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PURPOSE. To determine whether a correlation exists between the parameters of the focal
macular ERGs (FMERGs) and the microstructural changes of the photoreceptors after
successful surgery for fovea-off rhegmatogenous retinal detachment (RRD).
METHODS. Twenty eyes of 20 patients who had undergone successful surgery to reattach the
retina in eyes with fovea-off RRD were studied. Focal macular ERGs and spectral-domain OCT
(SD-OCT) were recorded at 1 and 6 months after the surgery. Changes of the components of
the FMERGs, as well as changes of the SD-OCT parameters including the length of the external
limiting membrane (ELM), ellipsoid zone (EZ), cone interdigitation zone (CIZ), and size of the
outer photoreceptor area (between ELM and RPE), were determined.
RESULTS. During the postoperative period, the mean amplitudes of the a-waves increased by
1.4 times and the b-waves by 1.7 times. Spectral-domain OCT showed that the mean length of
the EZ and CIZ and the size of the outer photoreceptor area had increased significantly at 6
months. The degree of the increase in the CIZ and outer photoreceptor area was significantly
correlated with the increase in the amplitudes of the b-waves of the FMERGs (r ¼ 0.56, P ¼
0.042, r ¼ 0.57, P ¼ 0.040, respectively; Spearman rank correlation test). However, the
length of the EZ was not significantly correlated with the increase of the b-waves.
CONCLUSIONS. A restoration of the EZ alone might not be enough to improve the FMERGs, and a
restoration of the EZ accompanied by that of the CIZ was essential for the recovery of the
FMERGs after fovea-off RRD.
Keywords rhegmatogenous retinal detachment, focal macular electroretinogram, spectral
domain optical coherent tomography, cone interdigitation zone

hegmatogenous retinal detachment (RRD) is a visionthreatening morphologic abnormality that requires surgery
for reattachment. The success rate of retinal reattachment by
either scleral buckling or pars plana vitrectomy (PPV) is
approximately 90%.1,2 However, even after successful reattachment, the visual function may not fully recover. Occasionally,
poor visual acuity and/or metamorphopsia persists postoperatively, especially in cases of RRD with the fovea off.3–7
Experimental studies in both animals and humans have
shown that retinal detachment causes a loss of the outer
segments of photoreceptor cells,8–12 but the exact cause for the
reduction of visual function has not been determined.
Recent advances in optical coherence tomography (OCT),
especially spectral-domain OCT (SD-OCT), have enabled
clinicians to evaluate the alterations of the microstructures of
the retina directly. Recent OCT studies have shown that
disruptions of the external limiting membrane (ELM), ellipsoid
zone (EZ), and cone interdigitation zone (CIZ) of the
photoreceptors were correlated with decrease in visual acuity
after surgery.3,5,13–19 The results of other studies have shown
that restoration of the EZ of the photoreceptor and a thickening
of the fovea are associated with the recovery of best-corrected
visual acuity (BCVA) after reattachment of a RRD.5,20,21 These
results suggested that the recovery of retinal function after
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retinal reattachment depended on the degree of regeneration of
the outer photoreceptor layer.
However, an important limitation of these previous studies
was that the visual functions were evaluated subjectively.
Measurements of the visual acuity and perimetry are relatively
simple procedures and are commonly used to assess visual
function, but they are subjective tests. In addition, these tests
might be affected by other conditions such as cataracts,
vitreous haze, and astigmatism. Microperimetry can be used
to evaluate the retinal function of a very small area, but it is also
a subjective method.3,14,22
The electroretinogram (ERG) is commonly used to assess the
physiological status of the retina objectively, and many studies
have evaluated the retinal physiology after retinal detachment
and reattachment surgery using full-field ERGs23 and multifocal
ERGs.24–27 However, these studies did not examine the
relationship between the retinal physiology and the OCTdetermined morphologic alterations of the outer retina.
Focal macular ERGs (FMERGs) are composed of a- and bwaves, oscillatory potentials (OPs), and other components, and
they can be used to evaluate the physiological status of the
macula objectively.28 Focal macular ERGs have been used to
analyze the physiology of the macula in many diseases.29–34
Focal macular ERGs assess the physiology of the entire macular
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area, and their properties may not correspond to the BCVA,
which depends on the functioning of only the central fovea.
This study aimed to determine the correlation between the
macular physiology determined by FMERGs and the integrity of
the microstructures of the photoreceptor layer analyzed by SDOCT. To accomplish this, we studied 20 patients with fovea-off
RRD and recorded the FMERGs and the SD-OCT images after
successful reattachment of the detached retina. We shall show
that the recovery of the FMERGs was significantly associated
with the recovery of the CIZ of the photoreceptors.

PATIENTS

AND

METHODS

We reviewed the medical records of 20 eyes of 20 consecutive
patients who underwent surgery for fovea-off RRD and were
followed with FMERG and SD-OCT recordings. The patients
were examined between March 2013 and September 2014 at
the Nagoya University Hospital. All of the patients signed an
informed consent for the surgery and agreed to have their
visual acuity, FMERGs, and SD-OCT recorded during the followup period of 6 months. The procedures used in this study were
approved by the Institutional Review Board of Nagoya
University Graduate School of Medicine (approval No. 20150294). All of the procedures conformed to the tenets of the
Declaration of Helsinki. A written informed consent was
obtained from all the patients after they were provided with
information on the procedures to be used.
All the patients had standard ocular examinations including
measurements of the BCVA, visual field tests with Goldmann
perimetry, fundus photography, fundus examinations with
indirect ophthalmoscopy, slit-lamp biomicroscopy, SD-OCT,
and B-scan ultrasonography at the time of diagnosis. Spectraldomain OCT was used to confirm that the fovea was off in the
eyes with RRD.
The postoperative examinations were performed at 1 week,
1 month, 2 months, 3 months, and 6 months at least. The BCVA
and the fundus were examined at each follow-up examination.
Spectral-domain OCT and FMERGs were recorded at 1 and 6
months after the surgery. A standard Japanese visual acuity
chart was used, and the decimal BCVA was converted to the
logarithm of the minimum angle of resolution (logMAR) for the
statistical analyses.

Surgical Procedures for Retinal Reattachment
Surgery
Standard 3-port PPV was performed with a 25-gauge system
(Constellation; Alcon Labs, Fort Worth, TX, USA) on 13 eyes.
Cataract surgery by phacoemulsification and intraocular lens
implantation was performed prior to the PPV when the
cataract was visually significant. After the PPV, 20% SF6 gas was
used to tamponade the retina, and the patients were instructed
to remain in a prone position for at least 3 days.
Scleral buckling with cryopexy was performed on seven
eyes. During the scleral buckling surgery, any subretinal fluid
was drained and 0.6 mL 100% sulfur hexa-flouride (SF6) gas
was used to tamponade the retina in one case with bullous
retinal detachment. All of the patients had a complete retinal
reattachment after the initial operation. All of the surgeries
were performed on the day of or 1 day after the diagnosis.

Focal Macular Electroretinograms
Focal macular ERGs were recorded from both eyes at 1 month
and only the affected eye at 6 months after the surgery. The
procedures for recording the FMERGs (ER-80; Kowa, Nagoya,
Japan) have been described in detail.31–34 Briefly, the pupils
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were fully dilated with 0.5% tropicamide and 0.5% phenylephrine hydrochloride. A Burian-Allen bipolar contact lens
electrode (Hansen Ophthalmic Development Laboratories,
Iowa City, IA, USA) was used to record the FMERGs. The size
of the stimulus spot was 158, the luminance of the stimulus
was 30 cd/m2, the background was 3 cd/m2, and the stimulus
duration was 100 ms. Electroretinograms were recorded with
the room lights on, and thus the responses were recorded
under photopic conditions.33 The position of the stimulus spot
on the fundus was monitored during the recording with a
modified infrared fundus camera.
The responses were recorded with digital bandpass filters
set at 5 to 500 Hz for the a- and b-waves, and 500 responses
were averaged at a stimulation rate of 5 Hz (Neuropack S1
MEB-9400; Nihon Kohden, Tokyo, Japan). The components
with frequencies < 70 Hz were extracted from the FMERGs by
Fast Fourier Transform (FFT). This process allowed us to isolate
and measure the amplitudes and implicit times of the a- and bwaves by excluding OPs and high-frequency noises.
The a-wave amplitude was measured from the baseline to
the first negative trough, and that of the b-wave was measured
from the trough of the a-wave to the next large positive peak.
The implicit times of the a- and b-waves were measured to the
trough of the a-wave and peak of the b-wave.

SD-OCT Measurements
Cross-sectional images of the retina obtained by Spectralis
(Heidelberg Engineering, Heidelberg, Germany) or RS-3000
Advance (NIDEK, Gamagori, Japan) were evaluated. The same
type of instrument was used to follow a given patient. One
hundred SD-OCT scans were averaged for each OCT image
using the eye tracking system. Horizontal and vertical scans
through the center of the fovea were obtained within an extent
of 308 angle by the Spectralis and 6-mm length by the RS-3000
Advance. We analyzed the SD-OCT images within 2250 lm
from the fovea or 4500 lm in total length. We analyzed this
area because the focal ERGs were elicited by a circle whose
diameter was approximately 4500 lm, which was calculated
for eyes with the distance from the lens to the retina of 17 mm.
We measured the length of the intact ELM, EZ, and CIZ. We
also measured the outer photoreceptor area. The lengths of
the ELM, EZ, and CIZ were measured by the intensity profile
of each line that was extracted from the SD-OCT images. To
do this, we selected the visible ELM, EZ, CIZ, and RPE
manually with the ImageJ software35 (version 1.48; http://
imagej.nih.gov/ij/; provided in the public domain by the
National Institutes of Health, Bethesda, MD, USA), and
selected the intensity data of these lines separately with the
‘‘Plot profile’’ tool of ImageJ. Then we obtained the ‘‘column
average plot,’’ in which the x-axis represented the horizontal
distance through the line and the y-axis represented pixel
intensity. The pixel intensity data were moved from the
ImageJ file to an Excel file (Excel 2013; Microsoft, Inc.,
Redmond, WA, USA), and the intensity of each pixel was
determined by averaging the intensities of four adjacent
pixels. Representative SD-OCT images and intensity profiles
obtained by this method at 1 month are shown in Figures 1A,
1C, and 1E, and at 6 months in Figures 1B, 1D, and 1F. We
compared the intensity of each pixel with the intensity of the
RPE in the corresponding area using Excel. If the intensity of
the ELM was more than 0.2 times that of the RPE intensity, we
concluded that the ELM was present. In the same way, we set
0.6 times the RPE intensity for the EZ and 0.8 times the RPE
intensity for the CIZ. If the line was not visible, we concluded
that the line was absent. We selected these intensity values by
the intensity profiles of the fellow eyes; we set the lower limit
to a level where all of the visible EZ, CIZ, and ELM were
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FIGURE 1. Changes in spectral-domain optic coherence tomographic (SD-OCT) images of representative eyes with a fovea-off rhegmatogenous
retinal detachment. (A, C, E, G) SD-OCT images at 1 month postoperative, which are essentially the same. (B, D, F, H) Images at 6 months
postoperative. The measurement procedures for ELM, EZ, CIZ, and the outer photoreceptor area are shown. (A, B) Arrows in the SD-OCT images
point to the ELM, and the corresponding intensity profiles in grayscale are shown below. If the intensity of ELM exceeded 0.2 times the intensity of
RPE line (dashed line) in the corresponding pixel, we judged that the ELM was present. (C, D) Arrows in the SD-OCT images point to the ellipsoid
zone (EZ), and the corresponding grayscale intensity profiles are shown below. If the intensity of the ELM exceeded 0.6 times that of the RPE line
(dashed line) in the corresponding pixel, we judged that the EZ was present. (E, F) Arrows in the SD-OCT image of (F) point to the cone
interdigitation zone (CIZ), and the corresponding grayscale intensity profiles are shown below. If the intensity of the CIZ exceeded 0.8 times that of
the RPE line (dashed line) in the corresponding pixel, we judged that the CIZ was present. Where the line was not visible, we judged that the line
was absent. (G, H) Outer photoreceptor areas at 1 month and 6 months are shown within the surrounding dashed line.

included. We calculated the sum of the length of the ELM, EZ,
and CIZ from the Excel data.
How we measured the outer photoreceptor area in the
areas surrounded by the dashed line is shown in Figures 1G
and 1H. The outer photoreceptor area was defined as the area
between upper surface of the RPE and the ELM, and the area
was measured by ImageJ software.35 The length and area were
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measured in pixels and converted to metric units (lm) using
the resolution (lm/pixel) fixed in the software of each OCT
instrument. The measurements of each component were
performed from the horizontal and vertical scan images, and
the average value from two images was used in the statistical
analyses.
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TABLE. Clinical Data of Patients With Fovea-Off Rhegmatogenous
Retinal Detachment
n ¼ 20

Number of patients/eyes, n (%)
Right eyes
Left eyes

13 (65)
7 (35)

Sex, n (%)
Male
Female
Age, y, mean 6 SD [range]
Extent of retinal detachment, n (%)
1
2
3
4

16 (80)
4 (20)
54.50 6 13.67 [26 to 75]

quadrant
quadrants
quadrants
quadrants

Axial length, mm,
mean 6 SD [range]
Refractive errors after surgery,
diopters, mean 6 SD [range]
1 mo post
6 mo post

1
12
7
0

(5)
(60)
(35)
(0)

25.62 6 1.96 [22.3 to 29.9]

4.24 6 4.48 [18 to 0]
4.83 6 4.92 [17.5 to 0.75]

Preoperative lens status, n (%)
Phakic
Pseudophakic
Preoperative BCVA, logMAR,
mean 6 SD [range]
Retinal surgery, n (%)

19 (95)
1 (5)
1.15 6 0.51 [0.70 to 2]

Screral buckling þ cryotherapy
with gas tamponade
PPV
Alone
Combined with cataract surgery
With gas tamponade

7 (35)
1 (14)
13 (75)
8 (62)
5 (38)
13 (100)

Statistical Analyses
Statistical analyses were performed by Wilcoxon signed rank
tests and Spearman rank correlation tests. The data were
analyzed with the Statcel software (Statcel, 3rd edition; OMS,
Inc., Tokyo, Japan), which is an add-in module for Microsoft
Excel. P < 0.05 was considered to be statistically significant.

RESULTS
The demographic and clinical characteristics of the 20 patients (16
men and 4 women) are shown in the Table. The mean 6 standard
deviation age was 54.5 6 13.7 years with a range from 26 to 75
years. The mean preoperative BCVA was 1.05 6 0.62 logMAR
units with a range of 0.7 to 2.0 logMAR units. The mean BCVA
improved to 0.38 6 0.21 logMAR units with a range of 0.1 to 0.8
logMAR units at 1 month and 0.28 6 0.28 logMAR units with a
range of 0.0 to 0.8 logMAR units at 6 months postoperatively. The
mean refractive errors changed from 4.24 6 4.48 diopters (D)
with a range of 18.00 to 0.00 D at 1 month to 4.83 6 4.92 D
with a range of 17.50 to þ0.75 D at 6 months postoperatively.
Seven patients underwent scleral buckling and 13 patients
underwent PPV. Cataract surgery was combined with PPV in
five eyes.

Representative Cases
Four representative cases of fovea-off RRD with FMERGs and
SD-OCT images at 1 and 6 months after surgery are shown in
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Figure 2. The amplitude of the FMERGs increased postoperatively in all of the cases. The amplitudes of the b-waves of cases
1, 2, and 4 were markedly increased. On the other hand, the
amplitude of the b-wave of case 3 increased only slightly.
Spectral-domain OCT showed that the microstructure of the
outer photoreceptor layer changed, especially the EZ and CIZ.
The ELM was present in almost its full length in most cases
already at 1 month. For case 1, the EZ was partially visible at 1
month with a total length of 2650 lm, and it increased to 3869
lm at 6 months. The CIZ was not identified at 1 month and
was partially seen at 6 months on the nasal side with a total
length of 1260 lm.
In case 2, the EZ was slightly disrupted at 1 month with a
total length of 4010 lm, and it was almost fully intact at 6
months with a length of 4470 lm. The CIZ was barely visible
throughout the image with a total length 890 lm, and it clearly
expanded on the temporal side at 6 months to a total length of
2350 lm.
In case 3, the EZ was faint and disrupted with a total length
of 3550 lm at 1 month and almost fully intact at 6 months with
a length of 4450 lm. The CIZ was barely visible in the temporal
retina with a total length of 750 lm, and it became clearer at 6
months with a total length of 1070 lm.
In case 4, subretinal fluid was still present at 1 and 6
months. The b-wave amplitude of case 4 almost doubled at 6
months in spite of the presence of subretinal fluid. The EZ was
visible throughout the image at both time points, but it was
indistinct and thickened especially in the area of the retinal
detachment. The CIZ was partially visible at 6 months, but it
was difficult to evaluate its appearance in the area with
subretinal fluid. Thus, we excluded the four cases with
subretinal fluid and two cases with cystoid macular edema
from the SD-OCT analyses.

Focal Macular Electroretinograms
The components of the FMERGs of the affected and fellow eyes
of the 20 patients at 1 and 6 months after the surgery are
shown in Figure 3. The implicit times of the a-waves were not
significantly different between 1 and 6 months after the
surgery. The implicit times of the b-waves were significantly
shorter by 1.5 ms at 6 months than at 1 month after the surgery
(P < 0.01). The implicit times of the a- and b-waves at 1 and 6
months after surgery were significantly longer than those of
the fellow eyes (Figs. 3A, 3B). The amplitudes of the a- and bwaves at 6 months after surgery increased significantly by 1.4
and 1.7 times that at 1 month after the surgery (P < 0.01, P <
0.001, respectively). However, these values did not recover to
the level of the fellow eyes (Figs. 3C, 3D).

SD-OCT Measurements
The results of SD-OCT at 1 and 6 months postoperatively are
shown in Figure 4. The quality of all of the OCT images was
high enough to analyze the morphology of the outer retinal
layer. For these analyses, we excluded six cases that had
residual subretinal fluid or cystoid macular edema at 1 month
because it prevented an accurate measurement of the images.
In the end, the SD-OCT images from 14 patients were analyzed.
On the average, 97.4% (4384 lm/4500 lm) of the ELM
length was detected at 1 month after the surgery, and it did not
significantly change at 6 months. The lengths of the ELM of the
affected eyes at 1 and 6 months were not significantly different
from those of the fellow eyes.
The mean length of the EZ was 3554.71 6 598.23 lm
(mean 6 SD) at 1 month, which was approximately 79% of the
analyzed length, and it increased significantly to 4191.41 6
276.2 lm at 6 months (P < 0.001). However, the mean length
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FIGURE 2. Focal macular ERGs (FMERGs) elicited from 158 of the macular area (A) and SD-OCT images (B) at 1 and 6 months after surgery of four
representative cases. The images recorded 1 month after the surgery are shown on the left, and those recorded 6 months after the surgery are
shown on the right. (A) FMERGs after filtering frequencies > 70 Hz by Fast Fourier Transform (FFT) are shown beneath the original wave. The
FMERGs are increased after surgery to different degrees. Case 3 had a slight increase, but the other cases increased markedly. (B) The SD-OCT
images show microstructural changes in the outer photoreceptor layers in all cases. Case 1 has a marked elongation of the EZ and CIZ. Case 2 has a
slight elongation of the EZ and marked elongation of the CIZ. Case 3 has a moderate elongation of the EZ and slight elongation of CIZ, and case 4 has
retained subretinal fluid.

at 6 months was still less than that of the fellow eyes at 4476.86
6 63.38 lm.
The mean length of the CIZ was 746.29 6 847.76 lm at 1
month, which was 16.5% of the analyzed length, and it
increased significantly to 1436.35 6 901.10 lm at 6 months (P
< 0.001). The mean length of the CIZ in the fellow eyes was
4107.36 6 677.23, which indicated that 9% of the CIZ was not
detected even in the healthy fellow eyes.
The mean outer photoreceptor area at 1 month was 1.04 6
0.07 mm2, and it increased significantly to 1.36 6 0.10 mm2 at

FIGURE 3. Components of the focal macular ERGs (FMERGs) of 20
affected eyes at 1 and 6 months after the surgery and those of the
fellow eyes. (A) Implicit times of the a-waves. (B) Implicit times of the
b-waves. (C) Amplitudes of the a-waves. (D) Amplitudes of the b-waves.
The implicit times of the b-waves and the amplitudes of the a- and bwaves at postoperative 6 months changed significantly compared to
those at postoperative 1 month (B–D) (*P < 0.05, **P < 0.01, ***P <
0.001; Wilcoxon signed rank tests).
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6 months (P < 0.01). At this time, it was not significantly
different from that of the fellow eyes (1.47 6 0.15 mm2).

Correlation Between Changes of Outer Retinal
Morphology and Improvements of FMERG
Components After Successful Surgery for FoveaOff RRD
Next, we determined whether the improvement of the
FMERGs was significantly correlated with the changes of the
microstructures of the photoreceptor layer at 1 and 6 months
postoperatively in 14 eyes. The differences in the values of the

FIGURE 4. Outer photoreceptor microstructures in the SD-OCT images
at 1 and 6 months after surgery and those of the fellow eyes. (A) ELM
length, (B) EZ length, (C) CIZ length, (D) outer photoreceptor area.
The EZ length, CIZ length, and outer photoreceptor area at
postoperative 1 month are significantly larger than those at postoperative 6 months (**P < 0.01, ***P < 0.001; Wilcoxon signed rank tests).
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FIGURE 5. Correlations between the SD-OCT parameters (6M Post  1M Post) and the amplitudes of the FMERG b-waves (6M Post  1M Post). The
changes of amplitudes of the b-waves were significantly correlated with the CIZ length (B) and the outer photoreceptor area (C), but the increase in
amplitude of the b-wave was not significantly correlated with the increase in EZ length (A) (Spearman rank correlation test).

SD-OCT components between 1 and 6 months after surgery
were not significantly correlated with the changes of the
amplitudes of the a-waves (Supplementary Fig. S1) and the
implicit times of the b-waves (Supplementary Fig. S2) of the
FMERGs. The increase in the length of the CIZ and outer
photoreceptor area was significantly correlated with the
amplitudes of the b-waves (r ¼ 0.56, P ¼ 0.042 for the CIZ; r
¼ 0.57, P ¼ 0.040 for the outer photoreceptor area). However,
the increase in the length of the EZ was not significantly
correlated with the amplitudes of the b-waves (r ¼ 0.15, P ¼
0.58; Fig. 5).
We also determined whether the values of OCT parameters
were correlated with the amplitude of FMERG b-wave at
postoperative 1 and 6 months in 14 eyes. Our results showed
that the amplitudes of the b-waves were not significantly
correlated with the length of the EZ, CIZ, and the outer
photoreceptor area at both time points (Supplementary Fig.
S3).

DISCUSSION
Our results showed that there were restorations of the
microstructures of the photoreceptor layer, including the EZ,
CIZ, and outer photoreceptor area, after successful surgery for
fovea-off RRD. The restoration of the CIZ and increase in the
outer photoreceptor area were significantly correlated with the
increase in the amplitudes of the b-waves of the FMERGs
during the 5-month follow-up period.
Our results are in good agreement with earlier findings that
the length of the EZ and CIZ and the size of the outer
photoreceptor layer increase during the follow-up period. Also,
a significant correlation between the BCVA and the increase in
the ELM–RPE distance has been reported in earlier studies.19,21
This might be similar to our results on the correlations
between the increase of the outer photoreceptor area and the
increase of FMERG b-wave amplitude.
An interesting finding was that the increase in the
amplitudes of the FMERG b-waves was significantly correlated
with the increase in the length of the CIZ, and little change in
the FMERG was consistent with lack of change in CIZ.
However, the increase in the amplitudes of FMERGs was not
significantly correlated with the increase in the EZ length. This
indicates that the increases of the FMERG b-waves were
accompanied by the CIZ recovery as shown in cases 1 and 2.
On the other hand, the postoperative length of the EZ was not
correlated with the amplitudes of the FMERGs, with little
increase of the length of the CIZ as shown in case 3. The CIZ is
part of the photoreceptor outer segments, and the EZ is part of
the inner segments. Usually the CIZ is visible only after the EZ
is restored because the photoreceptor outer segments
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regenerate after the inner segments are formed. Thus, we
postulate that a restoration of the EZ alone is not enough to
improve the FMERGs and a restoration of the EZ accompanied
by that of the CIZ is necessary for improvements of the
FMERGs.
Many earlier OCT studies reported that the integrity of EZ
was correlated with visual acuities and retinal sensitivities after
successful retinal reattachment.3,5,13–16 Our results appear to
be inconsistent with these earlier reports; however, those
papers did not assess the status of the CIZ, and we assume that
the patients whose EZ was accompanied with improvement of
the CIZ had good BCVA. Supporting our assumption, Gharbiya
et al.18 reported that the status of CIZ was an important
predictor of postoperative BCVA, and the CIZ appeared to be
even more sensitive than the EZ in predicting the BCVA after
successful RRD repair.
The visual acuity of some patients did not recover during
the follow-up period even though the amplitudes of b-waves
significantly recovered, as in cases 1 and 4 in Figure 2.
Significant correlations between the visual acuity improvement
and change of FMERG components were not found in this
study (data not shown). Furthermore, there were no significant
correlations between visual acuity improvements and the
changes of the EZ, CIZ, and outer photoreceptor area during
follow-up periods (data not shown).
Several studies have reported that a foveal bulge, which is
an upward deflection of the ELM, EZ, and CIZ in the central
fovea, was a good marker of good BCVA after successful
recovery of the RRD.19,21 A good BCVA depends on the
function of the central fovea, and it might be more appropriate
to evaluate the foveal bulge than the integrity of the entire EZ
in assessing the BCVA. A foveal bulge was detected in seven
patients and was not detected in seven patients in the SD-OCT
images at 6 months after surgery. We compared the amplitudes
of the FMERG b-waves between the two groups, but there was
no significant difference (data not shown). These findings
indicated that the FMERGs do not represent the function of the
central fovea.
A significant correlation was reported between the length
of the CIZ and the amplitudes of the FMERGs in other diseases.
Occult macular dystrophy (OMD) is a hereditary retinal disease
with normal fundus appearances in spite of a slow progressive
decrease of the visual acuity.36 The diagnosis of OMD is based
on reduced amplitudes of the FMERGs and/or multifocal ERGs.
Even though the fundus of OMD patients appears normal,
recent studies reported the presence of EZ but the absence of
CIZ in the SD-OCT images in most of the cases.37–40 This
condition might indicate that the CIZ is essential for generating
the electrical potentials from the photoreceptors in the
macular area.
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Our results showed that the amplitudes of the b-waves at
both 1 and 6 months were not significantly correlated with the
length of the EZ and CIZ and outer photoreceptor area as
shown in Supplementary Figure S3. These results appear to be
inconsistent with the data indicating that the increases in the
CIZ and outer photoreceptor area were significantly correlated
with the increase in the amplitude of FMERG b-wave after
surgery. Because the FMERG amplitudes are also influenced by
other factors, such as the axial length and bipolar cell function,
we suggest that the evaluation of the differences of the
FMERGs between 1 and 6 months probably cancelled these
factors. Therefore, evaluation of the difference between 1 and
6 months might be a more sensitive way to detect the
correlations between OCT parameters and FMERG amplitudes.
We also suggest that a larger sample size is needed to analyze
the correlation between the OCT parameters and the FMERG
b-wave amplitudes.
Increases in both the a- and b-wave amplitudes during
the follow-up period indicated that the number of cones
that evoke the electric potentials increased. But the delay of
the implicit times of both the a- and b-waves even at 6
months postoperatively suggests that the function of the
cones had not fully recovered. Electrical activities of FMERG
b-waves are known to reflect mainly activity of retinal ONbipolar cells, which are transmitted signals from photoreceptors.41 Our results on the significant correlation of the
restoration of the CIZ with increase in the amplitudes of the
b-waves of the FMERGs indicate that the improvements of
the amplitudes of b-waves reflected the restoration of
photoreceptors rather than improvement of retinal ONbipolar cell function.
On the other hand, the changes in the amplitudes of awaves of FMERG were not significantly correlated with the
changes in SD-OCT components (Supplementary Fig. S1). The
reasons for this were not determined, but the amplitudes of awaves might be too small and variable to show significant
correlations with SD-OCT changes.
There are several limitations in this study. This was a
retrospective study and the sample size was relatively small. In
addition, the inclusion of both PPV and scleral buckling might
have affected the results. Several studies have reported that the
recovery course in eyes treated with PPV and scleral buckling
was different.22,42 However, we believe that the restoration of
the CIZ is necessary for improving the amplitudes of the
FMERGs by either procedure.
We also excluded cases with subretinal fluid due to a
difficulty in measuring the length of the CIZ. However, as
shown in Figure 2, some cases with subretinal fluid had an
increase in the amplitude of the FMERGs. Several groups have
reported that 15% to 50% of cases after RRD repair had
subretinal fluid, and the postoperative BCVA was not
associated with the duration and extent of the subretinal
fluid.5,13,16,43,44 Additional studies to determine the relationship of the function and microstructures of patients with
subretinal fluid are needed.
It has been reported that the ELM, EZ, and CIZ may appear
fragmented or even absent in healthy eyes as a result of
recording artifacts.45 In fact, the CIZ was missing in 9% of the
fellow eyes in our patients, which might indicate that
measuring the length of the CIZ in operated eyes needs to
be considered as yielding false negatives.
In conclusion, we showed that the amplitudes and implicit
times of the FMERGs improved significantly after reattachment
of the retina in eyes with fovea-off RRD. The improvements of
FMERG b-waves were significantly correlated with the increase
of the length of the CIZ but not with that of the EZ. Restoration
of the EZ alone might not be enough to improve the FMERGs,
and a restoration of the length of the EZ accompanied by that
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of the CIZ was essential for the recovery of the FMERGs after
repair of fovea-off RRD.
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