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Abstract

Purpose

To determine the influence of residual submacular fluid (SMF) on the recovery of function
and structure of the retina after successful rhegmatogenous retinal detachment (RRD)
reattachment.

Methods

We reviewed the medical records of all patients who had undergone successful RRD repair
by scleral buckling (SB) surgery or by pars plana vitrectomy (PPV) from March 2011 to
August 2014. Spectral-domain optical coherence tomographic images of the macular
regions were used at 1, 2, 3, 6, 9, and 12 months following the surgery. The best-corrected
visual acuities (BCVA) were evaluated at the same times.

Results

The eyes with a macula-off RRD that were treated by SB surgery had a significant higher
incidence of residual SMF (52%) than those treated by PPV (6.8%; P <0.001). Neverthe-
less, the postoperative BCVA was significantly improved in the eyes that had undergone SB
surgery (P=0.007). The postoperative BCVAs were not significantly different between the
groups in which the SMF was absorbed (12 eyes) and not absorbed (13 eyes) within 1
month after the SB surgery. The photoreceptor outer segment length and the presence of a
foveal bulge were not significantly different between these two groups at 12 months. Multiple
regression analyses showed that the presence of a foveal bulge (8=0.531, P=0.001) and
the duration of the retinal detachment before surgery (8 = 0.465, P=0.002) but not the dura-
tion of the SMF were independent factors significantly correlated with the final BCVA.

Conclusions

These results suggest that the postoperative residual SMF does not significantly disrupt the
functional and structural recovery of eyes with macula-off RRD treated by SB surgery.
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Introduction

A rhegmatogenous retinal detachment (RRD) is a common cause of visual impairments, and
the main treatment for a RRD is a surgical reattachment of the retina [1]. There are several
types of retinal reattachment surgery, e.g., scleral buckling (SB), pneumatic retinopexy, and
pars plana vitrectomy (PPV) combined with or without SB surgery [2]. The choice of which
patients will benefit from SB or PPV for the primary RRD repair is generally decided by the
preoperative findings and the surgeons’ preferences [3].

With the recent advancements in the vitrectomy instruments and techniques, PPV has
become the first choice for many surgeons especially for patients with pseudophakic RRD [2].
On the other hand, SB surgery is preferred for younger patients with RRD associated with an
atrophic retinal holes [4].

Residual submacular fluid (SMF) is frequently found after successful SB surgery for mac-
ula-off RRD even when the retina appears to be fully attached by ophthalmoscopy, and all reti-
nal breaks appear to be adequately sealed. Machemer reported this phenomenon when he
described small collections of SMF after the resolution of experimental retinal detachment in
owl monkeys [5]. Recent improvements in the resolution of spectral-domain (SD) optical
coherence tomographic (OCT) instruments have made it possible to obtain more precise and
accurate images of the foveal microstructures, and the higher resolution images have allowed
clinicians to detect subtle SMF more easily and accurately. Studies have reported a delayed
absorption of SMF following SB surgery in humans [6, 7].

However, it remains unclear whether the visual outcomes are affected by the residual SMF;
some authors have suggested that persistent SMF can influence visual outcome [8-10], while
others have stated there was no influence[11-13]. These contradictory conclusions may have
been caused by the short follow-up periods, small case numbers, or other unexamined factors.

The length of the photoreceptors has been shown to be reduced in cases of macula-off RRD
in which there is a separation of the macular region of the retina from the retinal pigment epi-
thelium (RPE) [14]. It has been reported that the photoreceptors were shorter in eyes affected
by macula-off RRD than that of the fellow unaffected eyes at 1 month after successful reattach-
ment [15, 16]. After reattachment, the length of the photoreceptors increased significantly in
parallel with the improvement of the best-corrected visual acuity (BCVA) [17]. Careful exami-
nations of the SD-OCT images of normal eyes shows a bulging of the ellipsoid zone (EZ) in
the central fovea, termed the foveal bulge. Recent OCT studies have shown that the presence
or absence of a foveal bulge was significantly correlated with the BCVA in eyes with retinal dis-
eases [18-21] including that after successful reattachment of a RRD [17] [22].

Yet, it is still not determined whether the photoreceptors damaged by the RD can recover
after successful retinal reattachment in the presence of residual SMF in eyes with macula-off
RRD. In addition, it remains undetermined whether the SMF affects the BCVA and the forma-
tion of the foveal bulge.

Thus, the purpose of this study was to determine the influence of residual SMF on the recov-
ery of the function and structure of the photoreceptors after a reattachment of a RRD. To accom-
plish this, we measured the BCVA and examined the SD-OCT images before and after successful
retinal reattachment in eyes with macula-off RRD that had undergone either SB surgery or PPV.

Patients and methods
Ethics statement

This was a retrospective, observational, comparative, single-center study, and the procedures
used conformed to the Declaration of Helsinki and were approved by the Institutional Review

PLOS ONE | https://doi.org/10.1371/journal.pone.0218216  July 3, 2019 2/15


https://doi.org/10.1371/journal.pone.0218216

@ PLOS|ONE

Influence of submacular fluid on recovery of retinal function and structure after retinal reattachment

Board and Ethics Committee of the Nagoya University Graduate School of Medicine. Written
informed consent was obtained from all patients.

Subjects

We reviewed the medical records of all patients who had undergone successful RRD repair by
SB surgery or by PPV at the Nagoya University Hospital from March 2011 to August 2014. All
patients had comprehensive ophthalmic examinations including measurements of the BCVA,
intraocular pressure, and axial length. They also had slit-lamp, ophthalmoscopic, and SD-OCT
examinations at 1, 2, 3, 6, 9, and 12 months following the surgery. The definition of the dura-
tion of the macula detachment was the interval between the beginning of the symptom and the
time of the surgery. The Snellen visual acuity values were converted to the logarithm of the
minimum angle of resolution (logMAR) units to create a linear scale for the statistical
analyses.

The patients with macula-off RRD were divided into two groups according to the presence
or absence of SMF as determined by examination of the SD-OCT images at one month follow-
ing the surgery. The eyes were also divided into those with rapid SMF resolution group in
which the SMF was resolved within 1 month, and the persistent SMF group in which the SMF
was present at one month following the RRD surgery.

Measurements using optical coherence tomographic images

The Spectralis OCT instrument was used to obtain the SD-OCT images. The horizontal cross-
sectional images recorded at each visit after successful retinal reattachment were analyzed. The
thickness of the retinal layers was measured on the same selected central foveal scan using the
caliper measurement tool of the SD-OCT instrument. The external limiting membrane
(ELM)-ellipsoid zone (EZ) thickness was defined as the distance between the outer border of
the ELM to the outer border of the EZ. The EZ-RPE thickness was defined as the distance
between the outer border of EZ to the inner border of the RPE. The thickness of the retinal lay-
ers was measured manually by 2 operators masked to all information including the pre-opera-
tive condition of the retina.

A foveal bulge was defined as an EZ-RPE thickness at the central fovea that was >10 um
greater than the average EZ-RPE thickness at 250 um temporal and nasal to the central fovea.
The degree of agreements between the two operators for the presence of a foveal bulge was
determined by intraclass correlation coefficient (ICC).

Surgical techniques

The surgery was performed under retrobulbar anesthesia with 2.5 mL of 2% lidocaine and 2.5
mL of 0.5% bupivacaine. Basically, the SB surgery was performed for retinal detachments sec-
ondary to atrophic round retinal hole(s), and the PPV procedure was performed for posterior
vitreous detachment (PVD)-related retinal detachments.

In the SB surgery, all of the retinal breaks were identified in all patients and were treated by
transscleral cryotherapy. Mattress sutures were placed 7.0 to 7.5 mm apart with 4-0 supramid
(Kono, Chiba, Japan) for the circumferential segmental buckle, and a silicone sponge (Mira
No. 506; Mira, Inc, Waltham, MA) was sutured as an explant in all cases. Scleral dissection and
extraocular muscle disinsertion were not required for any patients. Subretinal fluid drainage
was performed if necessary. An intraocular tamponade was not used in all cases. Dexametha-
sone (MSD K.K., Tokyo, Japan) was injected subconjunctivally at the end of surgery. No
intraoperative complications were encountered. Reattachment of the retina was achieved in all
patients after the initial surgery.
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To begin the PPV procedure, a trocar was inserted at an approximate angle of 30° parallel
to the limbus. Once the trocar was past the trocar sleeve, the angle was changed to be perpen-
dicular to the retinal surface. After creating the three ports, PPV was performed using the Con-
stellation system (Alcon Laboratories, Inc., Fort Worth, TX). The vitreous was removed as
completely as possible without the use of intravitreal triamcinolone, then fluid-air exchange
and subretinal fluid drainage from the causative retinal tear(s) or iatrogenic hole were per-
formed, but perfluorocarbon was not used for the drainage of SMF. Endo-photocoagulation
was applied to the causative retinal tear(s) or any iatrogenic holes. Then 20% sulfur hexafluo-
ride (SF¢) was injected into the vitreous upon completion of the PPV. After the IOP was
adjusted to normal levels, the cannulas were withdrawn.

Exclusion criteria

Eyes were excluded if they had had encircling procedures, dense ocular media (e.g., vitreous
hemorrhage, vitreous opacity), preexisting macular conditions (e.g., macular hole, vascular
occlusive diseases, or diabetic retinopathy), proliferative vitreoretinopathy (PVR) = grade C
[23], and clinical evidence for postoperative changes likely to interfere with an accurate evalua-
tion of the retinal layers, e.g., recurrent RRD, epiretinal membrane, or cystoid macular edema.

Statistical analyses

The values are presented as the means * standard deviations (SDs). Independent t-tests were
used to determine the significance of differences in normally distributed data, and chi-square
tests were used for categorical data. One-way analysis of variance (ANOVA) was used to evalu-
ate the changes in the BCVA, and Pearson’s correlation coefficient tests were used to deter-
mine the significance of the differences between them. Multiple linear regression analyses
were used to determine the significance of the association between final BCVA and indepen-
dent variables. A P value <0.05 was considered statistically significant.

Results
Demographics and surgical parameters of patients

One hundred and ninety-nine eyes of 192 patients with a RRD were studied. Eighty-one eyes
of 77 patients underwent SB surgery with or without an encircling band, and 118 eyes of 115
patients underwent PPV in the Department of Ophthalmology, Nagoya University for the
repair of RRD from March 2011 to August 2014. Of these, 120 eyes of 115 patients had mac-
ula-off RRD and 79 eyes of 77 patients had macula-on RRD. A total of 66 eyes with macula-off
RRD was excluded; 6 for concomitant encircling procedures, 5 for the presence of PVR grade
C, 5 for the presence of vitreous hemorrhage, 1 for the presence of macular hole, 2 for the pres-
ence of diabetic retinopathy,2 for the presence of postoperative development of dense cataract,
5 for the presence of macular edema, 3 for the presence of a recurrent RRD, 1 for the presence
of a significant epiretinal membrane during the follow-up period, and 36 for an inability to
attend regular follow-up examinations. In the end, 25 eyes with macula-oft RRD that had
undergone SB surgery and 29 eyes with macula-off RRD that had undergone PPV were studied
(Table 1).

In the eyes with macula-off RRD, only two eyes (6.8%) had residual SMF of the 29 eyes
treated by PPV at one month following the surgery, and 13 eyes (52%) had residual SMF of the
25 eyes treated by SB surgery at one month following surgery (P <0.001). The demographics
and surgical parameters in the rapid SMF resolution group and the persistent SMF group are
shown in Table 2. The presence of a grade B PVR was detected in 2 eyes in the PPV with rapid

PLOS ONE | https://doi.org/10.1371/journal.pone.0218216  July 3, 2019 4/15


https://doi.org/10.1371/journal.pone.0218216

@ PLOS|ONE

Influence of submacular fluid on recovery of retinal function and structure after retinal reattachment

Table 1. Patient clinical characteristics.

Characteristic Scleral buckling Vitrectomy P value
n 25 29

Age (years) 40.5+15.6 59.6 £12.0 < 0.001
Sex (male/female) 19/6 18/11 0.276
Initial BCVA (logMAR) 0.77 £ 0.68 1.12+0.73 0.056
Final BCVA (logMAR) 0.15+0.24 0.24 £ 0.24 0.234
Axial length (mm) 258+ 1.6 255+1.8 0.707
Rapid resolution of SMF/Persistent SMF 12/13 27/2 < 0.001
ELM-EZ thickness at Month 12 (um) 31.72 £ 3.41 31.82 +£3.15 0.887
EZ-RPE thickness at Month 12 (um) 43.04 + 7.06 42.21 +5.51 0.721

BCVA: best-corrected visual acuity, logMAR: logarithm of the minimum angle of resolution scale, SMF: submacular fluid

https://doi.org/10.1371/journal.pone.0218216.t001

SME resolution group. The repeatability of the measurements between the graders was good
with an ICC of 0.95 for the ELM- EZ thickness, 0.95 for the EZ-RPE thickness, and 0.96 for the
presence of foveal bulge.

Changes of BCV A after surgery for macula-off RRD treated by SB surgery

The BCVAs in eyes macula-off RRD treated by SB surgery are shown in Fig 1. The BCVA sig-
nificantly improved during the follow-up period (P <0.001).

The postoperative BCV A was significantly improved in both groups (P <0.001, P = 0.015,
respectively), and it was significantly improved even at 1 month compared with the preopera-
tive BCVA in both groups (P = 0.009, P = 0.007, respectively). In addition, the improvement of
the BCVA between the preoperative value and that at 1 month was greater than that between 1
and 12 months for both the rapid resolution SMF group (P = 0.037) and the persistent SMF
group (P = 0.040).

The BCVA at 1 month after the SB surgery was significantly correlated with the final BCVA
in the rapid SMF resolution group (r = 0.76, P = 0.004) and also in the persistent SMF group

Table 2. Characteristics in rapid resolution and persistent SMF group.

Characteristic Scleral buckling Vitrectomy

Rapid resolution Persistent SMF P value Rapid resolution Persistent SMF
n 12 13 - 27 2
Age (years) 40.17 £15.2 40.77 + 16.6 0.926 59.59 +12.2 59.00 £ 11.3
Sex (male/female) 10/2 9/4 0.419 17/10 1/1
Initial BCVA (log MAR) 1.06 +0.81 0.50 + 0.40 0.037 1.15+0.74 0.70 + 0.25
Final BCVA (log MAR) 0.17 £ 0.27 0.14 £ 0.23 0.770 0.24 +0.24 0.20 £ 0.28
Duration of macula detachment (day) 7.8+10.9 15.1+13.4 0.155 4.82 +4.93 2.50 £0.71
Axial length (mm) 25.8+2.0 25709 0.846 25.6+ 1.6 25.1+0.8
Extent of RD (clock hour) 525+ 1.35 4.85 £ 1.67 0.589 6.33 £ 1.33 7.00 + 2.83
Location of RD (superior / inferior) 8/4 5/8 0.167 21/6 2/0
Extent of quadrant-wise buckle (degrees) 89.2 +26.8 95.0 £ 31.1 0.621
Drainage of subretinal fluid (+/-) 10//2 9/4 0.409 27/0 2/0
Presence of foveal bulge (+/-) 8/4 9/4 0.893 17/10 1/1
ELM-EZ thickness at Month 12 (um) 30.83 +1.89 32.54 +4.29 0.218 31.85+3.24 31.50 +£2.12
EZ-RPE thickness at Month 12 (um) 42.33 +7.08 43.69 +7.25 0.640 42.4+5.6 39.5+3.5
SMEF: submacular fluid, logMAR: logarithm of the minimum angle of resolution scale, BCVA: best-corrected visual acuity, RD: retinal detachment
https://doi.org/10.1371/journal.pone.0218216.t002
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Fig 1. Changes in the mean best-corrected visual acuity (BCVA) after scleral buckling (SB) surgery in eyes with macula-off rhegmatogenous retinal detachment
(RRD). The persistence rate of the submacular fluid (SMF) is also shown. The BCVA significantly improved in both of the rapid resolution SMF group and the

persistent SMF group following surgery. The mea

n pre-operative BCVA in the residual SMF group was significantly better than that in the rapid SMF resolution group

(P =0.037, Table 2), but the BCVAs did not differ significantly at any postoperative times (B). The improvement of the BCVA from preoperative to Month 1 was

significantly greater than that from Month 1 to M
postoperative BCVA in eyes with a foveal bulge w.

https://doi.org/10.1371/journal.pone.0218216.g001

onth 12 in both the persistent SMF group (P = 0.040) and the rapid SMF resolution group (P = 0.037) (C). The mean
as significantly better in eyes without a foveal bulge throughout the postoperative follow-up period (D).

(r=0.91, P <0.001). However, the difference in the pre- and postoperative BCVA was not sig-
nificantly correlated in the both groups (Fig 2).

Correlations between retinal microstructures and BCVA in macula-off
group
The difference in the ELM-EZ and the EZ-RPE thicknesses at 12 months after the surgery
between the rapid resolution and the persistent SMF group was not significant (Table 2). The
EZ-RPE thickness was significantly correlated with the final vision in the macula-off RRD
treated by SB surgery (P = 0.001), but the ELM-EZ thickness was not significantly correlated
with the final BCVA (Figs 3, 4 and 5).

A foveal bulge was observed in 17 eyes in the macula-off RRD group treated by SB surgery:
8 eyes in the rapid SMF resolution group and 9 eyes in the persistent SMF group. The
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Fig 2. Correlations between pre- and post-operative visual acuity. There was no significant correlation between the preoperative BCVA and the final BCVA (A), but
the BCVA at 1 month after surgery was significantly correlated with the final BCVA in both the rapid SMF resolution group (r = 0.76, P = 0.004) and the persistent SMF

group (r = 0.91, P <0.001) (B).
https://doi.org/10.1371/journal.pone.0218216.9002

differences in the age, sex, duration of macular detachment, preoperative BCVA, and axial
length were not significant between patients with and without the presence of a foveal bulge.
The mean postoperative BCVA in eyes with a foveal bulge was significantly better in eyes with-
out a foveal bulge throughout the postoperative follow-up period (Table 3).

Multiple stepwise regression analyses showed that the SB and PPV surgical procedures (8 =
0.596, P <0.001) and the status of the macula, on or off, (8 = 0.527, P <0.001) were indepen-
dent factors significantly correlated with the eyes with residual SMF at 1 month following the
surgery (Table 4). In addition, the presence of a foveal bulge (8 = 0.531, P = 0.001) and the
duration of the retinal detachment (8 = 0. 465, P = 0.002) were independent factors signifi-
cantly correlated with the final BCVA (Table 5), and the preoperative BCVA (f = -0.945,

P =0.001) and the age (8= 0. 153, P = 0.017) were independent factors significantly correlated
with the improvement of BCVA (Table 6)

Discussion

A significantly higher number of eyes with residual SMF was observed in the macula-off RRD
treated by SB surgery than in eyes treated by PPV. There was no significant difference in any
factors including the final BCVA between the persistent SMF group and the rapid SMF resolu-
tion group. The multivariate regression analyses showed that presence of a foveal bulge and
the duration of the retinal detachment before surgery, but not the duration of the residual
SMF, were independent factors significantly correlated with the final BCVA.

Our results showed that a significantly higher number of eyes with residual SMF was
detected in the macula-off RRD treated by SB surgery than that in eyes treated by PPV. These
results are consistent with several reports that the absorption of the SMF tended to be more
delayed following SB surgery than after PPV [6, 7, 24]. This might be because the type of sur-
gery affects the make-up of the residual SMF. However, we performed SB surgery on RRDs
secondary to atrophic round retinal hole(s), and PPV for PVD-related RRDs. This would sug-
gest that the preoperative characteristics of the SMF were different between the SB and the
PPV treated groups.
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Fig 3. Representative SD-OCT images in eye with macula-off RRD. The SMF remained at 1 month but was not detected at 3 months. However, the ELM, the
EZ, and the CIZ appear to be fragmented and thin even after the resolution of the SMF.

https://doi.org/10.1371/journal.pone.0218216.9003

In earlier studies, the incidence of residual SMF after SB surgery for primary RRD ranged
widely from 9 to 94% [9, 10, 13, 25-27]. This variation among studies is probably related to dif-
ferences in study design, baseline characteristics of the patients, and the operative procedures.
The results of our study showed that 52% of the eyes with macula-off RRD had residual SMF
in the OCT images at 1 month after the SB surgery which is consistent with most previous
reports.

Benson et al reported that the incidence and patterns of SMF after SB surgery in a prospec-
tive study [8]. They also investigated the association between the presence of SMF in the OCT
images at 6 weeks and some clinical factors, such as age, sex, refractive status, RD type, clock
hours of buckle, duration of RD, presence of outer retinal wrinkling on OCT, postoperative
posture, and drainage of SRF at surgery. They reported no significant associations among
these parameters [8]. Also, our results showed no association between the presence of SMF
and any clinical factors including the duration of the macular detachment, location and extent
of the RD, and with or without of drainage of the subretinal fluid.

On the other hand, it has been suggested that a younger age, phakia, and longer standing
detachment as possible preoperative risk factors for persistent SMF after SB surgery [28]. Our

PLOS ONE | https://doi.org/10.1371/journal.pone.0218216  July 3, 2019 8/15


https://doi.org/10.1371/journal.pone.0218216.g003
https://doi.org/10.1371/journal.pone.0218216

@ PLOS | O N E Influence of submacular fluid on recovery of retinal function and structure after retinal reattachment

Before
20/300

Fig 4. Representative SD-OCT images of eye with macula-off RRD. The SMF remained until month 4, but the ELM, EZ, and CIZ are present but the foveal bulge is
not detected.

https://doi.org/10.1371/journal.pone.0218216.9004

results showed that the mean age of the eyes treated by SB surgery was significantly younger
than that in eyes treated by PPV. In eyes with atrophic round retinal hole(s), a smaller volume
of vitreous humor would tend to flow into the subretinal space because the age-related lique-
faction of the vitreous body had not progressed. This will result in a slower progression of the
detachment, and should lead to RRD eyes with atrophic round retinal hole(s) to have a system-
atic chronicity and the fluid current induced differences in the viscosity, protein, and cellular
content of the subretinal fluid [29]. This would explain our observation of a higher incidence
of SMF in the macula-off RRD treated by SB surgery.
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Before
20/40

Fig 5. Representative SD-OCT images in eye with macula-off RRD. The SMF remained until month 6, and the foveal bulge and the outer 3 retinal layers are present.
https://doi.org/10.1371/journal.pone.0218216.g005

Our results showed no significant differences in the variables except for the preoperative
vision between the rapid SMF absorption group and the persistent SMF group. It is also possi-
ble that the characteristics of the SMF is different before the surgery. The residual SMF has

Table 3. The mean BCVA in foveal bulge(+) and (-) group.

Group Before surgery Month 1 Month 2 Month 3 Month 6 Month 9 Month 12
Foveal bulge(+) 0.81 £ 0.81 0.24 +£0.18 0.16 £ 0.11 0.14 £ 0.11 0.11 £0.12 0.06 + 0.09 0.05 + 0.08
Foveal bulge (-) 0.76 + 0.38 0.44 + 0.27 0.43 +0.28 0.42 +0.29 0.46 + 0.34 0.45 + 0.30 0.40 + 0.31

P-value 0.827 0.040 0.002 0.003 <0.001 <0.001 <0.001

BCVA: best-corrected visual acuity

https://doi.org/10.1371/journal.pone.0218216.t003
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Table 4. Results of multiple stepwise regression analysis for independence of factors contributing to disappearance of SMF.

Variable

Dependent Independent p VIF p-value

Appearance of SMF Duration of macular detachment 0.293 1.000 0.155
Location of RD -0.214 1.097 0.316
Extent of RD -0.189 1.028 0.360
Age 0.185 1.242 0.417
Sex 0.150 1.185 0.501
Drainage of subretinal fluid -0.034 1.289 0.885
Axial length 0.009 1.027 0.966

VIEF: variance inflation factors, BCVA: best-corrected visual acuity, SMF: submacular fluid, RD: retinal detachment

https://doi.org/10.1371/journal.pone.0218216.t004

been reported to be viscous with high level of cellularity [28]. Veckeneer et al found that sub-
retinal fluid samples collected during RRD surgery had a high concentration of rhodopsin-
containing cells, and they hypothesized that the residual SMF occurred because of the fluid
composition in relation to the absence of a PVD and the chronicity of the detachment [28].
Accordingly, the long persistent SMF group may have higher viscosity SMF before the surgery.

Yet, it is still controversial whether the residual SMF affects the postoperative recovery of
the BCVA after successful reattachment with SB surgery [8-13]. Our results showed that there
was no significant difference in the final BCVA between the rapid SMF absorption group and
the persistent SMF group in eyes with macula-off RRD treated by SB surgery. In addition, mul-
tiple stepwise regression analyses showed that there was no association between the final
BCVA or the improvement of BCVA and the duration of SMF appearance. These results sug-
gest that the residual SMF would not affect the recovery of the BCVA which is in keeping with
previous reports [11-13].

The BCVA at 1 month was strongly and positively correlated with that at 12 months but the
preoperative BCVA was not significantly correlated with the BCVA at 12 months in both
groups. In addition, the improvement of the BCVA between the preoperative and at 1 month,
when the SMF was completely absorbed, was greater than that between 1 month and 12
months in the rapid SMF absorption group. Interestingly, the improvement of the BCVA
between the preoperative and at 1 month, when the SMF still remained, was greater than that
between 1 month and 12 months in the persistent SMF group. These results indicate that
vision can be significantly improved while the SMF remained. In addition, it suggests that the
closure of the retinal break(s) which prevented vitreous humor from flowing into the

Table 5. Results of multiple stepwise regression analysis for independence of factors contributing to final vision.

Variable

Dependent Independent p VIF p-value

Final BCVA Presence of foveal bulge 0.531 1.231 0.001
Duration of macular detachment 0.465 1.231 0.002
Axial length 0.157 1.105 0.215
Age -0.145 1.008 0.304
Preoperative BCVA 0.074 1.002 0.543
Duration of SMF appearance -0.037 1.002 0.762
Sex -0.018 1.003 0.896

VIF: variance inflation factors, BCVA: best-corrected visual acuity, SMF: submacular fluid

https://doi.org/10.1371/journal.pone.0218216.t005
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Table 6. Results of multiple stepwise regression analysis for independence of factors contributing to the improvement of vision.

Variable

Dependent Independent p VIF p-value

Improvement of BCVA Preoperative BCVA -0.945 1.063 <0.001
Age 0.153 1.063 0.017
Presence of foveal bulge -0.075 1.370 0.174
Duration of SMF appearance -0.084 1.954 0.221
Sex 0.031 1.499 0.753
Duration of macular detachment -0.017 1.226 0.771
Axial length 0.001 1.043 0.994

VIEF: variance inflation factors, BCVA: best-corrected visual acuity, SMF: submacular fluid

https://doi.org/10.1371/journal.pone.0218216.t006

subretinal space, might be more important than the absorption of the SMF in terms of improv-
ing the BCVA and recovery of the photoreceptors.

Morphologically, there was no significant difference in the final BCVA and the thickness of
ELM-EZ (photoreceptor inner segment thickness) and the EZ-RPE thickness (outer segment
thickness) between the rapid SMF absorption group and the persistent SMF group in eyes with
macula-off RRD treated by SB surgery. The foveal bulge was formed until 12 months even in
the persistent SMF group after the absorption of the SMF. In addition, there was no significant
difference in the ratio of forming the foveal bulge between the rapid absorption group and the
persistent SMF group. It has been reported that vision in eyes with a foveal bulge is signifi-
cantly better than without a foveal bulge [17, 22]. Our results also showed that eyes with a
foveal bulge had significantly better BCV A than eyes without a foveal bulge throughout the fol-
low-up period after SB surgery. The formation of the foveal bulge is believed to be due to an
increase in the cone density during the recovery of the fovea in eyes following successful reat-
tachment of macula-off RRD [17]. These results suggest that the persistent SMF would not sig-
nificantly affect the recovery of the photoreceptors after successful reattachment.

Animal studies have shown that the photoreceptors under a detached retina undergo apo-
ptosis [30-32]. After the occurrence of a retinal break, the vitreous humor leaks into the sub-
retinal space creating the retinal detachment, and this progresses to apoptosis of the
photoreceptors in eyes with a RRD [30-32]. Arroyo et al obtained retinal tissue fragments dur-
ing RRD surgery, and histological analyses showed that apoptosis occurred within 24 hours
after the retinal detachment, peaked on day 2, and decreased to a low level after day 7 of the
detachment [32]. Experimental studies have demonstrated a loss of the outer segment of the
photoreceptors after a separation of the photoreceptors from the RPE thereby disrupting nor-
mal outer segment renewal and leading to a shortening of the outer segments and eventual
degeneration of the photoreceptors [33-35].

Taken together, our results indicate that the residual SMF after absorption of the constitu-
ents of the vitreous humor in the preoperative SMF would not affect the photoreceptors result-
ing in an improvement of vision and a recovery of the photoreceptors. In addition, the clinical
importance of these finding would support a strategy that it is better to observe the persistent
SME rather than additional procedures including surgery to try to remove the persistent SMF.

There are several limitations to this study. First, this was a retrospective study on a relatively
small sample size which would lower the statistical power of the analyses. Second, the postop-
erative period was relatively short at 12 months although the SMF was absorbed in 12 months
in all the cases. Third, we did not collect subretinal fluid during surgery and do not know the
characteristics of the SMF. Fourth, the presence of the SMF was judged at the visits, and we
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could not obtain SD-OCT images at very short intervals. Therefore, it was unclear when the
SRF disappeared. Fifth, the retinal layer distances were manually measured because automated
calculation of retinal layer thicknesses is difficult to perform in eyes which retinal layers are
fragmented and not clearly distinguishable. Further prospective studies on a greater number
of cases with evaluation of characteristic of the SMF and automated calculation of retinal thick-
nesses will be necessary.

In conclusion, the preoperative status of the retina in which retinal break(s) is/are open and
the vitreous humor flows into the subretinal space before surgery should influence the final
vision, but postoperative residual SMF would not significantly disturb the recovery of the pho-
toreceptors in eyes with macula-off RRD treated by SB surgery.

Supporting information

S1 Dataset.
(XLSX)

Author Contributions

Conceptualization: Misato Kobayashi, Kentaro Yamamoto, Eimei Ra, Norifumi Hirata, Hir-
oko Terasaki.

Data curation: Misato Kobayashi, Takeshi Iwase, Kentaro Yamamoto, Eimei Ra, Norifumi
Hirata.

Formal analysis: Takeshi Iwase.
Project administration: Takeshi Iwase.
Supervision: Takeshi Iwase.

Validation: Misato Kobayashi, Takeshi Iwase, Kentaro Yamamoto, Eimei Ra, Norifumi Hir-
ata, Hiroko Terasaki.

Writing - original draft: Takeshi Iwase.

References

1.  D’Amico DJ. Clinical practice. Primary retinal detachment. N Engl J Med. 2008; 359(22):2346—-54. Epub
2008/11/29. https://doi.org/10.1056/NEJMcp0804591 PMID: 19038880.

2. Cankurtaran V, Citirik M, Simsek M, Tekin K, Teke MY. Anatomical and functional outcomes of scleral
buckling versus primary vitrectomy in pseudophakic retinal detachment. Bosn J Basic Med Sci. 2017;
17(1):74-80. Epub 2017/01/31. https://doi.org/10.17305/bjbms.2017.1560 PMID: 28135566; PubMed
Central PMCID: PMC5341782.

3. Lindsell LB, Sisk RA, Miller DM, Foster RE, Petersen MR, Riemann CD, et al. Comparison of outcomes:
scleral buckling and pars plana vitrectomy versus vitrectomy alone for primary repair of rhegmatogen-
ous retinal detachment. Clin Ophthalmol. 2017; 11:47-54. Epub 2017/01/06. https://doi.org/10.2147/
OPTH.S112190 PMID: 28053500; PubMed Central PMCID: PMC5189967.

4. Park SJ, Cho SC, Choi NK, Park KH, Woo SJ. AGE, SEX, AND TIME-SPECIFIC TRENDS IN SURGI-
CAL APPROACHES FOR RHEGMATOGENOUS RETINAL DETACHMENT: A Nationwide, Popula-
tion-Based Study Using the National Claim Registry. Retina. 2017; 37(12):2326—-33. Epub 2017/02/01.
https://doi.org/10.1097/IAE.0000000000001485 PMID: 28141750.

5. Machemer R. Experimental retinal detachment in the owl monkey. Il. Histology of retina and pigment
epithelium. Am J Ophthalmol. 1968; 66(3):396—410. Epub 1968/09/01. PMID: 4970986.

6. Lobes LA Jr., Grand MG. Subretinal lesions following scleral buckling procedure. Arch Ophthalmol.
1980; 98(4):680-3. Epub 1980/04/01. PMID: 7369902.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218216  July 3, 2019 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218216.s001
https://doi.org/10.1056/NEJMcp0804591
http://www.ncbi.nlm.nih.gov/pubmed/19038880
https://doi.org/10.17305/bjbms.2017.1560
http://www.ncbi.nlm.nih.gov/pubmed/28135566
https://doi.org/10.2147/OPTH.S112190
https://doi.org/10.2147/OPTH.S112190
http://www.ncbi.nlm.nih.gov/pubmed/28053500
https://doi.org/10.1097/IAE.0000000000001485
http://www.ncbi.nlm.nih.gov/pubmed/28141750
http://www.ncbi.nlm.nih.gov/pubmed/4970986
http://www.ncbi.nlm.nih.gov/pubmed/7369902
https://doi.org/10.1371/journal.pone.0218216

@ PLOS|ONE

Influence of submacular fluid on recovery of retinal function and structure after retinal reattachment

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Avins LR, Hilton GF. Lesions simulating serous detachment of the pigment epithelium. Occurrence
after retinal detachment surgery. Arch Ophthalmol. 1980; 98(8):1427-9. Epub 1980/08/01. PMID:
7417079.

Benson SE, Schlottmann PG, Bunce C, Xing W, Charteris DG. Optical coherence tomography analysis
of the macula after scleral buckle surgery for retinal detachment. Ophthalmology. 2007; 114(1):108—12.
Epub 2006/11/11. https://doi.org/10.1016/j.ophtha.2006.07.022 PMID: 17095091.

Hagimura N, lida T, Suto K, Kishi S. Persistent foveal retinal detachment after successful rhegmatogen-
ous retinal detachment surgery. Am J Ophthalmol. 2002; 133(4):516—20. Epub 2002/04/05. PMID:
11931785.

Ricker LJ, Noordzij LJ, Goezinne F, Cals DW, Berendschot TT, Liem AT, et al. Persistent subfoveal
fluid and increased preoperative foveal thickness impair visual outcome after macula-off retinal detach-
ment repair. Retina. 2011; 31(8):1505-12. Epub 2011/04/28. https://doi.org/10.1097/IAE.
0b013e31820a6910 PMID: 21522038.

Baba T, Hirose A, Moriyama M, Mochizuki M. Tomographic image and visual recovery of acute macula-
off rhegmatogenous retinal detachment. Graefes Arch Clin Exp Ophthalmol. 2004; 242(7):576-81.
Epub 2004/03/05. https://doi.org/10.1007/s00417-004-0884-0 PMID: 14997321.

Seo JH, Woo SJ, Park KH, Yu YS, Chung H. Influence of persistent submacular fluid on visual outcome
after successful scleral buckle surgery for macula-off retinal detachment. Am J Ophthalmol. 2008; 145
(5):915—22. Epub 2008/03/11. https://doi.org/10.1016/j.aj0.2008.01.005 PMID: 18329625.

Wolfensberger TJ, Gonvers M. Optical coherence tomography in the evaluation of incomplete visual
acuity recovery after macula-off retinal detachments. Graefes Arch Clin Exp Ophthalmol. 2002; 240
(2):85-9. Epub 2002/04/05. PMID: 11931084.

Gharbiya M, Grandinetti F, Scavella V, Cecere M, Esposito M, Segnalini A, et al. Correlation between
spectral-domain optical coherence tomography findings and visual outcome after primary rhegmato-
genous retinal detachment repair. Retina. 2012; 32(1):43-53. Epub 2011/07/283. https://doi.org/10.
1097/IAE.0b013e3182180114 PMID: 21778929.

del’lOmo R, Viggiano D, Giorgio D, Filippelli M, Di lorio R, Calo R, et al. Restoration of foveal thickness
and architecture after macula-off retinal detachment repair. Invest Ophthalmol Vis Sci. 2015; 56
(2):1040-50. Epub 2015/01/24. hitps://doi.org/10.1167/iovs.14-15633 PMID: 25613940.

Terauchi G, Shinoda K, Matsumoto CS, Watanabe E, Matsumoto H, Mizota A. Recovery of photorecep-
tor inner and outer segment layer thickness after reattachment of rhegmatogenous retinal detachment.
Br J Ophthalmol. 2015. Epub 2015/04/05. https://doi.org/10.1136/bjophthalmol-2014-306252 PMID:
25841234.

Kobayashi M, lwase T, Yamamoto K, Ra E, Murotani K, Matsui S, et al. Association Between Photore-
ceptor Regeneration and Visual Acuity Following Surgery for Rhegmatogenous Retinal Detachment.
Invest Ophthalmol Vis Sci. 2016; 57(3):889-98. Epub 2016/03/05. https://doi.org/10.1167/iovs.15-
18403 PMID: 26943151.

Thomas MG, Kumar A, Mohammad S, Proudlock FA, Engle EC, Andrews C, et al. Structural grading of
foveal hypoplasia using spectral-domain optical coherence tomography a predictor of visual acuity?
Ophthalmology. 2011; 118(8):1653—60. Epub 2011/05/03. https://doi.org/10.1016/j.ophtha.2011.01.
028 PMID: 21529956.

Hasegawa T, Ueda T, Okamoto M, Ogata N. Presence of foveal bulge in optical coherence tomographic
images in eyes with macular edema associated with branch retinal vein occlusion. Am J Ophthalmol.
2014; 157(2):390-6 e1. Epub 2014/01/21. https://doi.org/10.1016/j.2j0.2013.10.007 PMID: 24439442,

Chen CJ, Scholl HP, Birch DG, Ilwata T, Miller NR, Goldberg MF. Characterizing the phenotype and
genotype of a family with occult macular dystrophy. Arch Ophthalmol. 2012; 130(12):1554—9. Epub
2012/12/12. https://doi.org/10.1001/archophthalmol.2012.2683 PMID: 23229695; PubMed Central
PMCID: PMC4114073.

Al-Haddad CE, El Mollayess GM, Mahfoud ZR, Jaafar DF, Bashshur ZF. Macular ultrastructural fea-
tures in amblyopia using high-definition optical coherence tomography. Br J Ophthalmol. 2013; 97
(3):318—22. Epub 2012/12/14. https://doi.org/10.1136/bjophthalmol-2012-302434 PMID: 23235943.

Hasegawa T, Ueda T, Okamoto M, Ogata N. Relationship between presence of foveal bulge in optical
coherence tomographic images and visual acuity after rhegmatogenous retinal detachment repair. Ret-
ina. 2014; 34(9):1848-53. Epub 2014/04/20. https://doi.org/10.1097/IAE.0000000000000160 PMID:
24743639.

Machemer R, Heriot W. Retinal pigment epithelial tears through the fovea with preservation of good
visual acuity. Arch Ophthalmol. 1991; 109(11):1492-3. PMID: 1755719.

Kim YK, Woo SJ, Park KH, Yu YS, Chung H. Comparison of persistent submacular fluid in vitrectomy
and scleral buckle surgery for macula-involving retinal detachment. Am J Ophthalmol. 2010; 149
(4):623-9.e1. Epub 2010/02/13. https://doi.org/10.1016/j.a2j0.2009.11.018 PMID: 20149338.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218216  July 3, 2019 14/15


http://www.ncbi.nlm.nih.gov/pubmed/7417079
https://doi.org/10.1016/j.ophtha.2006.07.022
http://www.ncbi.nlm.nih.gov/pubmed/17095091
http://www.ncbi.nlm.nih.gov/pubmed/11931785
https://doi.org/10.1097/IAE.0b013e31820a6910
https://doi.org/10.1097/IAE.0b013e31820a6910
http://www.ncbi.nlm.nih.gov/pubmed/21522038
https://doi.org/10.1007/s00417-004-0884-0
http://www.ncbi.nlm.nih.gov/pubmed/14997321
https://doi.org/10.1016/j.ajo.2008.01.005
http://www.ncbi.nlm.nih.gov/pubmed/18329625
http://www.ncbi.nlm.nih.gov/pubmed/11931084
https://doi.org/10.1097/IAE.0b013e3182180114
https://doi.org/10.1097/IAE.0b013e3182180114
http://www.ncbi.nlm.nih.gov/pubmed/21778929
https://doi.org/10.1167/iovs.14-15633
http://www.ncbi.nlm.nih.gov/pubmed/25613940
https://doi.org/10.1136/bjophthalmol-2014-306252
http://www.ncbi.nlm.nih.gov/pubmed/25841234
https://doi.org/10.1167/iovs.15-18403
https://doi.org/10.1167/iovs.15-18403
http://www.ncbi.nlm.nih.gov/pubmed/26943151
https://doi.org/10.1016/j.ophtha.2011.01.028
https://doi.org/10.1016/j.ophtha.2011.01.028
http://www.ncbi.nlm.nih.gov/pubmed/21529956
https://doi.org/10.1016/j.ajo.2013.10.007
http://www.ncbi.nlm.nih.gov/pubmed/24439442
https://doi.org/10.1001/archophthalmol.2012.2683
http://www.ncbi.nlm.nih.gov/pubmed/23229695
https://doi.org/10.1136/bjophthalmol-2012-302434
http://www.ncbi.nlm.nih.gov/pubmed/23235943
https://doi.org/10.1097/IAE.0000000000000160
http://www.ncbi.nlm.nih.gov/pubmed/24743639
http://www.ncbi.nlm.nih.gov/pubmed/1755719
https://doi.org/10.1016/j.ajo.2009.11.018
http://www.ncbi.nlm.nih.gov/pubmed/20149338
https://doi.org/10.1371/journal.pone.0218216

@ PLOS|ONE

Influence of submacular fluid on recovery of retinal function and structure after retinal reattachment

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kaga T, Fonseca RA, Dantas MA, Yannuzzi LA, Spaide RF. Optical coherence tomography of bleb-like
subretinal lesions after retinal reattachment surgery. Am J Ophthalmol. 2001; 132(1):120—-1. Epub
2001/07/05. PMID: 11438071.

Wolfensberger TJ. Foveal reattachment after macula-off retinal detachment occurs faster after vitrec-
tomy than after buckle surgery. Ophthalmology. 2004; 111(7):1340-3. Epub 2004/07/06. https://doi.
org/10.1016/j.ophtha.2003.12.049 PMID: 15234134.

Theodossiadis PG, Georgalas IG, Emfietzoglou J, Kyriaki TE, Pantelia E, Gogas PS, et al. Optical
coherence tomography findings in the macula after treatment of rhegmatogenous retinal detachments
with spared macula preoperatively. Retina. 2003; 23(1):69-75. Epub 2003/03/26. PMID: 12652234.

Veckeneer M, Derycke L, Lindstedt EW, van Meurs J, Cornelissen M, Bracke M, et al. Persistent subret-
inal fluid after surgery for rhegmatogenous retinal detachment: hypothesis and review. Graefes Arch
Clin Exp Ophthalmol. 2012; 250(6):795-802. Epub 2012/01/12. https://doi.org/10.1007/s00417-011-
1870-y PMID: 22234351.

Tee JJ, Veckeneer M, Laidlaw DA. Persistent subfoveolar fluid following retinal detachment surgery: an
SD-OCT guided study on the incidence, aetiological associations, and natural history. Eye (Lond).
2016; 30(3):481-7. Epub 2016/01/09. https://doi.org/10.1038/eye.2015.270 PMID: 26742870; PubMed
Central PMCID: PMC4791708.

Yang L, Bula D, Arroyo JG, Chen DF. Preventing retinal detachment-associated photoreceptor cell loss
in Bax-deficient mice. Invest Ophthalmol Vis Sci. 2004; 45(2):648-54. Epub 2004/01/28. https://doi.org/
10.1167/iovs.03-0827 PMID: 14744910.

Cook B, Lewis GP, Fisher SK, Adler R. Apoptotic photoreceptor degeneration in experimental retinal
detachment. Invest Ophthalmol Vis Sci. 1995; 36(6):990—6. Epub 1995/05/01. PMID: 7730033.

Arroyo JG, Yang L, Bula D, Chen DF. Photoreceptor apoptosis in human retinal detachment. Am J
Ophthalmol. 2005; 139(4):605—10. Epub 2005/04/06. https://doi.org/10.1016/j.aj0.2004.11.046 PMID:
15808154.

Lewis GP, Charteris DG, Sethi CS, Leitner WP, Linberg KA, Fisher SK. The ability of rapid retinal reat-
tachment to stop or reverse the cellular and molecular events initiated by detachment. Invest Ophthal-
mol Vis Sci. 2002; 43(7):2412-20. Epub 2002/07/02. PMID: 12091445.

Sakai T, Calderone JB, Lewis GP, Linberg KA, Fisher SK, Jacobs GH. Cone photoreceptor recovery
after experimental detachment and reattachment: an immunocytochemical, morphological, and
electrophysiological study. Invest Ophthalmol Vis Sci. 2003; 44(1):416-25. Epub 2002/12/31. https://
doi.org/10.1167/iovs.02-0633 PMID: 12506104.

Jackson TL, Hillenkamp J, Williamson TH, Clarke KW, Aimubarak Al, Marshall J. An experimental
model of rhegmatogenous retinal detachment: surgical results and glial cell response. Invest Ophthal-
mol Vis Sci. 2003; 44(9):4026—34. Epub 2003/08/27. https://doi.org/10.1167/iovs.02-1264 PMID:
12939325.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218216  July 3, 2019 15/15


http://www.ncbi.nlm.nih.gov/pubmed/11438071
https://doi.org/10.1016/j.ophtha.2003.12.049
https://doi.org/10.1016/j.ophtha.2003.12.049
http://www.ncbi.nlm.nih.gov/pubmed/15234134
http://www.ncbi.nlm.nih.gov/pubmed/12652234
https://doi.org/10.1007/s00417-011-1870-y
https://doi.org/10.1007/s00417-011-1870-y
http://www.ncbi.nlm.nih.gov/pubmed/22234351
https://doi.org/10.1038/eye.2015.270
http://www.ncbi.nlm.nih.gov/pubmed/26742870
https://doi.org/10.1167/iovs.03-0827
https://doi.org/10.1167/iovs.03-0827
http://www.ncbi.nlm.nih.gov/pubmed/14744910
http://www.ncbi.nlm.nih.gov/pubmed/7730033
https://doi.org/10.1016/j.ajo.2004.11.046
http://www.ncbi.nlm.nih.gov/pubmed/15808154
http://www.ncbi.nlm.nih.gov/pubmed/12091445
https://doi.org/10.1167/iovs.02-0633
https://doi.org/10.1167/iovs.02-0633
http://www.ncbi.nlm.nih.gov/pubmed/12506104
https://doi.org/10.1167/iovs.02-1264
http://www.ncbi.nlm.nih.gov/pubmed/12939325
https://doi.org/10.1371/journal.pone.0218216

