 1.00 ± 0.57 1.45 ± 1.03 0.036

IL-1α 46.1 ± 65.4 51.3 ± 93.1 0.926

IL-1β 3.51 ± 6.37 4.79 ± 6.48 0.095

IL-4 31.8 ± 50.3 43.7 ± 64.7 0.815

IL-6 947 ± 1620 1270 ± 1150 0.043

IL-8 64.7 ± 93.3 122 ± 149 0.003

IL-10 5.91 ± 14.4 10.2 ± 29.6 0.148

IL-12p70 12.1 ± 7.56 20.8 ± 17.0 0.100

IL-13 8.05 ± 4.28 7.99 ± 4.92 0.711

IL-17A 11.1 ± 14.7 20.8 ± 14.3 0.002

MIP-1α 32.5 ± 80.2 21.1 ± 33.8 0.203

MIP-1β 130 ± 202 90.8 ± 154 0.740

MCP-1 913 ± 612 1120 ± 643 0.045

TNF-α 59.2 ± 62.3 56.0 ± 65.5 0.985

IFN-α 2.71 ± 2.54 1.96 ± 2.92 0.228

IFN -γ 110 ± 161 238 ± 184 < 0.001

E-Selectin 3720 ± 2290 7000 ± 6620 0.015

P-Selectin 6970 ± 5570 12300 ± 1700 0.161

sICAM-1 3340 ± 3970 7440 ± 5770 < 0.001

IP10 236 ± 340 136 ± 123 0.220

GM-CSF 15.3 ± 13.7 14.9 ± 8.25 0.706

Mean ± SD Protein:(mg/ml), Cytokines:(pg/ml)

†Mann-Whitney U test, compared between eyes with and without PAS after DSAEK.

PAS: peripheral anterior synechiae, IL: interleukin, MIP: macrophage in�ammatory protein, MCP:
monocyte chemotactic protein, TNF: tumor necrosis factor, GM-CSF: granulocyte-macrophage colony-
stimulating factor, IFN: interferon, sICAM: soluble intracellular adhesion molecule, IP10: interferon
gamma-induced protein 10
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Correlation Between Cytokine Level in Aqueous Humor and PAS Indices

To substantiate these results, we further evaluated the correlations between cytokine levels in the AqH
and PAS areas (Table 8). We selected the PAS area for the same reason as aforementioned. The results
showed that the preoperative PAS area was signi�cantly positively correlated with preoperative levels of
IL-8 (r = 0.314, P = 0.001), IL-17A (r = 0.409, P = 0.005), IFN-γ (r = 0.448, P < 0.001), E-selectin (r = 0.326, P = 
0.002), and sICAM-1(r = 0.308, P < 0.001). Furthermore, the PAS area at 3 months was signi�cantly
correlated with the preoperative AqH levels of IL-8 (r = 0.282, P = 0.004), IL-17A (r = 0.410, P = 0.006), IFN-γ
(r = 0.445, P < 0.001), E-selectin (r = 0.265 P = 0.015), and sICAM-1 (r = 0.336, P < 0.001). The PAS area at 6
months was signi�cantly correlated with the preoperative AqH levels of IL-1β (r = 0.291, P = 0.050), IL-8 (r 
= 0.350, P = 0.001), IL-17A (r = 0.430, P = 0.009), IFN-γ (r = 0.466, P < 0.001), E-selectin (r = 0.299 P = 0.013),
and sICAM-1 (r = 0.304, P = 0.003). The PAS area at 12 months was signi�cantly correlated with the
preoperative AqH levels of IL -8 (r = 0.252, P = 0.021), IFN-γ (r = 0.318, P = 0.009), and sICAM-1 (r = 0.292, P 
= 0.004).
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Table 8
Correlations between preoperative cytokine levels and PAS area after DSAEK

  Preop PAS area PAS area at 3
months

PAS area at 6
months

PAS area at
12months

r P
value*

r P value* r P value* r P value*

IL-1α 0.0002 0.999 0.008 0.938 0.031 0.782 -0.012 0.914

IL-1β 0.220 0.104 0.258 0.062 0.291 0.050 0.182 0.221

IL-4 0.115 0.259 0.046 0.657 0.081 0.494 0.018 0.876

IL-6 0.121 0.198 0.198 0.037 0.231 0.029 0.186 0.078

IL-8 0.314 0.001 0.282 0.004 0.350 0.001 0.252 0.021

IL-10 0.104 0.340 0.173 0.121 0.162 0.190 0.211 0.085

IL-12p70 0.230 0.097 0.169 0.236 0.282 0.070 0.170 0.281

IL-13 0.173 0.353 0.061 0.749 0.324 0.123 0.031 0.879

IL-17A 0.409 0.005 0.410 0.006 0.430 0.009 0.318 0.055

MIP-1α -0.146 0.275 -0.187 0.171 -0.186 0.222 -0.210 0.166

MIP-1β 0.019 0.840 -0.006 0.947 0.026 0.808 -0.054 0.616

MCP-1 0.146 0.111 0.151 0.106 0.190 0.065 0.087 0.397

TNF-α 0.107 0.395 -0.007 0.959 -0.028 0.845 -0.172 0.223

IFN-α 0.107 0.395 -0.148 0.316 -0.231 0.141 -0.233 0.147

IFN -γ 0.448 0.0003 0.445 0.0004 0.466 0.0007 0.318 0.009

E-
Selectin

0.326 0.002 0.265 0.015 0.299 0.013 0.197 0.096

P-
Selectin

0.151 0.100 0.126 0.178 0.082 0.429 0.023 0.825

sICAM-1 0.308 0.0007 0.336 0.0003 0.304 0.003 0.292 0.004

IP10 -0.095 0.303 -0.089 0.344 -0.073 0.477 -0.087 0.397

GM-CSF 0.057 0.829 -0.032 0.905 -0.093 0.732 0.055 0.856

*Spearman’s correlation analysis, Protein:(mg/ml), Cytokines:(pg/ml)

IL: interleukin, MIP: macrophage in�ammatory protein, MCP: monocyte chemotactic protein, TNF:
tumor necrosis factor, GM-CSF: granulocyte-macrophage colony-stimulating factor, IFN: interferon,
sICAM: soluble intracellular adhesion molecule, IP10: interferon gamma-induced protein 10
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Discussion
Glaucoma is a serious complication of corneal transplantation. The visual outcome signi�cantly worsens
in patients with post-keratoplasty glaucoma owing to unrecoverable loss of the visual �eld and increased
risk of graft failure24. The development of post-keratoplasty glaucoma has been reported to be
associated with trauma, in�ammation, and aphakic BK25. Among the various clinical �ndings of post-
keratoplasty glaucoma, the presence or absence of PAS is relevant, as clinicians classify patients into
different diagnostic categories, such as primary angle-closure, open-angle, or secondary glaucoma.
Previous studies have emphasized that AS-OCT is useful for assessing PAS and angle structure in cases
with the opaque cornea, where the details of PAS are not visible13–15, 19,20. In previous reports, the
incidence of PAS differed from 11–56%, presumably due to different aetiologies15,26. Maier et al.
evaluated PAS using AS-OCT and reported that PAS was signi�cantly associated with the development of
post-keratoplasty glaucoma both after PKP and DSAEK26.

Clinically, PAS is believed to be associated with chronic in�ammation in the anterior chamber, decentered
graft, history of narrow-angle, breakdown of the blood-aqueous barrier (BAB), loss of iris integrity in ICE
syndrome, and signi�cant structural alteration after PKP27; however, the mechanism of PAS formation
remains elusive. Moriarty et al. evaluated the breakdown of BAB in 25 patients undergoing pan-retinal
photocoagulation (PRP) for proliferative diabetic retinopathy using a laser-�are photometer and PAS
formation for 8 weeks after PRP and did not �nd an association between the breakdown of BAB and PAS
formation after PRP28. They also evaluated BAB breakdown in 25 glaucomatous eyes for 8 weeks after
diode-laser trabeculoplasty (DLT) and found that PAS developed in only four patients29. In these reports,
the mean �are photon levels reached a peak approximately 24 hours after PRP or DLT and returned to
normal levels 3–4 days later. The absence of PAS formation in these studies might be attributable to a
temporal breakdown of the BAB, which was not chronic.

In contrast, PAS formation after 1 year of DSAEK was signi�cantly correlated with high protein levels in
the AqH. It should be noted that the high total protein levels in the AqH found in the current study can
re�ect a chronic breakdown of the BAB due to iris damage in BK eyes30,31. The preoperative high protein
levels in the AqH were signi�cantly correlated with the chronic reduction of ECD overtime after PKP and
DSAEK21–23, suggesting that the condition of high protein and cytokine levels in the AqH can be
irreversible after surgery and adversely affect the transplanted corneal endothelial cells chronically. As
seen in these studies, we speculate that chronic breakdown of the BAB (high total protein level) can cause
PAS progression after DSAEK.

Glaucoma due to PAS formation does not seem to be a common complication after DSAEK, compared to
PKP, particularly in Western countries where FECD is the major aetiology of endothelial keratoplasty32. In
contrast, in Asian countries, where complicated PBK or LI-BK is the cause of 60–70% of BK cases33,34, we
observed PAS formation and progression in some patients after DSAEK. However, in a recent study
conducted in New York City (New York, USA), which included 353 DSAEK procedures (FECD in 40%,
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PBK/aphakic BK in 40%, failed PKP in 13.3%, and post-glaucoma surgery in 6.7%), Wu et al. reported that
PAS occurred in 37 patients (10.5%) after DSAEK, although AS-OCT was not used for PAS evaluation35.
Furthermore, a previous report from Germany showed that IOP rise after DSAEK was signi�cantly greater
in PBK than in FECD26, although they did not compare PAS between patients with PBK and FECD. Thus,
we believe that PAS formation and IOP rise after DSAEK are clinically relevant issues in both Western and
Asian countries.

AqH has a unique composition that includes proteins, ascorbate, glutathione, complement factors, and
other biologically active substances. In the current study, we evaluated total protein and cytokine levels
that could be easily measured at low cost. However, we did not measure the AqH levels of speci�c
substances, myocilin36, osteopontin37, and endogenous prostaglandins38, which are reportedly
associated with IOP rise. Thus, the elevated total protein/cytokine levels measured in the current study
might not be the direct cause of PAS formation. In the future, we will need to identify the therapeutic
molecules that prevent PAS formation. Proteomics is a powerful tool that can measure more than 200–
1000 protein levels in the AqH23,39. Using bioinformatics such as gene ontology and open databases, we
can analyse protein interactions and biological pathways, which are driven in the AqH of eyes with severe
iris damage23,39. Further studies are necessary to elucidate the exact mechanism of PAS formation and
IOP rise after corneal transplantation, using proteomic analysis of the AqH and genomics analysis of
trabecular meshwork/peripheral iris tissues to identify alterations in the aqueous environment and the
reaction of trabecular meshwork/peripheral iris tissues against it.

Among the cytokines measured in the current study, IL-8, IL-17A, IFN-γ, E-selectin, and sICAM-1 were
signi�cantly correlated with PAS formation. In general, it is a well-known clinical phenomenon that long-
standing in�ammation in the anterior chamber causes PAS in such eyes with anterior uveitis. Regarding
cytokine levels in the anterior chamber, John et al. found that the concentration of IL-8 in the AqH was
signi�cantly elevated in eyes with primary open-angle glaucoma compared to normal controls40.
Furthermore, they reported that patients with severe visual defects had higher AqH levels of IL-840. IFN-γ
is a strong pro-in�ammatory cytokine that strengthens the Th-1 immune response41. Previous studies
have suggested that serum IFN-γ level can be a risk factor for various systemic diseases, such as angina
pectoris and sepsis, predicting major coronary events and mortality42 43. In the �eld of ophthalmology,
numerous reports evaluated IFN-γ level in AqH in various eye diseases, and found its signi�cant
elevations in uveitis, age-related macular degeneration (AMD), bullous keratopathy, and eyes with graft
immunological rejection23,44−46. Maier et al. shown that IFN-γ level in AqH before penetrating keratoplasty
was higher in eyes with postoperative immune reactions than those without immune reactions46. We
previously revealed that IFN-γ levels in AqH were elevated in eyes with bullous keratopathy23. However,
this is the �rst report to demonstrate the association between PAS formation and IFN-γ levels in AqH.
However, eyes with AMD and BK usually do not develop PAS; thus, the mechanism of PAS formation
needs to be investigated in the future, by identifying the source of increased IFN-γ levels and evaluating
the in�uence of disrupted BAB of the iris stroma. IL-17A + Th17 cells produce IFN-γ and mediate ocular
surface autoimmunity.
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In eye disorders such as Coats disease47, diabetic retinopathy48, central ocular vein occlusion49, elevation
of ICAM-1 levels in AqH have been reported, suggesting its contribution to pathogenesis. ICAMs are
members of the immunoglobulin superfamily that are involved in generating and maintaining cell
connections and comprise an extensive cell-cell and cell-matrix network. ICAM expression is induced by
in�ammatory cytokines and may play a crucial role in in�ammatory mechanisms. MCP-1 is the main
chemotactic factor for the migration of macrophages and the pathogenesis of chronic in�ammation21. In
patients with open-angle glaucoma, Inoue et al. showed that a higher preoperative MCP-1 level was
associated with poorer outcomes of trabeculectomy in eyes with open-angle glaucoma50. Furthermore,
Ohira et al. reported that MCP-1 levels were higher in uveitic glaucoma than in open-angle glaucoma51.
Although they did not evaluate PAS in their study, we postulated that the MCP-1 level can directly result in
PAS formation, followed by IOP elevation after trabeculectomy or uveitic glaucoma. However, as shown in
previous studies in humans and animals, MCP-1 levels in AqH are elevated after cataract surgery as
proliferated lens epithelial cells on the capsule secrete MCP-1 overtime after phacoemulsi�cation52. The
current study included 32 eyes that underwent simultaneous cataract surgery, which might have
in�uenced the results as preoperative lens condition can affect MCP-1 levels. However, there were no
differences in MCP-1 levels between solitary DSAEK and those combined with cataract surgery (P = 
0.196). Moreover, a multivariate analysis that evaluated the in�uence of cataract surgery showed that
preoperative phacoemulsi�cation (β = 0.011, P = 0.926), age (β = 0.067, P = 0.518), and preoperative iris
damage (β=-0.095, P = 0.427) were not, but preoperative steroid use (β = 0.215, P = 0.049) was associated
with the MCP-1 level in the AqH before DSAEK.

This study had some limitations. First, the different graft sizes (7.75–8.5mm) may have had some effect
on PAS formation, as previously reported26. However, multivariate analyses showed that the different
graft sizes did not correlate with the PAS parameters after DSAEK. Thus, we consider its in�uence to be
minimal. Second, this study included heterogeneous aetiologies for BK, which might have caused bias.
Therefore, we conducted a subgroup analysis including only PBK, which showed similar results. Only one
patient developed PAS in the eyes with FECD. Thus, the results of the current study may not apply to
patients with FECD. Third, although the results showed moderate to strong correlations between AqH total
protein/cytokine levels and PAS progression, we should be careful not to overinterpret the results as
elevated levels of AqH total protein/cytokine may not be the direct cause of PAS formation. Further
translational studies are valuable for investigating the exact mechanism.

In conclusion, we evaluated PAS using AS-OCT and identi�ed PAS in 47 eyes (32.2%) after DSAEK. We
also showed that preoperative total protein levels were signi�cantly correlated with PAS progression after
DSAEK. Additionally, the incidence of IOP increase was signi�cantly greater in eyes with PAS than in
those without PAS after DSAEK, suggesting that PAS directly caused an IOP increase. Furthermore,
elevated levels of speci�c cytokines, such as IL-8, IL-17A, IFN-γ, E-selectin, and sICAM-1 were signi�cantly
correlated with PAS formation after DSAEK. MCP-1 and IL-6 levels were signi�cantly higher in eyes with
PAS than in those without PAS. These results suggest that microenvironmental changes in AqH cause
progression of PAS as a result of chronic in�ammation with elevated levels of speci�c cytokines.
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Methods
This prospective study adhered well to the tenets of Declaration of Helsinki. This study was approved by
the institutional ethics review board of Tokyo Dental College Ichikawa General Hospital (acceptance
number: I-15-42R). The corneal grafts were provided from SightLife (Seattle USA) or Cornea Center Eye
Bank (Chiba, Japan), which have relevant regulations taking care to not violate the privacy of donors. No
grafts were procured from prisoners. Written informed consent was obtained from all the participants
before the intervention.

Participants

The aetiologies of DSAEK in the studied eyes included pseudophakic BK (PBK, 67 eyes), post-laser
iridotomy BK (LI-BK, 25 eyes), FECD (20 eyes), post-trabeculectomy BK (12 eyes), uveitis (�ve eyes), post-
PK endothelial decompensation (four eyes), BK due to birth injury (four eyes), and other causes (nine
eyes).

Surgical Technique

DSAEK surgery was performed using the double-glide technique53,54. After sub-Tenon anesthesia using
an injection of 2% lidocaine, a 5.0-mm temporal corneoscleral incision was made. An anterior chamber
maintenance cannula was inserted through paracentesis at 2 o’clock or 10 o’clock position, and
Descemet stripping was performed using a reverse-bent Sinsky hook (Asico, Westmont, IL, USA). The
recipient’s endothelium and Descemet’s membrane were carefully removed using forceps. Pre-cut donor
grafts were trephinated, and the endothelial surface of the donor lenticle was coated with a small amount
of viscoelastic material. Donor tissue was gently inserted into the anterior chamber using Busin glide
(Asico). The air was carefully injected into the anterior chamber to unfold the graft. At 10 min after air
injection, half of the air was replaced with a balanced salt solution (Alcon, Fort Worth, TX, USA). At the
end of the surgery, 2 mg of subconjunctival betamethasone was administered. In patients with signi�cant
lens opacity (32 eyes), standard phacoemulsi�cation and aspiration were performed with implantation of
an intraocular lens (IOL), followed by DSAEK. Therefore, we performed solitary DSAEK in 111 eyes,
DSAEK combined with simultaneous cataract surgery in 32 eyes, and DSAEK combined with
simultaneous IOL suture in three eyes. All DSAEK procedures were successful and uneventful, without the
need for excessive intraoperative manipulation.

Postoperative Care

After DSAEK, patients were prescribed topical eye drops of levo�oxacin (Cravit, Santen, Osaka, Japan)
and betamethasone 0.1% (Sanbetazon, Santen) �ve times a day. Topical betamethasone eye drops were
tapered over the following 6 months. Starting at 6 months after DSAEK, we prescribed �uorometholone
0.1% eye drops (Flumetholon 0.1, Santen) three times a day for up to 12 months after surgery. Forty
patients experienced mild IOP elevation ≥ 21 mmHg, which resolved with cessation of topical steroids
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and/or topical anti-glaucoma agents. There were no cases of graft rejection during the 12-month follow-
up.

Anterior Segment Optical Coherence Tomography Imaging

All patients underwent AS-OCT examination preoperatively and at 3, 6, and 12 months postoperatively.
AS-OCT (SS-1000, CASIA, TOMEY, Nagoya, Japan) is a type of Fourier-domain OCT that uses a 1320 nm
wavelength scanning laser source and a photodetector to detect wavelength-resolved interference
signals. All eyes were imaged by trained technicians using an “angle analysis” protocol, which was
composed of 128 radial B-scans, each with 512 A-scans (16-mm scan length). This allowed 360° imaging
of the whole anterior segment in 2.4 second and showed time-course alterations of clear three-
dimensional images after DSAEK (Figure 1a-d). Eyes receiving topical medications that affected pupil
size were not included.

Measurement of Area, Degree, and Maximum Height of PAS

To examine the PAS, the angle structure was analysed using AS-OCT. The extent of PAS in each meridian
was measured using the built-in software after manual detection of the scleral spur and anterior irido-
angle adhesion (iris endpoint, Figure 2a and b). The software automatically aligned the scleral spur (solid
red line in the polar plot, Figure 2c and d) and the iris endpoint (dotted green line in the polar plot) of
individual cross-sectional OCT images and then computed the PAS area (mm2), which was de�ned as the
area bound below the iris endpoint and above the scleral spur (blue area in Figure 2c and d). The
parameters were automatically calculated: PAS %degree (%), that is, the percentage of degrees that
presented with PAS of the total angle degrees analysed, maximum PAS height (mm), that is, the
maximum distance from the scleral spur to the iris endpoint, and PAS area (mm2). In the present study,
angle analysis could not be performed in the upper or lower areas as the eyelids obstructed angle
imaging in some patients. Therefore, the PAS was measured at a total range of 90° on the nasal and
temporal sides of the horizontal line, 45° each, which were imaged at all time points in all patients.

Aqueous Humor Samples

AqH samples containing 70–300 μL were obtained under sterile conditions at the beginning of surgery
after topical anesthesia in DSAEK surgery. First, paracentesis was performed on the clear cornea. AqH
samples were obtained using a 27–gauge needle, taking care not to touch the iris, lens, or corneal
endothelium. The samples were centrifuged at 3,000 × g for 5 min. The soluble fractions were collected
and stored at -80°C until measurements.

Total Protein and Cytokine Level Measurements

The total protein levels of the AqH samples were determined using a DC protein assay (Bio-Rad, Hercules,
CA, USA)30. In brief, bovine serum albumin (BSA) was used as a standard in the range of 0.06 to 1.37
mg/mL. Samples (5 μL) of BSA and AqH were added to 96-well microplates, followed by the immediate
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addition of a mixture containing 25 μL reagent A and 200 μL reagent C. After 15 min of incubation at
room temperature in the dark, the microplates were read at 690 nm and 405 nm using a microplate reader
(Model 550; Bio-Rad). The cytokine levels of interleukin (IL)-1α, IL-1β, IL-4, IL-6, IL -8, IL -10, IL -12p70, IL-
13, IL-17A, macrophage in�ammatory protein (MIP)-1α, MIP-1β, monocyte chemotactic protein (MCP)-1,
tumor necrosis factor (TNF)-α, interferon (IFN)-α, IFN-γ, E-selectin, P-selectin, soluble intercellular adhesion
molecule (sICAM)-1, interferon gamma-induced protein (IP)-10 and granulocyte-macrophage colony-
stimulating factor (GM-CSF) in AqH samples were measured using Luminex (ProcaPlex kit, Luminex, San
Antonio, TX, USA) beads-based multiplex immunoassay according to previous report31. Brie�y, 50 μL of
AqH samples were incubated with antibody-coated capture beads in an incubation buffer at room
temperature. After a 2-h incubation, the beads were washed three times using washing buffer, and
phycoerythrin-labeled streptavidin was added for 30 min in the dark at room temperature. After washing
three times with washing buffer, the plates were resuspended in 150 μL of reading buffer, and the assays
were performed using a Luminex 200.

Statistical Analysis

Data were analysed using STATA/IC 14.0, for iOS (StataCorp LP, College Station, TX, USA). The Shapiro–
Wilk test was used to assess whether the data were normally distributed. Spearman’s correlation analyses
were used to evaluate the correlations between the total protein and cytokine levels in the AqH and PAS
%degree, maximum height, and area. Fisher’s exact test was used to assess the differences in the
incidence of post-DSAEK IOP rise (≥ 21 mmHg) between the groups with and without PAS. For
multivariate analyses of the clinical factors that were correlated with the progression of PAS area, we
selected �ve independent clinical factors (preoperative total protein levels in AqH, preoperative PAS, axial
length, graft size, and age; variance in�ation factors= 1.11–1.12) and conducted multiple linear
regression analyses. Data are expressed as mean ± standard deviation. Statistical signi�cance was set at
P < 0.05.
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Figures

Figure 1

Three-dimensional imaging of PAS progression after DSAEK Three-dimensional images of PAS before (a:
nasal, b: temporal, yellow arrows) and after (c: nasal, d: temporal, red arrows) DSAEK

Figure 2

Anterior segment OCT analysis of PAS before and after DSAEK Anterior segment OCT images of a
representative patient before (a) and after (b) DSAEK. (A-B) An 84-year-old man with LI-BK successfully
underwent DSAEK. The total protein level in the aqueous humor was 3.46 mg/mL. Before DSAEK, the
patient had a limited PAS on the temporal side (a: yellow arrows). After DSAEK, PAS developed on the
nasal side and expanded on the temporal side (b: red arrows). Red points represent the scleral spur. Green
points indicate the peripheral end point of the iris. (c–d) PAS analysis using AS-OCT. The inbuilt software
automatically aligns the scleral spur (red polar plot), the iris end point (green polar plot), and the PAS area
(blue area) based on the individual cross-sectional OCT images. The software calculates the PAS degree,
maximum PAS height (mm), and PAS area (mm2). In this patient, the PAS degree increased from 65% to
100% after DSAEK. The maximum PAS height increased from 2.2 mm to 3.6 mm after DSAEK. The PAS
area increased from 7.53 mm2 to 20.94 mm2. He lost light sensation due to refractory glaucoma at 15
months after DSAEK.


