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The retina is a very innovative subspecialty of ophthalmology
and ophthalmologists are continuing to play major roles in
keeping this an exciting and dynamic field.

The amazing developments in OCT imaging, the use
of smaller and smaller gauge instruments, and advances in
cutting tools and pump systems all reflect the dedication of
surgeons and the ophthalmic industry to improve patient
outcomes through better diagnostics, machinery, software,
and the technical aspects of surgical practice. The new
investigations presented in this special issue focus on some
of these current innovations. For example, the study by A.
L. Sabater et al., on the effects of Brilliant Blue G-assisted
internal limiting membrane peeling for idiopathic macular
hole on the thickness of the macular retinal ganglion cell-
inner plexiform layer, illustrates how new developments in
OCT devices and software continue to provide new tools
for ophthalmic examination. S. Koinzer et al. suggest a
new OCT based classification system, which could enable
comparison of differently created photocoagulation lesions
across different studies and predictive estimation of clinical
effects of photocoagulation. M. Pfister et al. have examined
how we go about our surgical tasks at the detailed level
of comparing reaction times for hand-powered versus foot-
powered switch operations. The very latest development in
OCT, Swept Source OCT, has been used by J. Michalewski et
al. to measure choroidal thickness and volume.

Interestingly, some of the new studies presented in this
issue show that older techniques remain as important today
as ever. The electroretinogram can be brought into the 21st

Century by using DWT scalograms according to a paper by
M. Gauvin et al. New drug therapies have changed the way
that many diseases are treated yet the EVRS present two of
the largest studies ever conducted, into DME and RVO both
of which highlight that despite the acknowledged benefits
of anti-VEGF injections, vitrectomy with ILM peeling might
provide the best visual outcomes for patients suffering from
these diseases. D. Cohen et al. demonstrate the benefits
of primary scleral buckling when dealing with posterior
segment open-globe injuries.

This special issue brings you innovation in action: new
applications for well-known techniques, modern imaging
and technical systems, novel methods of acquiring and
dealing with data, and complex statistical analysis. Retina
specialists are seriously involved in constant research and
development. Some of the papers presented here state the
need for further investigation in order to develop their
findings and peer-reviewed publications have a key role to
play.They not only give us the opportunity to share our latest
research but also provide a springboard to push that research
ever onwards, leading to the development of new strategies
to treat retinal diseases. I hope that you will enjoy the articles
here and that they might encourage all of you to join in
the many studies that are currently underway and to aim to
publish your own material.

Jerzy Nawrocki
Ron Adelman

Didier Ducournau
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Objective. To compare the efficacy of different therapies in the treatment of macular edema associated with retinal vein occlusion
(RVO). Design. This is a nonrandomized, multicenter collaborative study. Participants. 86 retina specialists from 29 countries
provided clinical information, including choice of treatment and outcome, on 2,603 patients with macular edema including 738
cases of RVO. Methods. Reported data included the type and number of treatments performed, visual acuities, and other clinical
and diagnostic findings.Main Outcome Measures. The mean increase in visual acuity and mean number of treatments performed.
Results. 358 cases of central retinal vein occlusion (CRVO) and 380 cases of branch retinal vein occlusion (BRVO) were included
in this investigation. Taking all RVO cases together, pars plana vitrectomy with internal limiting membrane (ILM) peeling alone
resulted in an improvement in vision greater than other therapies. Those treated with intravitreal antivascular endothelial growth
factor (anti-VEGF) injection alone showed the second greatest improvement in vision. Dexamethasone intravitreal implant alone
and intravitreal triamcinolone alone both resulted in modest visual gains. Conclusions. In the treatment of macular edema in RVO,
vitrectomy with ILM peeling may achieve visual improvement and may be a good option for certain cases. Anti-VEGF injection is
the most effective of the nonsurgical treatments.

1. Introduction

In population based studies, the age- and sex-standardized
prevalence of retinal vein occlusion (RVO) was 5.2 per 1000
with an estimated 16.4 million adults affected by RVO,mostly
branch retinal vein occlusion. RVO is the second leading
cause of retinal vascular disease after diabetic retinopathy
with its prevalence increasing with age, varying with race or
ethnicity, and not differing based on gender [1]. Untreated
RVO frequently results in vision impairment and significant
ocular complications.Macular edema is present in themajor-
ity of cases with central retinal vein occlusion (CRVO) and

develops in 5–15% of eyes with branch retinal vein occlusion
(BRVO) [2, 3].

The treatment of macular edema due to RVO has seen
significant changes over the past decade. New treatments
and combination therapies continue to emerge with several
showing positive results. As directed by the Central and
Branch Vein Occlusion Study Groups, for many years mac-
ular edema in CRVO was observed, while in BRVO grid
laser photocoagulation was applied [4, 5]. Corticosteroids,
both intra- and extraocular, have long been used to treat
edema with RVO, and the SCORE study results validated
this therapy for edema in CRVO while confirming grid
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laser photocoagulation as superior treatment for edema in
BRVO [6, 7]. More recently, treatment with dexamethasone
intravitreal implant has shown longer-lasting results in the
treatment of this edema [8].

The arrival of antivascular endothelial growth factor
(VEGF) agents has not only changed the landscape of treat-
ment of edema in RVO but also reshaped the treatment of
most of retinal vascular disease. The use of intravitreal rani-
bizumab has been extensively studied and is very effective in
the treatment of edema due to RVO [9–16]. More recently,
intravitreal aflibercept injection for treating macular edema
in CRVO has shown promising outcomes [17, 18]. Literature
examining combination therapy including anti-VEGF agents
is not as abundant. While focal and grid laser photocoagu-
lation is routinely used to supplement anti-VEGF injections,
the possible benefit of this combined treatment has not been
thoroughly studied. It has been suggested that the addition
of grid laser photocoagulation to anti-VEGF therapy to treat
edema in BRVO can lead to a better visual outcome and
decrease the number of injections needed than if laserwas not
utilized [19, 20]. A separate prospective investigation found
that the addition of a dexamethasone intravitreal implant to
anti-VEGF injections also leads to a decrease in the number of
injections needed and better vision in the combination group
compared to monotherapy [21].

Pars plana vitrectomy (PPV) with peeling of the inter-
nal limiting membrane (ILM) has been an option in the
treatment of edema in RVO for many years [22, 23]. More
recent investigations have shown improvement of edema in
both BRVO and CRVO following treatment with PPV [24–
27].The efficacy of combination therapy including vitrectomy
is not completely understood. Considering the complexity
and cost of comparative prospective studies, it is expected
that comprehensive investigations analyzing three or more
monotherapies and numerous possible combination treat-
ments for edema in RVO are not feasible. An alternative
to such large and prohibitively expensive randomized study
with five or more treatment arms needs to be evaluated.

European VitreoRetinal Society (EVRS) was founded in
2001 and has over 1,900 retina specialists in its membership
[28, 29]. A clinical study was conducted where EVRS mem-
bers were asked to record information regarding individual
cases of macular edema from 2008 to 2011, the treatments
performed, and the outcomes attained. 86 retina specialists
from 29 countries provided information on 2,603 cases of
macular edema over the study period. Each case had at
least 6 months follow-up. In this report, we will discuss the
treatment and results of those cases with macular edema
specifically due to RVO.

2. Methods

The EVRS macular edema study was a nonrandomized,
multicenter study, which analyzed the treatment outcomes
following different therapeutic interventions and treatment
combinations for each etiology resulting in macular edema.
This paper focuses on cases of edema due to RVO and their
treatment outcomes.

During the reporting period from 2008 to 2011, partic-
ipating EVRS members entered information regarding indi-
vidual cases of macular edema. The clinical details for each
case were entered into an online questionnaire on the EVRS
website. Eighty-six retina specialists reported 2,603 cases of
macular edema with 6 months to 2 years of follow-up at the
conclusion of the study. The results were analyzed by the
French INSEE (National Institute of Statistics and Economic
Studies).

The clinical details reported from each case included the
type and number of treatment(s) utilized, the pre- and post-
treatment visual acuities, the specific dates of treatments and
visual assessments, and lens status.Macular optical coherence
tomography (OCT) measurements were not reported by
the surgeons in this investigation. Any complications were
also reported including increased or new cataract, increased
intraocular pressure, retinal detachment, vitreous hemor-
rhage, choroidal detachment, and macular hole. After having
cleaned the database, the global working sheet was sent to
each contributor,masking the name of the other contributors,
so that cleaning accuracy could be agreed upon.

This study was conducted in 29 countries and the regu-
lations and Institutional Review Board requirements varied
at each location. Given this, every physician involved in the
study was responsible for following the rules and regulations
of each individual country and institution. Also, the design
and ethical aspects of the study have been approved by the
EVRS Ethics Committee.

The study encountered a few problems. Following strat-
ification of the macular edema etiologies, a smaller number
of subgroups in the RVO cohort limited the ability to achieve
statistical significance for each of them.There were 358 cases
of macular edema associated with CRVO and 380 cases
associated with BRVO. As there is no universal standard in
management of macular edema in RVO, treatment complex-
ity and the use of numerous combination therapies in each
subgroup hindered a meaningful comparison due to further
division of the subgroups to monotherapy and treatment
combinations cohorts. To overcome these limitations and
difficulties, the results are presented as trend lines displaying
change in visual acuity over time to compare treatment out-
comes. The trend lines represent data points plotted accord-
ing to a mean number of lines of vision improvement (in
LogMAR) at a specific follow-up visit (in months from initial
treatment). Second order polynomial regression trend lines
were used, as they best illustrate the effect of treatment in
this complex setting. To limit error, only data points aver-
aged from three or more cases were included in the analysis.
Finally, a separate analysis was done to display final visual
improvement according to pretreatment visual acuity. Trend
lines are useful in comparing therapeutic groups. A trend line
combining the results for all treatments of RVO was com-
pared to plotted results for individual treatments and their
average pretreatment visual acuities.

3. Results

Of the 2,603 cases of macular edema presented, four etiolo-
gies of macular edema had numbers large enough to study
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Table 1: Baseline demographic patient data for CRVO.

Number of
cases

Mean pretreatment Va
LogMAR (Snellen) Standard deviation Mean number of

treatments
Anti-VEGF alone 111 1 (0.1) 0.48 5.01
PPV with ILM peeling alone 80 1.07 (0.09) 0.51 1.00
Dexamethasone implant alone 20 0.77 (0.17) 0.48 1.43
Triamcinolone alone 14 1.23 (0.06) 0.44 1.00
CRVO: central retinal vein occlusion.
VEGF: vascular endothelial growth factor.
PPV: pars plana vitrectomy.
ILM: internal limiting membrane.

Table 2: Baseline demographic patient data for BRVO.

Number of cases Mean pretreatment Va
LogMAR (Snellen) Standard deviation Mean number of

treatments
Anti-VEGF alone 140 0.72 (0.2) 0.42 3.83
PPV with ILM peeling alone 48 0.87 (0.13) 0.42 1.00
Dexamethasone implant alone 17 0.59 (0.25) 0.27 1.49
Triamcinolone alone 13 0.76 (0.18) 0.38 1.00
BRVO: branch retinal vein occlusion.
VEGF: vascular endothelial growth factor.
PPV: pars plana vitrectomy.
ILM: internal limiting membrane.

Table 3: Baseline demographic patient data for all RVO.

Number of
cases

Mean pretreatment
Va LogMAR (Snellen)

Standard
deviation

Mean
number of
treatments

Monotherapy

Anti-VEGF alone 251 0.85 (0.14) 0.47 4.45
PPV with ILM peeling alone 128 1 (0.10) 0.49 1.00
Dexamethasone implant alone 37 0.68 (0.25) 0.4 1.64
Triamcinolone alone 27 1.04 (0.09) 0.48 1.00

Combination
therapy

Anti-VEGF (1) + grid (2) 72 0.80 (0.16) 0.45 (1) 4.58
(2) 0.88

Anti-VEGF (1) + triamcinolone (2) 37 0.96 (0.11) 0.49 (1) 3.16
(2) 1.04

Anti-VEGF (1) + grid (2) + triamcinolone (3) 27 0.78 (0.17) 0.41
(1) 2.79
(2) 1.52
(3) 1.07

Triamcinolone (1) + PPV with ILM peeling (2) 23 0.90 (0.13) 0.47 (1) 1.15
(2) 1.00

RVO: retinal vein occlusion.
VEGF: vascular endothelial growth factor.
PPV: pars plana vitrectomy.
ILM: internal limiting membrane.

totaling 2,159 patients. 358 were CRVO, 380 were BRVO,
870 were diabetic macular edema, and 551 were epiretinal
membranes. The focus of this paper is cases of CRVO and
BRVO and the baseline demographic patient data is displayed
in Tables 1 and 2, respectively. The baseline demographic
patient data for all RVO combined is displayed in Table 3.

The initial investigation analyzed the effects of mono-
therapy on edema in RVO and compared their efficacy. The
change in visual acuity over time in response to each mon-
otherapy on edema in CRVO and BRVO is displayed as

separate second order polynomial regression trend lines in
Figures 1 and 2, respectively. The trend lines for anti-VEGF
therapy can be followed out to 24 months where treatment
leads to an improvement of 3.958 lines of vision on the
LogMAR chart in CRVO and 3.2415 lines in BRVO.The trend
lines for PPV with ILM peeling displayed improvement in
visual acuity at 24 months with a gain higher than other ther-
apies. The trend lines for dexamethasone intravitreal implant
and triamcinolone monotherapy, which are truncated due to
the fact that fewer than three cases were reported at the later
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Figure 1: CRVO is central retinal vein occlusion, PPV is pars plana
vitrectomy, ILM is internal limiting membrane, and VEGF is vascu-
lar endothelial growth factor.

follow-up periods, showed amodest improvement.The num-
bers adjacent to the trend lines indicate mean number of
treatments for each therapeutic intervention.

The effect of each monotherapy on all cases of RVO
combinedwas then analyzed and the trend lines are displayed
in Figure 3. The trend line for anti-VEGF therapy can be
followed out to 24 months where treatment leads to an
improvement of 3.740 lines.The trend line for PPV with ILM
peeling again displayed the best improvement in visual acuity.
The trend line for dexamethasone intravitreal implant, which
again is truncated due to a lack of cases reported at later
follow-up times, showed a modest improvement. Also for all
RVO, treatmentwith intravitreal triamcinolonemonotherapy
showed a modest gain at 9 months.

Next, combination therapy with anti-VEGF agents was
evaluated and compared in all RVO combined (Figure 4).The
addition of grid laser photocoagulation to anti-VEGF therapy,
combination therapy of intravitreal triamcinolone with anti-
VEGF treatment, and combination of anti-VEGF therapy,
intravitreal triamcinolone, and grid laser were studied. None
of these combination therapies matched the gains observed
with anti-VEGF treatment alone.

Visual improvement was then evaluated by looking at
the percentage of patients achieving greater than or equal
to 3 and 6 lines of vision recovery. In this analysis, the final
visual acuity reading available was compared to the recorded
pretreatment acuity. Monotherapy with either anti-VEGF
treatment or PPV with ILM peeling for edema in all cases
of RVO was compared using this data (Table 4). 61.7% of the
anti-VEGF group and 75.4% of the vitrectomy group gained
at least 3 lines of vision. This was a statistically significant
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PPV with ILM peeling
(n = 48)
Anti-VEGF
(n = 140)

Dexamethasone implant
(n = 17)

Treatment of macular edema in BRVO change in visual
 acuity (in lines) with monotherapy

Figure 2: BRVO is branch retinal vein occlusion, PPV is pars plana
vitrectomy, ILM is internal limiting membrane, and VEGF is vascu-
lar endothelial growth factor.

difference with vitrectomy showing a better result over anti-
VEGF therapy (𝑃 = 0.008). 26.0% of the anti-VEGF group
and 48.4% of the vitrectomy group gained at least 6 lines of
vision. PPV with ILM peeling again showed good outcomes
(𝑃 = 10−5).

Another presentation of the data displays treatment out-
comes based on final visual improvement according to pre-
treatment visual acuity (Figure 5). This allows for a compar-
ison of each treatment taking into account the initial visual
acuities and the overall combined results for all treatments
of RVO seen as a single second order regression trend line.
Following the analysis of all possible mono- and combination
therapies for edema in RVO, the plotted data points represent
the top eight treatments, in terms of visual improvement.
PPV with ILM peeling displayed the largest improvement in
vision. This therapy was followed by, in order of descend-
ing amount of vision gain (LogMAR), anti-VEGF treatment
alone, PPV with ILM peeling in combination with triamci-
nolone, and triamcinolone therapy alone.

4. Discussion

New treatments and subsequent combination therapies for
macular edema in RVO have provided the present-day retina
specialist with choices arguably more ample and complex
than those of the previous generation. While these recently
suggested treatments are welcome, their role with regard to
appropriate first-line and subsequent therapy is not clear.
The simple fact that only 11 of the 738 patients with RVO
had their edema treated with grid laser photocoagulation
monotherapy shows a major shift in treatment philosophy
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Table 4: Final visual improvement for anti-VEGF injection and PPV with ILM peeling monotherapies.

Anti-VEGF (𝑛 = 246) PPV with ILM peeling (𝑛 = 126) 𝑃 value
≥3 lines improvement 61.7% 75.4% 0.008
≥6 lines improvement 26.0% 48.4% 10−5

VEGF: vascular endothelial growth factor.
PPV: pars plana vitrectomy.
ILM: internal limiting membrane.
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Figure 3: RVO is retinal vein occlusion, PPV is pars plana vitrec-
tomy, ILM is internal limiting membrane, and VEGF is vascular
endothelial growth factor.
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Figure 4: RVO is retinal vein occlusion and VEGF is vascular endo-
thelial growth factor.
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Figure 5: RVO is retinal vein occlusion, PPV is pars plana vitrec-
tomy, ILM is internal limiting membrane, and VEGF is vascular
endothelial growth factor.

of RVO. This small number did not allow for an analysis
and signals a large shift in the international standard of care
in recent years. Of course, a large-scale, prospective, and
randomized study with treatment arms covering all possible
mono- and combination therapies would be ideal to provide
an answer. However, such study would likely be very costly
and complex to conduct. In this investigation, we present
an international nonrandomized multicenter trial evaluating
current treatments for edema in RVO. Such study presents
the real-life approach of a large number of ophthalmologists
from a huge geographical area to the management of RVO.

When monotherapy for edema in RVO was analyzed,
treatment with vitrectomy and ILM peeling gave the largest
improvement in visual acuity. This held true when cases of
CRVO and BRVO were evaluated both separately and in
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combination. The improvement in vision with vitrectomy
was better than other therapies at every time point. Overall,
intravitreal anti-VEGF injection was the next most effective
solo treatment with a gain of 3.7 lines of vision on the
LogMAR chart at 24 months. Less improvement was seen
with steroid monotherapy. The addition of grid laser, intrav-
itreal triamcinolone, or both to anti-VEGF treatment did not
improve visual outcomes compared to anti-VEGF alone. A
traditional analysis showed a statistically significant benefit
of vitrectomy over anti-VEGF therapy, in terms of percentage
of cases gaining over 3 or 6 lines of vision. The problem
with this type of analysis is that it does not take into account
pretreatment vision. When initial visual acuity is included
in the evaluation and results were adjusted based on initial
visual acuity, vitrectomy with ILM peeling is still superior to
other treatments and shows over twice the benefit of anti-
VEGF injection. The results here suggest that vitrectomy
with ILM peeling may provide good long-term benefit in the
treatment of edema in RVO.

The significant improvement in edema and vision with
vitrectomy seen here is likely the result of a number of factors.
Posterior hyaloid removal may contribute to a decrease in
edema because of the relief of any tractional component
that may be present [30]. Spectral domain OCT has now
been used to identify extrafoveal traction that may play a
role in edema associated with RVO [31]. Also, improvement
in vision may be attained with better preservation of the
ellipsoid line andparallelism followingPPV.Another possible
factor noted in the literature is that vitreous removal may
serve to improve oxygenation of the vitreous cavity and retina
and prevent photoreceptor loss in RVO [32]. The removal
of inflammatory and permeability mediators in the vitreous,
including VEGF, may also play a role in improving edema
in RVO [33]. A separate mechanism to explain the success
of ILM removal involves the healing process it induces at
the level of the Müller cells end-feet [34]. This minor injury
causes an upregulation of epidermal growth factor receptor
(EGF-R) which regulates the healing response. Stem cell pro-
liferation occurs as a result of cell loss and EGF-R stimulates
the filling of Müller cells with microfibrils of glial fibrillary
acidic proteins (GFAPs) causing a vertical gliosis from the
ILM to the external limiting membrane. This process of
neural repair has been observed in both the central nervous
system following traumatic injury and the retina in the setting
of a retinal detachment [35–38].

While the evaluation of outcomes of this study in this
manner may be useful, there are inherent limitations and
significant disadvantages. Regarding the trend lines, even
though several cases were available for each data point, gener-
ally fewer cases were available when plotting the data at two-
year time point. Although trend lines are useful in comparing
efficacy of a variety of treatment groups, theymay not be very
accurate in measuring the exact amount of improvement.
Another limitation is the lack of randomization. However,
the current study shows visual outcomes comparable to ran-
domized clinical trials of anti-VEGF therapy for retinal vein
occlusions.

The exact treatment parameters for each treatment group
were determined by the investigators, leading to multiple

treatment groups and smaller numbers to analyze for every
mono- or combination therapy applied. In addition, the
frequency and order of treatments were not standardized,
leaving us with an ability to suggest a treatment, but with-
out exact guidelines for execution. The smaller number of
cases receiving each treatment necessitated the grouping of
CRVO and BRVO cases together to achieve greater statistical
significance. While the pathophysiology of macular edema
is somewhat similar in both CRVO and BRVO, they do not
necessarily respond exactly to the same treatment [4, 5]. This
is a pitfall, however, given other studies that have shown rela-
tively comparable outcomes with the same treatment; it may
be reasonable to combine the cases [12, 13].

This study suggests that vitrectomywith ILMpeelingmay
be a good treatment for macular edema due to RVO.The data
suggests that vitrectomymay result in improvement in vision
in some cases. Intravitreal anti-VEGF therapy is the most
effective of the nonsurgical treatments. Future prospective,
randomized clinical trials are needed to verify these results
and establish a standard of care for the treatment of macular
edema in RVO.
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Objective. To compare the efficacy of different therapies in the treatment of diabetic macular edema (DME). Design. Nonrandom-
ized, multicenter clinical study. Participants. 86 retina specialists from 29 countries provided clinical information on 2,603 patients
with macular edema including 870 patients with DME. Methods. Reported data included the type and number of treatment(s)
performed, the pre- and posttreatment visual acuities, and other clinical findings. The results were analyzed by the French INSEE
(National Institute of Statistics and Economic Studies).Main Outcome Measures. Mean change of visual acuity and mean number
of treatments performed. Results. The change in visual acuity over time in response to each treatment was plotted in second order
polynomial regression trend lines. Intravitreal triamcinolone monotherapy resulted in some improvement in vision. Treatment
with threshold or subthreshold grid laser also resulted in minimal vision gain. Anti-VEGF therapy resulted in more significant
visual improvement. Treatment with pars plana vitrectomy and internal limiting membrane (ILM) peeling alone resulted in an
improvement in vision greater than that observed with anti-VEGF injection alone. In our DME study, treatment with vitrectomy
and ILM peeling alone resulted in the better visual improvement compared to other therapies.

1. Introduction

Diabetic macular edema (DME) is the leading cause of visual
impairment in diabetic patients and according to some data is
the leading cause of blindness amongworking age individuals
in industrialized countries. The 10-year incidence of DME in
diabetics was reported to be 20–40% [1]. Given the increasing
incidence of diabetes, DME may become a leading cause of
vision loss requiring treatment by ophthalmologists. A meta-
analysis extrapolated to the world diabetes population in 2010
estimated that approximately 93 million people may have
some form of diabetic retinopathy (DR), and 28 million may
have sight-threatening stages of DR [2].

The optimal treatment of DME is evolving. Focal and grid
laser photocoagulation’s place as the gold standard of therapy

for DME, as established in the Early Treatment of Diabetic
Retinopathy Study (ETDRS), is threatened but still has a role
in therapy [3].

New therapies continue to be developed and proven
with an ever-growing swath of literature detailing posi-
tive clinical results. Antivascular endothelial growth factor
(VEGF) agents have emerged as effective treatments and
published data supports this tectonic shift [4–10]. The RISE
and RIDE studies confirmed that intravitreal ranibizumab
injection was superior to sham treatment and approximately
40% of patients treated monthly gained over 15 letters [6].
The RESOLVE study suggested that ranibizumab treatment
was superior to laser (7.8 ETDRS letters gained versus −1.7
ETDRS letters lost) [9]. Similar results were obtained in
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the BOLT study, when bevacizumab was administered (8
ETDRS letters gained versus −0.5 ETDRS letters lost in
patients treated with laser) [8]. It must be considered that
although the endophthalmitis rate was confirmed to be as
low as 0.006% in the RIDE and RISE trials and 2% in the
RESOLVE study, diabetic patients typically require multiple
injections and are in general more susceptible to infections
and endophthalmitis [6, 9].

The question of timing in combined ranibizumab and
laser therapywas explored by theDiabetic Retinopathy Clini-
cal Research Network (DRCR) [11]. Two-year data confirmed
that ranibizumab with deferred laser photocoagulation (>24
weeks) gained 5.7 more ETDRS letters, when compared
to laser with sham injection. The protocol also compared
ranibizumab with prompt laser and triamcinolone with
prompt laser but found them in some aspect inferior to
ranibizumab with deferred laser. Patients with ranibizumab
and deferred laser needed a mean of 11.4 injections over 24
months. DRCR suggested that the smaller number of total
injections, as compared to other trials when ranibizumab
was used as solo therapy, may have been due to the laser
photocoagulation performed [11].

Other therapies, such as intravitreal corticosteroid injec-
tions or implants, subthreshold laser photocoagulation, pars
plana vitrectomywith or without internal limitingmembrane
(ILM) peeling, and combined therapies have supported
clinical research and are also widely used [12–18]. Despite
a large amount of primary literature, direct comparisons
examining the efficacy of surgical and medical treatments, or
combination thereof, are inadequate.

Prospective clinical trials that do exist in the literature, for
the most part, only compare two or three treatment modali-
ties. Grid laser photocoagulation and anti-VEGF agents have
been commonly compared in recent years as monotherapy or
in combinationwith each other [19–24].Themajority of these
studies actually favor intravitreal anti-VEGF therapy over
laser. Direct comparisons between intravitreal triamcinolone
and anti-VEGF agents have been made as well [25, 26]. Turn-
ing to a surgical option, when measured against grid laser
photocoagulation and intravitreal triamcinolone injection in
relatively small clinical trials, pars plana vitrectomy had the
advantage [27, 28].

It is not surprising that conducting comprehensive com-
parative studies for the treatment of DME is time consuming
and costly. Prospective, randomized studies with just a few
clinical arms are difficult enough to organize. One can
imagine that a clinical trial with 10 or more treatment groups
encompassing all current therapeutic options, and the many
combinations that could be made between them, would be
very difficult and very expensive to conduct. Alternatives to
such an implausible randomized study must be examined.

European Vitreo-Retinal Society (EVRS) is an organiza-
tion of over 1,900 retina specialists founded in 2001, which
previously conducted large trials examining the treatment of
retinal detachments [29–32]. A clinical study was initiated
and participating EVRS members were asked to record
information regarding individual cases ofmacular edema and
the treatments performed since 2008. A total of 86 retina
specialists from 29 countries provided information on 2,603

cases of macular edema with at least 6-month follow-up. In
this report we will discuss the treatment and results of those
cases with macular edema specifically related to diabetes.

2. Methods

The EVRS Macular Edema Study was a nonrandomized,
multicenter study in which the goal was to analyze the
treatment of macular edema. The focus was on the results
of varying treatments and treatment combinations for each
etiology of the macular edema. This paper concentrates on
cases of DME and their treatment outcomes.

Themembers of EVRS contributed to the study by report-
ing on individual cases of macular edema and their manage-
ment from 2008 to 2011. A portal was created on the EVRS
website where reporting questionnaires were available to be
filled out for each patient treated. At the conclusion of the
reporting period, the study organizers received complete data
on 2,603 cases of macular edema from 86 retina specialists.
Follow-up for these cases ranged from 6 months to 2 years.
The results were analyzed independent of investigators by the
French INSEE (National Institute of Statistics and Economic
Studies).

Reported data for each case included the type andnumber
of treatment(s) utilized, the pretreatment and posttreatment
visual acuities, and the specific dates of treatments and visual
assessments. Lens status was also recorded. Information
regarding complications was reported including an increased
or new cataract, increased intraocular pressure, retinal
detachment, vitreous hemorrhage, choroidal detachment,
and macular hole. Macular optical coherence tomography
(OCT) measurements were not reported by the surgeons
in this investigation. After having cleaned the database, the
global working sheet was sent to each contributor, masking
the name of the other contributors, so that cleaning accuracy
could be agreed upon.

Considering that this study was performed in 29 coun-
tries, the regulations and institutional review board require-
ments were different in each location. Every participant
was responsible to follow the rules and regulations of each
individual country and institution. In addition, the EVRS
Ethics and Study Design Committees have approved the
design and ethical aspects of the study.

This method of reporting of cases of macular edema led
to a few difficulties. The large number of etiologies causing
macular edema was the first factor limiting the ability to
achieve statistical significance. While information on 2,603
eyes with macular edema was reported; 870 of those cases
were specifically associated with diabetes. A second, and
more influential, factor affecting the number of cases needed
to reach a statistically significant comparison was treatment
complexity. The relatively large number of treatment options
available formacular edema and the lack of standardization in
the integration of these treatment regimens presented some
challenge. Given these limitations, the statisticians decided to
present the results as trend lines displaying improvement in
visual acuity over time.
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Table 1: Baseline demographic patient data.

Number of cases Mean pretreatment
Va LogMAR (Snellen) Standard deviation Mean number of

treatments
Monotherapy

Anti-VEGF only 139 0.7 (0.2) 0.41 2.13
Threshold grid 97 0.39 (0.41) 0.32 1.66
PPV-ILM 61 0.86 (0.14) 0.52 1.00
Subthreshold grid 52 0.36 (0.44) 0.25 2.35
Triamcinolone 41 0.69 (0.2) 0.40 1.08

Combination therapy

Anti-VEGF (1) + threshold grid (2) 130 0.64 (0.23) 0.40 (1) 1.85
(2) 1.44

Anti-VEGF (1) + subthreshold grid (2) 30 0.61 (0.25) 0.37 (1) 1.37
(2) 2.32

Triamcinolone (1) + threshold grid (2) 38 0.64 (0.23) 0.46 (1) 1.24
(2) 1.46

Triamcinolone (1) + anti-VEGF (2) 31 0.62 (0.24) 0.39 (1) 1.20
(2) 1.44

Triamcinolone (1) + PPV-ILM (2) 68 0.79 (0.16) 0.39 (1) 1.21
(2) 1.00

VEGF = vascular endothelial growth factor.
PPV-ILM = pars plana vitrectomy with internal limiting membrane peeling.

Regarding the analysis of collected data, the institute of
statistics made two decisions. First, a second order poly-
nomial regression trend line method was used, as opposed
to a linear or third order polynomial regression trend line,
because it better illustrates the effect of various treatments.
A linear regression simply does not reflect what happens to
vision following a single treatment in clinical practice nor
does a third order regression where acuity would be depicted
as fluctuating up and down in an unnatural and unexpected
way.The presentation of visual acuity over timewith a second
order trend line allows one to analyze the effect of treatment
on vision at specific intervals or according to pretreatment
visual acuity. The second decision made was that, for each
data point plotted to create the trend lines, a minimum of
three cases would be needed for every follow-up interval.
With this approach, only the averages of vision improvement
with at least three cases would be included, and the impact of
aberrant cases would be minimized.

Additional analysis was performed in order to display
final visual improvement (LogMAR) according to pretreat-
ment visual acuity. A trend line combining the results for
all treatments of DME was compared to plotted results for
individual treatments and their average pretreatment visual
acuities.

Considering that this is not a randomized study, there is a
risk of selection bias, with regard to the cases reported on by
each physician. Based on recommendation by the institute of
statistics, this riskwas limited by always comparing the results
obtained with different treatment modalities as opposed
to presenting individual values of visual improvement at
different time points along the trend lines. Furthermore, the
large number of reported cases and participating physicians
in each treatment group worked to reduce selection bias.

The trend lines, therefore, can be used to classify the efficiency
of each treatment and must be considered as indicators
of comparative results. Usually trend lines are useful in
comparing treatment groups. However, they are not a precise
measure of exact number of lines of improvement in vision.
Based on this presentation, a strategy for the treatment of
DME could be proposed.

3. Results

The details regarding the treatment of 2,603 cases of macular
edema were reported by 86 retina specialists in 29 countries.
Of these reported cases, 2,159 comprised the four etiologies,
which had numbers large enough to study. 870 had DME, 551
had epiretinalmembranes, 380 had branch retinal vein occlu-
sion, and 358 had central retinal vein occlusion. The focus
of this paper is to compare different treatment options for
DME. The baseline demographic patient data are displayed
in Table 1.

3.1. Monotherapy. Initial visual acuity in eyes in which pars
plana vitrectomy was performed was lower than in all the
other treatment groups (0.86 LogMAR versus 0.7 LogMAR
in the anti-VEGF group, 0.69 LogMAR in the triamcinolone
group, 0.39 LogMAR in threshold grid, and 0.36 LogMAR in
the grid subthreshold group). Our first goal was to analyze
the results of monotherapy in DME and to compare the
efficacy of various treatment modalities. The evolution of
visual acuity over time in response to each treatment is dis-
played as separate second order polynomial regression trend
lines in Figure 1. The numbers adjacent to the trend lines
indicate mean number of treatments for each therapeutic
intervention.
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Figure 1: Change in visual acuity (in lines) with monotherapy.
PPV-ILM = pars plana vitrectomy with internal limiting membrane
peeling. VEGF = vascular endothelial growth factor.

Pars plana vitrectomy with ILM peeling was performed
in 61 eyes and resulted in a trend line displaying marked
visual recovery about 2-3 times higher when compared to
anti-VEGF therapy alone. This result was superior to all
other treatment groups. The improvement in visual acuity
continued to increase between 12 and 24months after surgery.

Monotherapy with anti-VEGF injections was performed
in 139 eyes. Following anti-VEGF therapy alone, final visual
improvement was over two times greater than the gains
observed with either threshold (97 eyes) or subthreshold grid
laser (52 eyes) (2.589 lines of improvement on the LogMAR
chart at 21 months versus 1.326 lines and 0.995 lines at 24
months, resp.). The results achieved in subthreshold grid
laser treated eyes were not statistically different from those
obtained with threshold grid laser. Improvement remained
constant throughout the follow-up period in both groups.

Triamcinolone injections were performed in 41 eyes.
The trend line illustrating the response to treatment with
intravitreal triamcinolone is truncated due to the fact that
fewer than three cases were reported at each follow-up period
past nine months.The fact that the therapy was discontinued
after this period may be explained by the decrease of the
visual acuity trend line.

An additional issue to be considered is the number of
treatments per eye. Patients treated with vitrectomy and
ILM peeling received a mean of 1 treatment per 24 months.
Patients treated with anti-VEGF injections received a mean
of 3 treatments per 24 months and a mean of 2 triamcinolone
injections was performed during the first 9 months.

3.2. Combination Therapy. The effect of the addition of
grid laser photocoagulation to intravitreal anti-VEGF agent
injection was compared to monotherapy (Figure 2). The
improvement in visual acuity was similar to monotherapy at
the 3monthmark. However, after 6months the improvement
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Figure 2: Change in visual acuity (in lines) with anti-VEGF
combination therapy. VEGF = vascular endothelial growth factor.
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Figure 3: Change in visual acuity (in lines) with triamcinolone and
threshold grid laser.

in vision in the combination groups was lost and at 21
months vision worsening was observed with the addition
of subthreshold grid laser to anti-VEGF therapy (loss of
3.017 lines of vision on the LogMAR chart). The addition of
threshold grid laser to anti-VEGF injection resulted in a loss
of vision at 24 months (loss of 1.199 lines).

The combination of laser photocoagulation and triamci-
nolone was also investigated. At 3 months, improvement was
observed in combination therapy when compared to either
laser or steroid monotherapy. However, at 24 months both
combination therapy (1.290 lines) and threshold grid laser
alone led to a similar vision gain (Figure 3).

The combination of intravitreal triamcinolone and anti-
VEGF agents showed a temporary improvement in vision
at 3 months when compared to monotherapy. However,
combination therapy led to a negative result with an eventual
vision loss at 24 months (loss of 3.052 lines) (Figure 4). The
addition of triamcinolone injection to these cases receiving
vitrectomy did not reach the level of visual improvement
attained in those treated with ILM peeling alone (2.733 lines
of gain) (Figure 5).
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anti-VEGF. VEGF = vascular endothelial growth factor.
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Figure 5: Change in visual acuity (in lines) with triamcinolone and
PPV-ILM. PPV-ILM = pars plana vitrectomy with internal limiting
membrane peeling.

Visual improvement was then analyzed in terms of the
percent of patients gaining three or six lines of vision. The
last visual acuity reading available was compared to the
recorded pretreatment visual acuity. The data of patients
treated with either anti-VEGF injection or vitrectomy with
ILM peeling alone were compared (Table 2). 31.3% of the
anti-VEGF group and 55.2% of the vitrectomy group gained
at least 3 lines of vision. This was a statistically significant
difference. Vitrectomy with ILM peeling led to a significantly
better result (𝑃 = 0.0031). 10.8% of those treated with anti-
VEGF injection and 29.3% of patients receiving vitrectomy
gained at least 6 lines of vision. Again, statistical significance
was reached and ILM peeling had a more favorable outcome
in this analysis.

A final presentation of the data compared different treat-
ment outcomes based on final visual improvement according
to pretreatment visual acuity. In Figure 6, data were plotted
as improvement in vision, in LogMAR, and against pretreat-
ment visual acuity. A single second order regression trend
line represents the combined results of all treatments for
DME in this study, giving us a baseline. After analyzing all of
the possible mono- and combination therapies for DME, the

Table 2: Final visual improvement for anti-VEGF injection and pars
plana vitrectomy with ILM peeling monotherapy.

Anti-VEGF
(𝑛 = 102)

PPV-ILM
(𝑛 = 58) 𝑃 value

≥3 line improvement 31.3% 55.2% 0.0031
≥6 line improvement 10.8% 29.3% 0.003
VEGF = vascular endothelial growth factor.
PPV-ILM = pars plana vitrectomy with internal limiting membrane peeling.
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Figure 6: Final visual improvement (in lines) according to pretreat-
ment visual acuity. PPV-ILM = pars plana vitrectomy with internal
limiting membrane peeling. VEGF = vascular endothelial growth
factor.

plotted data points represent the top five treatments in terms
of vision improvement. Vitrectomywith ILM peeling showed
the largest recovery in vision. This treatment was followed
by, in order of descending amount of vision gain (LogMAR),
vitrectomy with ILM peeling combined with triamcinolone
(2.7328), anti-VEFG injection (2.5894), threshold grid laser
(1.3256), and subthreshold grid laser (0.9953).

3.3. Complications. Intraocular pressure rise was observed
most frequently in eyes treated with triamcinolone (17%). In
the other treatment groups, intraocular pressure increased in
about 3%.

Secondary cataract formation was most frequently
observed in the pars plana vitrectomy group (14% versus
8% in the other treatment groups). Retinal detachment was
observed in 1 case in the pars plana vitrectomy group, 1
case treated with anti-VEGF, and 1 case following grid laser
photocoagulation.

4. Discussion

The choice of treatment when dealing with DME has been
complicated in recent years with the emergence of new
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therapies, which allow for a large number of possible treat-
ment schedules and combinations [3–28]. A prospective,
randomized clinical trial could be done to address the efficacy
of each treatment alone or in combination with another;
however this sort of investigation would have many arms.
Thus, the study would be almost prohibitively large, costly,
and complex and would take years until results could be
obtained. Here we present a nonrandomized, multicenter
collaborative study to compare treatment effects among all
available therapies.

When cases of DME treated with a single therapy were
analyzed, monotherapy with vitrectomy and ILM peeling
resulted in the largest improvement in vision. In comparison,
treatment with pars plana vitrectomy and ILM peeling alone
resulted in an improvement in vision two to three times
greater than observed with anti-VEGF injection alone. Treat-
ment with intravitreal anti-VEGF agents resulted in a better
outcome than either type of grid laser, but vitrectomy still led
to more vision improvement. Both methods of grid laser did
not show overly positive results in improving visual acuity. It
does appear that subthreshold grid laser has the same effect
as threshold grid laser, which is consistent with the findings
of other studies [27, 28]. These results suggest that if only a
single therapy is to be considered to treat DME, vitrectomy
with ILM peeling may be a good option for attaining visual
acuity improvement over 24-month follow-up.

The more favorable outcomes observed with vitrectomy
and ILM peeling alone versus other mainstream therapies
certainly raise questions. Considering that surgery for DME
is in many cases done as a last resort, why would this therapy
alone result in significant visual improvement? A possible
explanation could be that the majority of cases chosen for
vitrectomy have already failed other treatments. Thus DME
is chronic and photoreceptors are nonfunctional by the time
that the operation is performed. In this situation, a better
prognosis would be expected if a surgical option was opted
for sooner.

The treatment of DME with anti-VEGF injection alone
fared well with relatively good visual improvement; however
the addition of any grid laser led to an overall negative out-
come by the conclusion of the study. There are prior clinical
trials supporting the assertion that the addition of grid laser
to anti-VEGF therapy does not significantly improve out-
comes [19, 21]. For example, the RESTORE study in 2011 did
not show improvement with the addition of laser. Our results
suggest that adding grid laser to a regimen of intravitreal
anti-VEGF injections may not improve visual outcome. Prior
studies have shown that outcomes for treatment of DME at
36 months with ranibizumab are maintained with frequent
injections to optimally control edema and maximize vision.
In our study the average number of intravitreal injections of
anti-VEGF per patient was low which may reflect difficulty
with frequent injections outside of randomized clinical trials.
Also more extensive focal/grid laser therapy may have con-
tributed in reduction of the number of injections [33].

Intravitreal triamcinolone is widely used to treat DME,
especially in combination with other therapies. In this study,
the efficacy of treating DME solely with triamcinolone injec-
tion is difficult to interpret given the truncated trend line with

an insufficient number of cases to evaluate the effect on vision
past ninemonths.Thismay reflect the general shift of therapy
away from the use of triamcinolone injection to the use of
anti-VEGF agents. There is sufficient data to comment on
combination therapy with triamcinolone. While the addition
of triamcinolone to threshold grid laser did not seem to help
with vision improvement, the medication’s addition to both
anti-VEGF therapy and vitrectomy with ILM peeling actually
led to worse results compared to cases where the steroid was
not used.These results reflect the conclusions of clinical trials
in the literature reporting no improvement with the addition
of triamcinolone to anti-VEGF therapy or grid laser [22, 34–
37]. The outcomes here suggest that triamcinolone injection
may not be useful in augmenting treatment with grid laser,
anti-VEGF injection, or ILM peeling.

A major issue that must be addressed is the fact that
visual improvement should ideally be considered according
to pretreatment vision level. It is less productive and less
impactful to present the percentage of vision improvement
greater than three lines where initial vision is not taken into
account. ILM peeling was superior to anti-VEGF therapy in
this comparison. However, this classical way of presenting
data is not completely meaningful in this situation, since
the improvement is dependent on pretreatment visual acuity.
Certainly it is easier to achieve three lines of improvement
if the initial vision is 20/400 than if it is 20/30. The true
evaluation of results should relies on classification of the
results according to pretreatment visual acuity. This was the
impetus behind displaying final visual improvement for each
therapy according to pretreatment visual acuity. According to
this analysis, vitrectomy with ILM peeling resulted in better
visual outcome for DME compared to other treatments.

The impact of vitrectomy on tractional diabetic macular
edema is well known. Removal of the posterior hyaloid and
release of traction result in an increase in tissue pressure
and also a lowering of hydrostatic pressure gradient [38]. It
is important to note that there is also evidence to support
benefits of vitrectomy in nontractional edema. The oxygen
level in the vitreous of diabetic patients is low [39]. There
is evidence that demonstrate increased oxygen level in the
vitreous cavity following vitrectomy [40]. Vitrectomy not
only results in increased oxygen transport between the
anterior and posterior segment, but also helps the removal
of growth factors, such as vascular endothelial growth factor
[41]. The net impact may result in improved macular edema.
In addition, 3D spectral domain OCT now provides full-
field macular images that can identify often overlooked
extrafoveal traction that can contribute toDME that is labeled
as nontractional by foveal features alone [42]. Also, PPV
could result in better preservation of the ellipsoid line and
parallelism and could therefore result in a better visual acuity.

Considering the success of ILM removal in improving
retinal edema and vision in this study, a more detailed expla-
nation regarding a possible mechanism of action is in order.
Aside from the favorable changes with the removal of vitre-
ous, peeling results in the removal of the ILM barrier as well
as local glial proliferation including astrocytes,microglia, and
the Müller cells endfeet. Prior investigations have shown that
ILM peeling usually results in some Müller cell injury and
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stimulation of healing process [41]. MinorMüller cell trauma
has been extensively studied in retinal detachments where it
results in an upregulation of epidermal growth factor receptor
(EGF-R). EGF-R regulates the injury response where stem
cell proliferation compensates for the loss of neural cells.
More importantly, EGF-R stimulates the filling ofMüller cells
with microfibrils of glial fibrillary acidic proteins (GFAPs)
causing a vertical glial proliferation from the ILM to the exter-
nal limitingmembrane.Thismechanismwas described in the
central nervous system, where, following trauma, radial glia
are formed to repair and reconnect synapses [43, 44].This has
also been observed in the retina where, in the case of detach-
ment, an increase of GFAPs inMüller cells attenuates hypoxic
damage and neuronal loss is reduced [45–47]. Besides retinal
detachment, these protective mechanisms have been shown
to be linked to ischemic retinal injury [48, 49]. These results
suggest that, as we perform vitrectomy and ILMpeeling, anti-
inflammatory agents like triamcinolonemay not be helpful in
reducing edema as they can decrease the repair of glial cells.

Significant weaknesses and limitations do exist for this
sort of investigation. Considering this study was not random-
ized with specific treatment groups, the exact sequence and
timing of single treatment types or combination therapies
were not standardized. Different doses of triamcinolone,
different techniques of grid laser application, and varying
numbers of intravitreal anti-VEGF injections may have been
used, possibly impacting the results. With regard to the
formulation of the trend lines, even though several cases
were available for each data point, for the most part fewer
cases were available when plotting the data points two years
out from starting treatment. This may weaken the validity of
extrapolated final visual improvement. Trend lines are useful
in comparing efficacy of therapeutic options. However, they
may not be very precise inmeasuring exact number of lines of
improvement in vision. Another issue is that not all diabetic
macular edemas are created equal. It is possible that combina-
tion therapy, such as the addition of triamcinolone to another
treatment or grid laser to anti-VEGF injection, was chosen in
those cases deemed to be particularly severe or difficult.Thus,
it is not that the combination is necessarily worse, but it is that
the results may be affected due to a selection of patients with
particularly advanced disease receiving that treatment.

It is extremely difficult to compare different studies due
to varying inclusion criteria, treatment options, and initial
visual acuities. Retrospective studies are generally of less
statistical and clinical value than prospective trials. This
weakness may be lessened by using a large number of inves-
tigated subjects, which can results in a more significant sta-
tistical analysis. Considering that this study shows outcomes
similar to prior prospective randomized clinical trials with
regard to anti-VEGF therapy with laser and triamcinolone
with other treatment options, it is reasonable to infer that
other outcomes from this investigation, such as the role of
vitrectomy in the treatment of diabetic macular edema, may
be later confirmed with subsequent prospective randomized
trial results [8, 12, 15, 16].

In summary, this comparative study suggested that vit-
rectomy with ILM peeling may be a good option for the

treatment of selected patients with DME. As for combination
therapy, adding grid laser to a regimen of intravitreal anti-
VEGF injections may not be helpful. Also, the addition of
intravitreal triamcinolone injection to grid laser, anti-VEGF
injection, or vitrectomy/ILM peeling may not improve final
visual acuity. Additional prospective, randomized studies are
needed to determine the optimal treatment of DME and
confirm these results.
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Purpose. To evaluate macular retinal ganglion cell-inner plexiform layer (GCIPL) thickness changes after Brilliant Blue G-assisted
internal limiting membrane peeling for idiopathic macular hole repair using a high-resolution spectral-domain optical coherence
tomography (SD-OCT).Methods. 32 eyes from 32 patients with idiopathic macular holes who underwent vitrectomy with internal
limiting membrane peeling between January 2011 and July 2012 were retrospectively analyzed. GCIPL thickness was measured
before surgery, and at one month and at six months after surgery. Values obtained from automated and semimanual SD-OCT
segmentation analysis were compared (Cirrus HD-OCT, Carl Zeiss Meditec, Dublin, CA). Results. No significant differences were
found between average GCIPL thickness values between preoperative and postoperative analysis. However, statistical significant
differences were found in GCIPL thickness at the temporal macular quadrants at six months after surgery. Quality measurement
analysis performed by automated segmentation revealed a significant number of segmentation errors. Semimanual segmentation
slightly improved the quality of the results. Conclusion. SD-OCT analysis of GCIPL thickness found a significant reduction at the
temporal macular quadrants at 6 months after Brilliant Blue G-assisted internal limiting membrane peeling for idiopathic macular
hole.

1. Introduction

Nowadays, one of the most common surgical procedures
for idiopathic macular hole (IMH) management is based on
vitrectomy with internal limiting membrane (ILM) peeling
[1–3]. Different vital dyes such as indocyanine green (ICG)
or Brilliant Blue G (BBG) and other substances such as
triamcinolone acetonide (TA) have been used to assist in
peeling of the ILM of the neuroretina [4–6]. However, several
authors have reported histological and functional damage
to the retina after IMH surgery with ICG-assisted ILM

peeling [3, 7–10]. In contrast, BBG or TA appears to be safer
alternatives for ILM peeling [6, 11, 12].

On the other hand, ILM peeling itself may induce visible
changes of the inner retinal surface, although no changes in
retinal nerve fiber layer (RNFL) thickness have been detected
[13]. However, there is some controversy about the effect
that BBG-assisted ILM peeling has on the retinal ganglion
cell complex (RGCC) [14, 15]. Moreover, a recent study has
suggested that ILM peelingmay reduce retinal sensitivity and
increase the incidence of microscotomas [16].
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Figure 1: Macular analysis of the left eye and ganglion cell analysis of both eyes of a 78-year-old woman at 6 months after vitrectomy with
Brilliant BlueG-assisted internal limitingmembrane peeling for idiopathicmacular hole. (a)OCT cross-section analysis showing cube volume
and cube thickness. (b) Average, minimum, and sectorial macular thickness of the ganglion cell-inner plexiform layer of both eyes. Amacular
temporal defect may be appreciated in the left eye.

To our knowledge, only a few groups have evaluated the
effect of ILM peeling on the RGCC after idiopathic macu-
lar hole surgery using the RTVue-100 SD OCT (Optovue,
Fremont, CA, USA) with different results [14, 15, 17]. In the
current study, we evaluated for the first time the capacity
of the new ganglion cell analysis (GCA) software of the
Cirrus HD-OCT (Carl ZeissMeditec, Dublin, CA) to analyze
the retinal ganglion cell-inner plexiform layer (GCIPL) after
BBG-assisted internal limiting membrane peeling for idio-
pathic macular hole surgery. Additionally, we evaluated how
BBG-assisted ILM peeling affects the macular and average
GCIPL thickness at 1 and 6months aftermacular hole surgery
with this new software.

2. Materials and Methods

This study was a multicenter (𝑛 = 5), retrospective, and
observational study of 32 patients. The institutional review
board approval of every center was obtained. All of the
patients underwent a vitrectomy associated with BBG-
assisted peeling of the retinal ILM as a consequence of an
IMH between January 2011 and July 2012. Seven patients were
excluded for the following reasons: a history of glaucoma (1),
failure to correctly identify the limits of the GCIPL by the
ganglion cell analysis software by automated or semimanual
segmentation (4), or macular holes greater than the central
area of analysis where the GCA software does not measure

the GCIPL thickness (2) (Figure 1). Therefore, a total of 25
eyes of 25 patients were included in this study.

Demographic information collected from the clinical
chart included patient age, sex, combined cataract surgery,
macular hole stage, preoperative best-corrected visual acuity
(BCVA), postoperative BCVA, intraocular hypertension after
surgery (>25mmHg), history of glaucoma, and failure to
close the macular hole. Best-corrected visual acuity was
measured using a decimal visual acuity chart, and the decimal
visual acuity was converted to the logarithm of the minimum
angle of resolution (logMAR) units for statistical analysis.

Three-dimensional cube OCT data were obtained with
the Cirrus HD-OCT device using the Macular Cube 200 ×
200 scan protocol. This protocol performs 200 horizontal B-
scans comprising 200 A-scans per B-scan over 1024 samples
within a cube measuring 6 × 6 × 2mm. The GCA software
(6.0 version) evaluates the thickness of the ganglion cell plus
inner plexiform layers. The average, minimum, and sectorial
thicknesses of the GCIPL are measured in an elliptical annu-
lus (vertical inner and outer radius of 0.5mm and 2.0mm;
horizontal inner and outer radius of 0.6 and 2.4mm, resp.)
around the fovea. In order to avoid segmentation errors,
OCT measurements with signal strength (SS) below 5 were
excluded (0: lowest SS; 10: highest SS).

All OCT images were obtained by experienced clinical
technicians. Eyes were dilated with tropicamide 1% and
phenylephrine 2.5%. AverageGCIPL thickness, macular cube



BioMed Research International 3

OD thickness mapOD thickness map

Fovea: 276, 68 Fovea: 259, 66

(a) (b)

Figure 2: This example shows the relocation of the area of analysis
(semimanual segmentation). The center was manually displaced
following the direction of the black arrow (b).

average thickness (MCAT), andmacular cube volume (MCV)
values of the patients included in this study were measured
preoperatively, at 1 and at 6months aftermacular hole surgery
by scanning with the Cirrus HD-OCT system (Carl Zeiss
Meditec, Dublin, CA) (Figure 1).

The main outcome measure was the comparison of
average GCIPL thickness preoperatively and at 6 months
after macular hole surgery with BBG-assisted ILM peeling.
Comparison of MCAT and MCV preoperatively and at 6
months after macular hole surgery with ILM peeling was
the secondary outcome measures. Moreover, all values were
obtained at 1 month after surgery. Average, minimum, and
sectorial (superior, inferior, superonasal, inferonasal, super-
otemporal, and inferotemporal) GCIPL thickness values were
obtained and compared in every patient preoperatively and at
1 and 6 months after surgery (Figure 1).

Each GCIPL scan was evaluated in order to identify how
many cases had a greater GCIPL thickness after surgery
compared to before. This data was studied to evaluate the
quality of the measurements, as the real GCIPL thickness
should not be higher in the postoperative period.

A comparison between preoperative and postoperative
macular GCIPL thickness values was also performed by
semimanual segmentation. The Cirrus HD-OCT (Carl Zeiss
Meditec, Dublin, CA) GCIPL analysis software is not capable
of real manual segmentation of the macular layers, but it
does allow relocation of the area of analysis (Figure 2). This
procedure was performed in every scan by an experienced
clinical technician in order to improve the quality of the
measurements by repositioning the area of analysis in the real
center of the fovea.

Surgery was performed using a standard 23- or 25-
gauge 3-port pars plana vitrectomy. The infusion cannula
was placed in the inferotemporal quadrant. If the posterior
hyaloid was still attached to the optic disc, its detachment
was induced by suction with the vitrectomy probe. A volume
of 0.1mL BBG (Fluoron GmbH, Ludwigsfeld, Germany) at a
concentration of 0.25mg/mL was injected into the vitreous
cavity over the posterior pole for 30 seconds. The ILM was
grasped at the temporal quadrant and peeled off with forceps

Table 1: Demographic characteristics.

Parameter Values %
Sex

Male 11 44
Female 14 56

Age∗ 70.48 ± 8.66
Eye

Right 13 52
Left 12 48

Macular hole stage
2 6 24
3 8 32
4 11 44

Visual acuity (logMAR)
Preoperative∗ 0.70 ± 0.32
Postoperative∗ 0.34 ± 0.32

Glaucoma
No 25 100
Yes 0 0

Macular hole closure 25 100
∗Mean ± SD.
logMAR: logarithm of the minimum angle of resolution.

in an area of 2-disc diameter around the macular hole. Fluid-
air exchange and intraocular gas tamponade with SF6 at
20% were performed. After surgery, patients were asked to
remain in a facedown position for at least 50 minutes per
hour for four days. In 12 patients, the crystalline lens was
removed by phacoemulsification followed by intraocular lens
implantation before pars plana vitrectomy. A topical beta
blocker (timolol maleate 0.5%BID) was routinely used to
prevent postoperative intraocular pressure (IOP) rise.

The differences in the OCT values between the preopera-
tive time and at 1 and at 6 months after surgery were analyzed
using the paired t-test.The descriptive statistics are expressed
as the means, standard deviations (SDs), and percentages.
Visual acuity data were converted to the logarithm of the
minimal angle of resolution (logMAR). Statistical analysis
was performed using SPSS, version 15.0 (SPSS Inc., Chicago,
IL). A 𝑃 value of ≤0.05 was considered significant.

3. Results and Discussion

The study sample was comprised of 25 eyes of 25 participants
(mean age 70.48 ± 8.66 years old, range: 49–82). Mean
preoperative and postoperative (6 months) BCVA were 0.7
± 0.32 logMAR units and 0.34 ± 0.32 logMAR units, respec-
tively.The rate of closure of macular holes by OCT evaluation
was 100% at 1 and 6 months after surgery. Twelve patients
underwent a combined cataract surgery with pars plana
vitrectomy. None of the patients had a postoperative retinal
detachment. There was no recorded incidence of increased
postoperative IOP above 25mmHg. Demographic data are
shown in Table 1.

Average MCV was 10.22 ± 0.81 𝜇m at the preoperative
period, 10.03 ± 1.06𝜇m at 1 month after surgery, and 9.85
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Table 2: Comparison between preoperative and postoperative (at 1 month after surgery) macular GCIPL thickness values performed by
automated segmentation.

𝑁 = 25
Preoperative

(𝜇m) SD (𝜇m) Postoperative
(𝜇m) SD (𝜇m) Difference

(𝜇m) SD (𝜇m) 𝑃 value∗

Average GCIPL thickness 60.72 18.20 61.52 17.37 −0.8 0.83 0.865
Minimum GCIPL thickness 33.56 18.20 43.60 23.83 −10.04 −5.63 0.134
GCIPL superior 59.76 26.37 64.04 27.73 −4.28 −1.36 0.531
GCIPL inferior 53.88 23.79 59.56 18.48 −5.68 5.31 0.363
GCIPL superonasal 59.04 24.77 65.64 22.01 −6.6 2.76 0.243
GCIPL superotemporal 69.48 14.87 59.20 20.37 10.28 −5.5 0.076
GCIPL inferonasal 54.48 20.62 62.80 18.90 −8.32 1.72 0.116
GCIPL inferotemporal 67.40 20.55 59.36 22.77 8.04 −2.22 0.176
∗Student’s 𝑡-test.
GCIPL: ganglion cell-inner plexiform layer.
SD: standard deviation.

Table 3: Comparison between preoperative and postoperative (at 1 month after surgery) macular GCIPL thickness values performed by
semimanual segmentation.

𝑁 = 25
Preoperative

(𝜇m) SD (𝜇m) Postoperative
(𝜇m) SD (𝜇m) Difference

(𝜇m) SD (𝜇m) 𝑃 value∗

Average GCIPL thickness 69.23 19.50 65.00 14.80 4.23 4.70 0.466
Minimum GCIPL thickness 49.69 23.29 47.85 23.78 1.85 −0.50 0.832
GCIPL superior 66.31 21.64 63.15 19.27 3.15 2.37 0.610
GCIPL inferior 63.31 22.35 63.54 16.49 −0.23 5.86 0.973
GCIPL superonasal 71.08 25.08 68.69 23.15 2.38 1.93 0.728
GCIPL superotemporal 75.23 14.21 62.08 18.27 13.15 −4.06 0.083
GCIPL inferonasal 67.15 24.13 71.69 17.07 −4.54 7.06 0.303
GCIPL inferotemporal 72.00 19.20 61.46 17.16 10.54 2.03 0.198
∗Student’s 𝑡-test.
GCIPL: ganglion cell-inner plexiform layer.
SD: standard deviation.

± 0.95 𝜇m at 6 months after surgery. Additionally, MCAT
was 283.92 ± 21.86 𝜇m at the preoperative period, 279.8 ±
29.23 𝜇m at 1 month after surgery, and 274.64 ± 26.53𝜇m at
6 months after surgery. Statistically significant differences in
the average MCV and MCAT were found at 6 months after
surgery (𝑃 = 0.008 and 𝑃 = 0.016, resp.). In contrast, no
differences were found in the average MCV and MCAT at 1
month after surgery (𝑃 = 0.186 and 𝑃 = 0.318, resp.).

Preoperative and postoperative average GCIPL thickness
values obtained by automated segmentation were 60.72 ±
18.20 𝜇m and 61.52 ± 17.37 𝜇m, respectively, with no statisti-
cally significant differences between the two groups (Table 2).
Similarly, preoperative and postoperative average GCIPL
thickness obtained by semimanual segmentation was 69.23 ±
19.50 and 65.00 ± 14.80 𝜇m, respectively, and no statistically
significant differences were found either (Table 3). However,
automated segmentation analysis showed statistically signif-
icant differences in the GCIPL thickness at the superior-
temporal quadrant at 6 months after surgery (𝑃 = 0.026)
(Table 4). No differences were found in the comparison of
other GCIPL quadrants analyses. In contrast, when the analy-
sis was performed by semimanual segmentation, statistically
significant differences were found in the GCIPL thickness

at both the superotemporal and inferotemporal quadrants at
6 months after surgery (𝑃 = 0.011 and 𝑃 = 0.013, resp.)
(Table 5).

Quality measurement analysis performed by automated
segmentation showed that GCIPL thickness was higher in the
postoperative period in around 50% of the scans (Table 6).
Therefore, a significant number of segmentation errors can
be expected when the automated analysis is performed in
patients with macular holes. Similarly, the quality mea-
surement analysis performed by semimanual segmentation
revealed only a slight improvement in the GCIPL segmen-
tation (Table 7).

Nowadays, ILM peeling combined with pars plana vitrec-
tomy is considered an effective procedure for IMH surgery
[1]. The removal of ILM is associated with better anatomic
results and faster visual acuity recovery after surgery [1, 18,
19]. However, some adverse effects have been documented
after ILM peeling, which may be associated with the use
of vital dyes during surgery [20–23]. Recently, BBG-assisted
ILM peeling has been reported to be safer than other dyes
[24–26]. Still, a marked decrease of the average RGCC thick-
ness at 6 months after surgery has been recently documented
after ICG or BBG-assisted ILM peeling, with no differences
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Table 4: Comparison between preoperative and postoperative (at 6 months after surgery) macular GCIPL thickness values performed by
automated segmentation.

𝑁 = 25
Pre-operative

(𝜇m) SD (𝜇m) Postoperative
(6m) (𝜇m) SD (𝜇m) Difference

(𝜇m) SD (𝜇m) 𝑃 value∗

Average GCIPL thickness 60.72 18.20 61.20 14.71 −0.48 3.49 0.912
Minimum GCIPL thickness 33.56 18.20 44.20 19.38 −10.64 −1.18 0.053
GCIPL superior 59.76 26.37 58.32 19.46 1.44 6.91 0.808
GCIPL inferior 53.88 23.79 60.16 15.07 −6.28 8.72 0.292
GCIPL superonasal 59.04 24.77 64.28 20.28 −5.24 4.49 0.353
GCIPL superotemporal 69.48 14.87 59.52 14.83 9.96 0.04 0.026
GCIPL inferonasal 54.48 20.62 64.08 15.56 −9.6 5.06 0.080
GCIPL inferotemporal 67.40 20.55 60.72 17.31 6.68 3.24 0.070
∗Student’s 𝑡-test.
GCIPL: ganglion cell-inner plexiform layer.
SD: standard deviation.

Table 5: Comparison between preoperative and postoperative (at 6 months after surgery) macular GCIPL thickness values performed by
semimanual segmentation.

𝑁 = 25
Preoperative

(𝜇m) SD (𝜇m) Postoperative
(6m) (𝜇m) SD (𝜇m) Difference

(𝜇m) SD (𝜇m) 𝑃 value∗

Average GCIPL thickness 69.23 19.50 63.77 10.14 5.46 9.36 0.241
Minimum GCIPL thickness 49.69 23.29 45.08 16.94 4.62 6.35 0.499
GCIPL superior 66.31 21.64 60.69 15.80 5.62 5.84 0.292
GCIPL inferior 63.31 22.35 62.31 14.40 1.00 7.95 0.866
GCIPL superonasal 71.08 25.08 67.85 17.23 3.23 7.85 0.590
GCIPL superotemporal 75.23 14.21 60.08 10.70 15.15 3.51 0.011
GCIPL inferonasal 67.15 24.13 72.54 11.13 −5.38 13.01 0.313
GCIPL inferotemporal 72.00 19.20 58.62 10.19 13.38 9.01 0.013
∗Student’s 𝑡-test.
GCIPL: ganglion cell-inner plexiform layer.
SD: standard deviation.

between both dyes [17]. In contrast, Sevim and Sanisoglu
showed no significant decrease of the average, superior, and
inferior RGCC thickness after BBG-assisted ILMpeeling [14].

The variables generated by the GCC measuring mode of
the original software of the RTVue-100 SD OCT (Optovue,
Fremont, CA, USA) employed by Baba et al. and Sevim et al.
include the average, superior (0–180 degrees), and inferior
(180–360 degrees) thickness of the RGCC, which comprises
the retinal nerve fiber layer, the ganglion cell layer, and the
inner plexiform layer. In contrast, the ganglion cell analysis
(GCA) software of the Cirrus HD-OCT (Carl Zeiss Meditec,
Dublin, CA) used in this study allows obtaining the GCIPL
thickness, and therefore the retinal nerve fiber layer is not
included in the measurement. Furthermore, GCA software
generates specific variables for each quadrant of the macular
area (superior, inferior, superonasal, inferonasal, superotem-
poral, and inferotemporal), as well as the average and min-
imum GCIPL thickness. Therefore, a more specific analysis
of the inner retinal thickness area may be performed with
this software. Actually, we observed no changes in the average
GCIPL thickness at 1 and 6months after surgery (Tables 3–6).
However, when the analysis was performed by semimanual
segmentation and individual macular quadrants, a focal

GCIPL thickness decrease in the superotemporal and infer-
otemporal macular area was seen at 6 months after surgery
(Table 5). Similarly, when the analysis was performed by
automated segmentation, a focal GCIPL thickness decrease
was observed in the superotemporal macular area.

Based on our results, we hypothesize that as the RNFL is
thinner at the temporal area than at the nasal area [27], the
ganglion cells may be more exposed to the retinal surface,
and consequently to the BBG dye, which could have some
toxic effects over these cells. Some in vitro studies have
found a significant decrease in cell viability in both retinal
pigment epithelial cells and retinal ganglion cells at exposure
times to BBG as early as 3 minutes [28–30]. This reduction
in cell viability has been attributed to a cytostatic effect
[31]. Additionally, the ILM peeling may cause a mechanical
damage over the ganglion cell layer, which is “less” protected
by the RNFL at the temporal area. On the other hand,
ILM was usually grasped and peeled off from the temporal
quadrant, which may contribute to the mechanical damage
at this area.

Several groups have reported nasal visual defects after
ICG-assisted ILM peeling in IMH surgery [8–10, 32]. Some
factors that may be responsible for this defect include ICG
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Table 6:Qualitymeasurement analysis between the preoperative and postoperativemacularGCIPL thickness values performed by automated
segmentation.

𝑁 = 25
Postoperative (1m) Postoperative (6m)

GCIPL (< or =)∗ GCIPL (>)† GCIPL (< or =)∗ GCIPL (>)†

Average GCIPL thickness 12 48% 13 52% 11 44% 14 56%
Minimum GCIPL thickness 9 36% 16 64% 9 36% 16 64%
GCIPL superior 11 44% 14 56% 12 48% 13 52%
GCIPL inferior 10 40% 15 60% 10 40% 15 60%
GCIPL superonasal 14 56% 11 44% 12 48% 13 52%
GCIPL superotemporal 15 60% 10 40% 18 72% 7 28%
GCIPL inferonasal 11 44% 14 56% 12 48% 13 52%
GCIPL inferotemporal 15 60% 10 40% 16 64% 9 36%
Average 12.13 49% 12.88 52% 12.5 50% 12.5 50%
∗GCIPL (< or =): number of cases where the ganglion cell-inner plexiform layer thickness is lower than or equal to before surgery.
†GCIPL (>): number of cases where the ganglion cell-inner plexiform layer thickness is higher than before surgery.

Table 7: Quality measurement analysis between the preoperative and postoperative macular GCIPL thickness values performed by
semimanual segmentation.

𝑁 = 25
Postoperative (1m) Postoperative (6m)

GCIPL (< or =)∗ GCIPL (>)† GCIPL (< or =)∗ GCIPL (>)†

Average GCIPL thickness 13 52% 12 48% 14 56% 11 44%
Minimum GCIPL thickness 13 52% 12 48% 13 52% 12 48%
GCIPL superior 13 52% 12 48% 15 60% 10 40%
GCIPL inferior 14 56% 11 44% 16 64% 9 36%
GCIPL superonasal 15 60% 10 40% 14 56% 11 44%
GCIPL superotemporal 15 60% 10 40% 17 68% 8 32%
GCIPL inferonasal 12 48% 13 52% 12 48% 13 52%
GCIPL inferotemporal 13 52% 12 48% 16 64% 9 36%
Average 13.50 54% 11.50 46% 14.63 59% 10.38 42%
∗GCIPL (< or =): number of cases where the ganglion cell-inner plexiform layer thickness is lower than or equal to before surgery.
†GCIPL (>): number of cases where the ganglion cell-inner plexiform layer thickness is higher than before surgery.

concentration, time of tissue contact, and ILM mechanical
tractions [7].However, no visual field defects have been found
after BBG-assisted ILM removal [33].

The GCC color map provided by the RTVue software
may allow identifying specific areas of focal ganglion cell loss.
Actually, Baba et al. showed one case of a predominantly
temporal GCC loss in the color-coded GCC thickness map
reported [17].

On the other hand, we observed a significant decrease
in the MCAT and MCV at 6 months after surgery. Some
patients presented a preoperative abnormal increase of both
parameters, secondary to microcystic edema usually present
at the edge of the macular hole [34–36]. Additionally,
MCAT and MCV results may be affected significantly by
the positioning of the scanning beam in the pupil and the
resultant angle of incidence on the retina [37]. In fact, this
measurement error may be even more frequent when IMH is
present.

The study had some limitations. First, our series of
patients is relatively small, in part because the GCA software
of the Cirrus HD-OCT has only recently become commer-
cially available.Therefore, future studies should be performed

to validate our results. Second, longer observation periods are
needed in order to evaluate the GCIPL progress over time.
Third, the automatic segmentation performed by the GCA
software may be altered in some patients where the macular
morphology is distorted due to the IMH (Figure 3). Actually,
these measurement errors may be the reason why almost
no differences were found in the average GCIPL thickness
in our study. In fact, we observed that GCIPL thickness
analysis in some macular quadrants was higher after surgery
than before surgery, even if the analysis was performed by
automated or semimanual segmentation (Tables 6 and 7,
resp.). Therefore, additional studies should be performed in
order to determine the ability of the Cirrus HD-OCT (Carl
Zeiss Meditec, Dublin, CA) to analyze the GCIPL in patients
with different macular diseases. Alternatively, a real manual
segmentation could be performed by custom OCT analysis
software (i.e., OCTOR).

In conclusion, only focal temporal changes in the GCIPL
thickness may be appreciated after vitrectomy with BBG-
assisted ILM peeling for IMH. Furthermore, the results
provided by Cirrus HD-OCT (Carl Zeiss Meditec, Dublin,
CA) ganglion analysis software should be carefully evaluated
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Figure 3: Examples of scans with incorrect ganglion cell-inner plexiform layer segmentation due tomacular morphology distortion. (a) OCT
ganglion cell analysis in a patient after idiopathic macular hole surgery. (b) OCT ganglion cell analysis in a patient with an idiopathic macular
hole. The arrows show an area where the automated segmentation was incorrectly performed.

in patients with maculopathies where there is a macular
morphology distortion. However, semimanual segmentation
may slightly help to improve the quality of theGCIPL analysis
in these patients.

4. Conclusions

A significant reduction of GCIPL thickness at the temporal
macular quadrants was observed by SD-OCT analysis with
the new ganglion cell analysis (GCA) software of the Cirrus
HD-OCT (Carl Zeiss Meditec, Dublin, CA) at 6 months after
vitrectomy with BBG-assisted internal limiting membrane
removal for idiopathic macular hole surgery. This reduction
detection was higher when the analysis was performed by
semimanual segmentation. On the other hand, an increase
in the postoperative GCIPL thickness was observed in a
significant number of patients, although this increase was less
pronounced when the analysis was performed by semiman-
ual segmentation. As we assume that an increase in GCIPL
thickness is not expected after surgery, we hypothesize that
these values may be artefacts or even a subtle inner retinal
edema after ILM peeling, which could be caused by BBG
dye. In this study we have evaluated the capacity of the
new software of the Cirrus HD-OCT (Carl Zeiss Meditec,
Dublin, CA) to analyze changes in the retinal GCIPL after
internal limiting membrane peeling for idiopathic macular
hole surgery, but further studies should be performed in
patients with other frequent macular pathologies. To our
knowledge, no study has previously validated this software
in macular pathology. Glaucoma specialists must take into
consideration this possible bias in GCIPL thickness analysis
in patients with vitreomacular surface changes.
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Purpose. We hypothesized that reaction times (RTs) for a switch release are faster for hand-controlled than for foot-controlled
switches for physiological and anatomical reasons (e.g., nerve conduction speed). The risk of accidental trauma could be reduced
if the surgeon reacted quicker and therefore improve the surgical outcome. Method. We included 47 medical professionals at
USC. Demographics and handedness were recorded. Under a microscope, a simple reaction time test was performed, testing all
extremities multiple times in a random order. Additionally, a subjective questionnaire was administered. Results. The mean RTs
for hands are 318.24ms ± 51.13 and feet 328.69 ± 48.70. The comparison of hand versus foot showed significant shorter RTs for the
hand (𝑃 = 0.025). Partially significant differences between and within the experience level groups could be demonstrated by level
of education (LE) and microscopic surgeries/week (MSW) (𝑃 = 0.57–0.02). In the subjective questionnaire, 91.5% (𝑛 = 43/47) of
test subjects prefer to use hand controls.Conclusion. Our data show that the RT for hands is faster than feet. Similarly the subjective
questionnaire showed a greater preference for hand actuation. This data suggest a hand-controlled ophthalmic instrument might
have distinct advantages; however, clinical correlation is required.

1. Introduction

Very delicate eye surgeries are usually performed by a sur-
geon, working through a microscope, who is often required
to make quick intraoperative decisions. The surgical man-
agement of vitreous and retinal pathologies (e.g., retinal
detachment or vitreous bleeding) can include removal of the
vitreous, intervention on the retina, or intraocular illumina-
tion and magnification. Vitreoretinal surgeries are dynamic
and precise maneuvers that require a fast reaction time (RT).
The RT represents the time between the initiation of a given
event (e.g., intraocular bleeding) and the surgeon’s response
to that event (e.g., elevation of intraocular pressure) [1].

A short RT might be associated with better outcomes and
with the prevention of iatrogenic trauma.

All currently commercially available vitrectomy systems
are controlled using a foot-pedal (e.g., Stellaris PC—Bausch
& Lomb; Constellation Vision System—Alcon; Eva—DORC;
NovitreX—Oertli). When the pedal is depressed, the console
machine responds by increasing the vacuum and cut rate at
the tip of the vitreous cutter. If the retina is inadvertently
sucked into the cutter, the surgeon must react quickly to
release the pedal, thereby stopping or reducing the suction
force. By doing so, the surgeon can prevent serious compli-
cations and damage to the retina, such as retinal detachment,
retinal holes, or vitreous hemorrhage. Any of these events can
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cause severe long-term retinal tissue damage with a possible
need for further surgery or may even result in permanent
vision loss. The length of the release time (pedal) plays a key
role in the outcome.

Several articles have been published on simple RT tests
[2], but only a few studies have measured eye-hand or eye-
foot response times [2, 3].The hypothesis of the present study
was that for physiological, anatomical (e.g., nerve-conduction
velocity), and ergonomic reasons, the time required to release
a switch with the hand is shorter than the time required to
release a switch with the foot. If this hypothesis is correct,
then the risk of trauma to the eye could, in theory, be reduced
if the cut and vacuum rates were controlled by hand and if so,
then the results of the surgery might be improved.

Our studywas designed to evaluate the RTs of surgeons or
future surgeons, testing both the dominant and nondominant
hands and feet. To the best of our knowledge, this is the
first RT study in which medical professionals were tested
while using amicroscope. Data analysis included the subjects’
age, gender, medical training, frequency of surgery per-
formed (with and without microscope), and participation in
extracurricular activities involving a hand switch. In addition,
wemeasured the intrinsic RT for amechanical switch release.
The collected data could reinforce the need for a hand-con-
trolled vitrectomy system.

2. Materials and Methods

A total of 47 volunteers, all medical students and ophthalmic
surgeons from theDepartment ofOphthalmology at theKeck
School of Medicine of the University of Southern California,
participated in this study. Written informed consent to
participate in this study was obtained from all subjects. The
protocol was approved by the University of Southern Califor-
nia Health Science Institutional Review Boards (IRB) at IRB
Submission Tracking and Review system (iStar) number HS-
13-00467. All participants were at least 18 years of age on the
day of their participation. Exclusion criteria included active
injury affecting any extremity or self-report of an unresolved
concussion.

The subjects’ age, sex, dominant hand, years of medi-
cal training (student-consultant), experience with a surgi-
cal microscope, and participation in extracurricular activ-
ities involving use of a hand switch (e.g., computer gam-
ing/playing a musical instrument) were recorded. The dom-
inant hand was assessed by the questionnaire. To determine
the participants dominant foot, we performed the so-called
“Kick-Test” for each participant in order to determine the
dominant foot.This informationwas gathered using an anon-
ymous multiple choice questionnaire completed by the par-
ticipant directly before the RT testing. Each test subject was
assigned to a number for data anonymization.

After the test, participants were asked two subjective
questions about the use of hand and foot switches: (1) which
extremity did you feel reacted the fastest? and (2) which
extremity did you feel the most comfortable using?

3. Test Equipment and Setup

Each test subject was placed in the following setup tomimic a
real eye surgical environment.The participant was seated at a
table with a preinstalled surgical microscope (Nikon SMZ-
645 StereoZoom microscope with adjustable holder from
Diagnostic Instrument). To prevent unwanted distraction,
the test room was kept quiet, the lights were dimmed, and
only the examiners were present [4, 5].The subject was asked
to look into the surgical microscope, under which both a
red and a green light emitting diode (LEDs) were placed.
The red LED would turn on to indicate that the experiment
had started and that the subject should press and hold the
switch and wait for the green LED to appear. The green LED
would light randomly, between 2 and 15 seconds after the
beginning of the test, to prevent predictability. Each of the
four extremities of each subject was tested five times. The
mean value of these five tests was used as the reaction time
of a participant extremity.The order in which the extremities
were tested was randomized. Based on previous publications,
the cut off for RTs recorded was set to 180ms (minimum) and
500ms (maximum) [2, 6].

The interval between the start of the experiment (red
LED) and the green LED lit time was pseudorandomly
programmed in a CPU board (6 external interrupts control,
40MHz CPU on R-Engine-A board time counters of 0.6𝜇s
time resolution from Tern Inc.) with a custom C++ program.
The RT was defined as the time between the lighting of
the green LED and the moment the electrical break of the
switch circuit happened. The green LED signal and the
electrical break signal were automatically acquired by the
programmable board, and the difference was calculated and
stored. In the program, a RT longer than 0.5 second was con-
sidered abnormal and, therefore, was excluded automatically.
Release of the snap switch before the green LED signal was
also considered a failed trial.

To accurately evaluate the RT from human test subjects
and minimize the machine’s RT, we considered the moment
of the electrical break of a pressed subminiature snap switch
(D2F-FL with lever, Omron Electronics Inc.) as the onset of
the human response.TheRT of this subminiature snap switch
is less than 1ms. The RT was examined using a high-speed
video camera (640 × 512 resolution at 1000 fps, MotionScope
M1, RedLake). For hand tests, we used a dummy hand piece
mounted with the D2F subminiature snap switch (Figure 1).
For foot tests, we used a conventional foot pedal (BL2390,
Stellaris PC foot pedal, Bausch & Lomb) with the same
D2F subminiature snap switch mounted underneath the foot
pedal.The testingwith the high-speed camera was performed
10 times for the hand switch and foot switch with the original
test equipment and analyzed by J.-C. L.

4. Statistical Methods

The statistical significance for within subject differences in
RTs was assessed using paired 𝑡-tests. Analysis of variance
tests were used to compare RTs between subcategories,
adjusting for age and gender. The covariate adjusted means
and standard errors are reported in the tables. Trend tests
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Figure 1: Schematics of systematic setup for the response time experiment.

were also run across ordinal categories. For comparison of
RTs by gender, the analysis of covariance was adjusted for age,
and the analysis by age group was adjusted for gender. SAS
V9.3 programming language (SAS Inst., Cary, NC) was used
for all analysis, and the accepted level of significance for all
tests was 𝑃 < 0.05.

5. Results

As we tested and compared dominant versus nondominant
hands and feet, we could demonstrate significantly faster RTs
with the dominant extremity (𝑃 > 0.011; Tables 1 and 2).

The results of this simple RT test demonstrate signifi-
cantly faster reaction times of the hands compared to the feet
(𝑃 < 0.01; Table 3).

Male subjects were significantly faster with both hands
and feet than were female subjects (Table 4).

The results of the subjective questions were in favor of the
handheld instruments.

We could demonstrate a trend toward slower RTs for
the hands with increasing age of the subjects. Statistically
significant differences of the RTs for the feet could be
demonstrated when comparing the different age groups (DF
𝑃 = 0.004; NDF 𝑃 = 0.01), but no statistical trend could be
shown (DF 𝑃 = 0.68; NDF 𝑃 = 0.51) (Table 7).

Except for DH and NDH difference across education
levels (test for trend 𝑃 = 0.03), no statistical significance and
no trend could be demonstrated by analyzing the subjects’
different experience levels or number of surgeries performed
per week (Tables 8 and 9).

As a variable of daily routines we chose the frequency of
computer gaming and home-row typing, based upon state-
ments in the questionnaires. For computer gaming frequency,

significance was found for DH-NDH (test for trend𝑃 = 0.01)
and NDF (𝑃 = 0.02). All other tests were not significant
(Tables 10 and 11).

The results of the machine RT testing (hand switch versus
foot switch) showed for the mini-joystick an average bounc-
ing time of 8.75ms ± 1ms. For the foot pedal, the bouncing
time was 64.1ms, with standard deviation of 24.4ms.

6. Discussion

We hypothesized that RTs with the hand are shorter than
RTs with the foot, which could be demonstrated as a proof
of principle with this cohort of medical students, physicians
in training, and fully trained specialists. It is, however,
important to note that a good surgical result depends on
manymore factors than RT.TheRT of a surgeon is objectively
measurable, whereas the essential surgical setting of expe-
rience balanced with a well-trained operating room team is
at least as important. Since possible variations in the design
of new surgical devices may facilitate faster RTs, we wanted
to understand how these changes might be reflected among
different age groups, genders, and training levels.

Many changes in navigation tools and surgical devices
have been introduced over the last few decades. In the
early 1990s, the semiautomatic transmission vehicle was
introduced in the Formula 1 car racing game. In a sport
where high performance is crucial in every aspect, the
hand-controlled pedal shift had completely displaced the
conventional gearbox with the foot-controlled clutch within
just 5 years. Changes can also be seen in aviation. With
advancing technology, the fly-by-wire system, a computer-
assisted navigation unit, became more and more common in
commercial and military airplanes. The centerpiece control
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Table 1: Dominant versus nondominant hand (𝑛 = 47 subjects); 𝑃 < 0.05 = statistically significant.

Mean ± SD (ms) Paired 𝑡-test/𝑃 value
Dominant Hand (DH) 311.1 ± 51.9
Nondominant Hand (NDH) 325.4 ± 56.8
Difference (dominant/nondominant) −14.3 ± 37.3 T = −2.63, df = 46 P = 0.011
Effect size 0.383

Table 2: Dominant versus nondominant foot (𝑛 = 47 subjects); 𝑃 < 0.05 = statistically significant.

Mean ± SD (ms) Paired 𝑡-test/𝑃 value
Dominant foot (DF) 321.5 ± 51.0
Nondominant foot (NDF) 335.9 ± 53.0
Difference (dominant/nondominant) −14.4 ± 36.5 T = −2.32, df = 46 P = 0.01
Effect size 0.395

unit for the pilot is a multifunctional hand-controlled side-
stick.

Interestingly, in ocular surgery, a highly delicate and
individual medical specialization, some basic handling steps
have not changed in decades. The use of foot-pedal controls
can be tracked to the time when the suction and ultrasound
force for phacoemulsification [7] were introduced in 1967.
Foot-pedal control of the cut rate and suction force for
pars plana vitrectomy [8] was introduced in 1972. With
rapid technological advances, new inventions in robotics and
microdevices have become available, providing an opportu-
nity to fundamentally rethink and update surgical systems
that were developed in the 1960s and 1970s. This has already
happened in fields such as neurosurgery, with the use of live
MRI imaging or robot-assisted surgical tools.

To determine if the benefit is dependent on age, sex,
experience, or level of education, we created a questionnaire
for our participants to analyze if there exists significant
differences among subgroups. We could demonstrate that
the average RT for hands was significantly faster than the
average RT for feet (𝑃 = 0.025). This reflects our expecta-
tion of a shorter nerve-conduction time for the brain-hand
combination than for the brain-foot combination because the
neural pathway from the brain to the hand is shorter. The
dominant hand and the dominant foot, as determined by a
kick-test, were significantly faster than the nondominant side
(hands 𝑃 = 0.01; feet 𝑃 = 0.01). Also, more than 91% of
all participants felt more comfortable with and preferred the
hand switch, as they stated in the questionnaire (see Tables 5
and 6).

Consistent with previous simple RT studies, the RTs
of male participants were significantly faster than those
of female participants with all four extremities. (𝑃 =
0.001–0.005) [9–11]. Again, it is necessary to mention that
a faster RT does not imply a better surgeon or a better
surgical outcome.When analyzing the subgroups with regard
to their experience level, we found no statistically significant
faster RTs in more advanced or better educated participants
(Table 8). However, the results showed a close to significant
trend toward shorter RTs for the dominant hand. This shows
again the complexity of factors that lead to a good surgery,

as it might be reasonable to assume that the surgical skills
of the more experienced surgeon and the surgical outcomes
achieved by this surgeon would be better. With regard to
the subjective questions, it is also interesting to note that
experienced surgeons (fellows and practitioners), even when
they were well trained with the foot switch, stated that they
felt faster and more comfortable with the hand switch (87.5%
preferred the hand switch) (see Tables 5 and 6). We assume
that this is an indicator that the hand is the human’s favorite
tool and the training effect for other extremities is limited due
to physiological conditions (e.g., nerve-conduction velocity).

When we sorted the participants by age, those between
20 and 35 years old had significantly faster RTs with the
dominant hand and foot than those who were 44 years of age
or older. This finding is also reflected in previous studies that
found a lengthening of RTs beginning in the late 20 s [11, 12].
RTs for the feet were especially faster in the younger cohort of
this study (Table 7). Based on this finding, we conclude that
hand-controlled devices could have a positive effect for older
surgeons, even though they are more experienced. Also RTs
become more variable in older test subjects [13].

We found no significant difference in RTs to be associated
with the frequency with which the participants performed
surgery using a surgical microscope (Table 9). This perhaps
can be linked to basic shortcomings of the questionnaire
used in studies. Although we tried to formulate clear multiple
choice questions, the participants’ answers remain subjective.
Thus, a complete verification of the given answers is impossi-
ble.

To get an impression of the individual backgrounds of
the participants in our study, we tried to acquire information
about the subjects’ everyday activities, such as home-row
typing, computer gaming, or playing a musical instrument.
None of these items showed positive correlations to the RTs.

To further investigate the methodological bias we mea-
sured, in addition to the RTs of medical professionals’
extremities, the RTs for a miniature hand joystick switch
(10 kOhm pot joystick potentiometer, rotation angle: 50∘, 254
series, CTS Electronic Components) and a conventional foot
switch (BL2390, Stellaris PC foot pedal, Bausch & Lomb). In
the conventional foot switch, the effective aspiration range is
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Table 3: RTs of hands (average) versus feet (average) (𝑛 = 47 subjects); 𝑃 < 0.05 = statistically significant.

Mean ± SD (ms) Paired 𝑡-test/𝑃 value
Hands (average of dominant and nondominant hand) 318.2 ± 51.1
Feet (average of dominant and nondominant foot) 328.7 ± 48.7
Hands versus feet Difference (hands-feet) −10.4 ± 30.9 T = −2.32, df = 46 P = 0.025
Effect size 0.337

Table 4: RT analysis of variance of gender (mean ± SE); 𝑃 < 0.05 = statistically significant.

𝑛 DH (ms) NDH (ms) Difference (ms) DF (ms) NDF (ms) Difference (ms)
Female 21 338 ± 10 354 ± 11 −16 ± 8 345 ± 10 360 ± 11 −15 ± 8

Male 26 289 ± 9 302 ± 10 −13 ± 7 302 ± 9 316 ± 10 −14 ± 7

Difference 49 52 3 43 44 1
Effect size 1.068 1.026 0.083 0.938 0.867 0.028
𝐹-test, 1 df 13.31 11.24 0.05 9.10 8.79 0.01
ANOVA 𝑃 <0.001 0.002 0.83 0.004 0.005 0.93

Table 5: Subjective question 1: percentage of preferred extremity.

Which extremity did you feel reacted the best?

Hand Foot No
difference

All participants
𝑛 = 47

43/47
(91,48%)

2/47
(4,25%)

2/47
(4,25%)

Experience surgeons
(fellows/practitioners)
𝑛 = 24

21/24
(87,5%)

1/24
(4,16%)

2/24
(8,33%)

Table 6: Subjective question 2: percentage of preferred extremity.

Which extremity did feel most comfortable using?

Hand Foot No
difference

All participants
𝑛 = 47

43/47
(91,48%)

1/47
(2,12%)

3/47
(6,38%)

Experience surgeons
(fellows/practitioners)
𝑛 = 24

21/24
(87,5%)

0/24
(0%)

3/24
(12,5%)

controlled by the pedal’s travel distance from the triggering
position to the furthest down position. The state-of-the-
art machine does provide programming options for users
to modify the vacuum levels of the beginning and ending
positions across the entire effective travel range. The lowest
vacuum that can be programmed at the beginning is zero.
In this case, the aspiration at the cutter tip can increase as
the user pedal is pressed down further past the triggering
position.

A timely response to some medical trauma situations,
such as a sudden bleeding in the eye or a clog in a vitreous
cutter, requires a prompt cessation of the aspiration power. In
the ideal case, assuming the user takes no time to retract the
foot, the pedal will still take some time to bounce back to the
initial positionwith zero aspiration.With this time element in
mind, wemeasured the bouncing time of aminiature joystick
and a foot pedal.The bouncing time is defined as the traveling

time from its far most position to its resting position after
the switch is suddenly released. For the mini-joystick, the
bouncing time is 3ms ± 1ms. If there is a knob with mass
of 0.677 g ± 0.001 g for ergonomic purposes, the bouncing
time is 8.75ms ± 1ms. For the foot pedal, the bouncing time
is around 64.1ms, with standard deviation of 24.4ms. As a
consequence, even in an ideal case in which the user can
retract his/her extremity instantly, the machine will still take
a certain time to return to zero aspiration.This result strongly
suggests that a hand joystick switch is preferred to reduce the
RT that can cause unwanted medical trauma.

In our setup, the participants saw a red LED as a sign
that the experiment had started. We are aware that this red
LED could be interpreted as a warning sign that an event
is likely to occur in the near future. It is reported that
subjects react faster when they are given a warning indication
[14]. However, we do not believe the LED lights provided
any additional bias to our results. A number of unintended
events/outcomes can occur during ophthalmic surgery (e.g.,
retinal bleeding, retinal breaks, inadvertent suction of the
retina, retinal incarceration, etc.) which require immediate
reaction by the surgeon.Therefore, while performing surgical
procedures, ophthalmic surgeons are already highly concen-
trated, focused, and aware of unexpected events that could
occur. We also focused on the central visual field with a small
LED on which the subjects had to concentrate and to which
they had to react. It is known that signals in peripheral visual
fields are correlated to slower RTs [14].

Further, the complete release of the switch and the full
stop of the cutter that are relevant in vitreoretinal surgery
procedures.The variation and dynamic control of the cut rate
and vacuum also play a critical role in ophthalmic surgery.
Since the hands are a human’s most precise tool and since
hands have higher tactile acuity than feet, it is likely that the
control of the cutter by a hand switch is safer and, therefore,
more favorable.

A possible shortcoming of this study was that we tried to
simulate a real surgical setting as well as possible, but the test
was still performed in an artificial environment. This might
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Table 7: RT analysis of variance of age (mean ± SE).

𝑛
DH
(ms)

NDH
(ms)

Difference
(ms)

DF
(ms)

NDF
(ms)

Difference
(ms)

Age, gender adjusted
≥20 3 327 ± 26 367 ± 28 −40 ± 22 388 ± 24 408 ± 25 −20 ± 21
21–27 6 285 ± 18 308 ± 20 −23 ± 16 286 ± 17 306 ± 18 −19 ± 15
28–35 22 305 ± 10 322 ± 11 −17 ± 8 324 ± 9 327 ± 9 −3 ± 8
36–43 13 325 ± 12 329 ± 14 −4 ± 11 313 ± 11 347 ± 12 −33±10
44–51 2 341 ± 26 320 ± 35 21 ± 27 353 ± 29 352 ± 31 1 ± 26
>51 1 427 457 −31 424 426 −2
𝐹-test, 5 df 2.34 2.84 0.86 4.13 3.48 1.30
ANOVA 𝑃 0.06 0.10 0.52 0.004 0.01 0.28
Test for trend 0.03 0.42 0.11 0.68 0.51 0.73

Table 8: RT analysis of variance of education (mean ± SE); 𝑃 < 0.05 = statistically significant.

𝑃 < 0.05 = statistically significant 𝑛 DH (ms) NDH (ms) Difference (ms) DF (ms) NDF (ms) Difference (ms)
Education

Student 8 328 ± 19 314 ± 22 14 ± 15 335 ± 20 350 ± 22 −16 ± 16
Resident 14 316 ± 12 326 ± 14 −10 ± 10 319 ± 12 333 ± 14 −14 ± 10
Fellow 11 309 ± 14 323 ± 16 −14 ± 11 330 ± 14 331 ± 16 −1 ± 12
Practitioner 13 287 ± 14 322 ± 15 −35 ± 11 299 ± 14 326 ± 15 −26 ± 12
𝐹-test, 3 df 1.07 0.08 1.89 1.11 0.24 0.94
ANOVA 𝑃 0.37 0.97 0.15 0.36 0.87 0.43
Test for trend 0.09 0.94 0.03 0.20 0.48 0.53

Table 9: RT analysis of variance of frequency of surgical microscope use (mean ± SE); 𝑃 < 0.05 = statistically significant.

𝑛 DH (ms) NDH (ms) Difference (ms) DF (ms) NDF (ms) Difference (ms)
Use of surgical microscope

No 9 318 ± 18 328 ± 20 −10 ± 12 346 ± 18 351 ± 19 −4 ± 14
Assisting 7 312 ± 19 313 ± 21 −1 ± 14 322 ± 19 338 ± 20 −16 ± 15
Every month 8 305 ± 17 352 ± 19 −47±12 319 ± 17 334 ± 18 −14 ± 14
Every week 19 315 ± 12 322 ± 13 −7 ± 9 313 ± 12 335 ± 13 −21 ± 10
Every day 4 288 ± 24 305 ± 26 −18 ± 18 308 ± 24 309 ± 26 −1 ± 19
𝐹-test, 4 df 0.36 0.80 2.23 0.58 0.42 0.35
ANOVA 𝑃 0.84 0.53 0.08 0.68 0.79 0.85
Test for trend 0.52 0.63 0.92 0.17 0.28 0.76

Table 10: RT analysis of variance of computer gaming (mean ± SE); 𝑃 < 0.05 = statistically significant.

𝑃 < 0.05 = statistically significant 𝑛 DH (ms) NDH (ms) Difference (ms) DF (ms) NDF (ms) Difference (ms)
Computer games

No 28 313 ± 9 318 ± 10 −5 ± 7 323 ± 9 335 ± 9 −11 ± 7
1x/yr 5 294 ± 21 305 ± 23 −11 ± 16 299 ± 21 311 ± 21 −12 ± 17
1x/month 10 312 ± 15 339 ± 16 −27 ± 11 317 ± 15 331 ± 14 −14 ± 12
1x/week 3 300 ± 27 346 ± 29 −46 ± 21 322 ± 27 350 ± 26 −27 ± 22
Daily 1 379 449 −70 420 495 −75
𝐹-test, 4 df 0.74 1.93 1.72 1.32 3.20 0.64
ANOVA 𝑃 0.57 0.13 0.16 0.29 0.02 0.63
Test for trend 0.87 0.06 0.01 0.70 0.26 0.32
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Table 11: RT analysis of variance of home row typing (mean ± SE); 𝑃 < 0.05 = statistically significant.

𝑛 DH (ms) NDH (ms) Difference (ms) DF (ms) NDF (ms) Difference (ms)
Typing-home Row

No 14 297 ± 13 308 ± 15 −11 ± 11 309 ± 14 335 ± 15 −27 ± 11
1x/week 2 299 ± 32 326 ± 37 −27 ± 27 327 ± 34 322 ± 36 5 ± 26
Daily 31 318 ± 9 333 ± 10 −15 ± 7 327 ± 9 337 ± 10 −10 ± 7
𝐹-test, 2 df 0.91 0.86 0.15 0.55 0.08 1.01
ANOVA 𝑃 0.41 0.43 0.86 0.58 0.92 0.37
Test for trend 0.20 0.19 0.79 0.30 0.94 0.22

have affected the results of the participants as it is likely that
the level of awareness is higher in the operating room when
performing actual surgery on a human patient. Furthermore,
we used an original foot pedal for vitreoretinal surgery
(Bausch & Lomb) and a one pressure-point, no dynamic
prototype switch as a hand piece. Based on our findings, we
suggest further studies with an advanced hand piece and with
more specific questions in the census questionnaire. The use
of more subgroups and a larger sample size should also be
considered.

In spite of these shortcomings, we believe that we dem-
onstrated objective findings in this study: primarily the
superior RT of the hand versus the foot. This finding could
be an incentive for a transition in device design by medical
companies and could also be the basis for a new approach in
education for the next generation of surgeons.

7. Conclusion

This research contributes to our understanding of the average
RT of medical professionals (i.e., ophthalmologists at differ-
ent levels of training)when they are facedwith a specific event
happening through a surgical microscope. We chose the RT
as an easy-to-test objective parameter that might influence
the surgical outcome.We could demonstrate that the RTwith
hands was significantly faster than with the foot. Experience
and level of education had no significant influence on the
reaction time. Also, advantages of the hand switch can be
seen for the handheldmini-joystick as the bouncing time was
only 8.75ms ± 1ms compared to 64.1ms ± 24.4ms for the
foot pedal. We feel that our findings can contribute to future
approaches in the design of surgical instruments not only in
ophthalmology but also in other fields. To improve RTs in the
surgical field, hand-controlled devices appear to be desirable.
Further studies are needed.
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Stiftung, Wuppertal, Germany. The authors also appreciate
the programming effort from students Diana Zhou and

Jason Chen at the Science High School Advanced Research
Program at Doheny Eye Institute and University of Southern
California.

References

[1] R. A. Magill, Motor Learning: Concepts and Applications,
Boston, Mass, USA, McGraw-Hill, 5th edition, 1998.

[2] J. T. Eckner, J. S. Kutcher, and J. K. Richardson, “Pilot evaluation
of a novel clinical test of reaction time in National Collegiate
Athletic Association Division I football players,” Journal of
Athletic Training, vol. 45, no. 4, pp. 327–332, 2010.
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Purpose. To compare time domain (TD: peak time and amplitude) analysis of the human photopic electroretinogram (ERG) with
measures obtained in the frequency domain (Fourier analysis: FA) and in the time-frequency domain (continuous (CWT) and
discrete (DWT) wavelet transforms). Methods. Normal ERGs (𝑛 = 40) were analyzed using traditional peak time and amplitude
measurements of the a- and b-waves in the TD and descriptors extracted from FA, CWT, and DWT. Selected descriptors were
also compared in their ability to monitor the long-term consequences of disease process. Results. Each method extracted relevant
information but had distinct limitations (i.e., temporal and frequency resolutions). The DWT offered the best compromise by
allowing us to extract more relevant descriptors of the ERG signal at the cost of lesser temporal and frequency resolutions. Follow-
ups of disease progression were more prolonged with the DWT (max 29 years compared to 13 with TD). Conclusions. Standardized
time domain analysis of retinal function should be complemented with advanced DWT descriptors of the ERG. This method
should allow more sensitive/specific quantifications of ERG responses, facilitate follow-up of disease progression, and identify
diagnostically significant changes of ERG waveforms that are not resolved when the analysis is only limited to time domain
measurements.

1. Introduction

The electroretinogram (ERG) identifies the electrical signal
that is generated by the retina in response to a light stimulus.
It is the first biopotential ever recorded from a human subject,
namely, by Dewar in 1877 [1]. However, despite significant
(r)evolution in the recording technologies (essentially from
the string galvanometer to the digital amplifier and support-
ing computer software) and, consequently, the significantly
enhanced quality of the ERG signal thus obtained, analysis of
the ERG remains for the most part limited to amplitude and
peak time measurements of its major components, namely,
the a- and b-waves. This is at least what is recommended in
the ERG standard of the International Society for Clinical
Electrophysiology of Vision (ISCEV) [2]. The a- and b-
waves of the ERG are said to reflect the activity generated
by the photoreceptors and the bipolar-Müller cell complex,
respectively [3–5]. These components are usually referred to

as the slow waves of the ERG. Also identified in the ERG
signal are the small, high-frequency, oscillations that are often
seen riding on the ascending limb of the b-wave [6, 7]. These
components, referred to as oscillatory potentials (OPs), are
most probably generated by the retinal cells of the inner retina
(i.e., bipolar, amacrine, or horizontal cells) although their
exact origin remains debated [8, 9]. The OPs appear to be
major contributors to the shaping of the ERG waveform [10]
and there is an abundant literature attesting to the clinical
value of including the OPs when analyzing pathological
ERGs [6, 11, 12]. Unfortunately, in order to optimize the
visualization of the OPs one must modify the recording
bandwidth of the ERG from a broadband (e.g., 1–1000Hz) to
a narrower band (e.g., 100–1000Hz) that removes the low-
frequency components of the ERG (i.e., a- and b-waves)
and consequently selectively enhances the high-frequency
components (i.e., OPs) [2]. However, when doing so onemust
always keep in mind the possibility of introducing artifactual
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components (such as ringing artifacts and phase lags) to the
ERG thus obtained.

It is clear from the above that the ERG waveform results
from the amalgamation of several frequency components.
Is it possible to monitor the frequency composition of the
ERG signal without altering the signal as it is done with the
bandwidth restriction approach? Would the use of such an
approach significantly improve analysis of the ERG beyond
what is accomplished when using time and amplitude
measures of the ERG only? Although advanced analytical
approaches are now frequently used when studying biopo-
tentials, such as the electroencephalogram [13], the electro-
cardiogram [14], and the electromyogram [15], to date they
have only been sporadically applied to the ERG [8, 16, 17].The
purpose of this study was therefore to compare peak time and
amplitude measurements of human photopic ERGs with
measures obtained in the frequency domain using the Fourier
analysis as well as in the time-frequency domain using the
continuous (CWT) and discrete (DWT) wavelet transforms.
For the sake of brevity, our study was limited to the photopic
ERG only.

2. Materials and Methods

Normal photopic ERGs were obtained from 40 healthy
subjects (26 females and 14 males, average age 29.9 ± 8.4
years) using a protocol that was approved by the Institutional
Review Board of the Montreal Children’s Hospital and in
accordance with the Declaration of Helsinki.

According to a previously published method of ours, the
ERGs were recorded with both eyes dilated (tropicamide 1%)
using an active electrode (DTL fiber electrode) placed in the
inferior conjunctival bag, with reference and ground elec-
trodes pasted at the external canthi and forehead, respectively
[18–21]. The ERGs were evoked to flashes of white light (flash
duration: 20𝜇s; interstimulus interval: 1.5 s; and average of at
least 10 flashes per recording) of 0.64 log cd⋅s⋅m−2 in intensity
that were delivered against a rod desensitizing background
light of 30 cd⋅m−2 (measured using a research radiometer
IL1700; International Light, Newburyport, MA, USA). ERG
waves from both eyes were averaged to yield a single wave-
form of 150ms in length (sampling rate: 3413.33Hz) that
included a prestimulus baseline of 20ms.

2.1. ERGAnalysis. Theamplitude of the a-wavewasmeasured
from the prestimulus baseline to the most negative trough of
the ERG, while the amplitude of the b-wave was measured
from the trough of the a-wave to themost positive peak of the
ERG that followed the a-wave [2]. Peak times were measured
from flash onset to the peak of the a- and b-waves [2]. Given
that these measures of the ERG are taken in the time domain,
they will be referred to as time domain (TD) measurements.

Frequency domain analysis (or Fourier analysis (FA)) of
the ERG was carried out using the fast Fourier transform
(FFT) algorithm implemented in MATLAB R2013b (Math-
works, Natick, MA, USA) as follows:

𝑋 (𝑘) =

𝑁−1

∑

𝑡=0

𝑥 (𝑡) 𝑒
−𝑖(2𝜋/𝑁)𝑡𝑘

, 𝑘 = 0, 1, . . . , 𝑁 − 1, (1)

where 𝑋(𝑘) represents the FFT coefficients, 𝑥(𝑡) denotes
the raw ERG time-series, and 𝑁 denotes the number of
data points in 𝑥(𝑡). Each FFT coefficient weighs the ener-
getic contribution of a single frequency component to the
signal so that a frequency spectrum can be illustrated by
tracing 𝑋(𝑘). Considering the size (512 data points) and
sampling frequency (3413.33Hz) of our ERG waveforms, we
were able to compute the FFT coefficients for frequencies
ranging between 0 and 1706.66Hz in increments of 6.66Hz
(i.e., frequency resolution). However, given the limitation
imposed by our recording bandwidth (1–1000Hz) we limited
our analysis to frequencies ranging between 0 and 300Hz to
safely avoid artifactual contamination (such as that predicted
by the Nyquist-Shannon sampling theorem [22]).

In order to localize the energy content of the ERG in
both time and frequency we computed, using MATLAB, the
continuous wavelet transform (CWT) of selected ERGs as
follows:

CWT (𝑎, 𝑏) = 1
√𝑎
∫

+∞

−∞

𝑥 (𝑡) 𝜓
∗

(
𝑡 − 𝑏

𝑎
)𝑑𝑡, (2)

where CWT(𝑎, 𝑏) represents thewavelet coefficients localized
at scales 𝑎 (frequency) and moments 𝑏 (time), 𝑥(𝑡) denotes
the unprocessed ERG time-series, and 𝜓∗ denotes the com-
plex conjugate of the Morse wavelet [23], which was chosen
for its good frequency resolution [24]. To illustrate the time-
frequency scalogram of the CWT, we took the absolute value
of CWT(𝑎, 𝑏) and normalized it to its maximal value so
that the time-frequency scalograms of the ERG are shown
as colored two-dimensional plots of CWT(𝑎, 𝑏) in which
minimum energy values are displayed in blue and maximal
values in red.

Use of the CWT approach allowed us to analyse the ERG,
continuously, at every possible scale 𝑎 and translation 𝑏. This
approach, however, requires extensive computation time and
also yields a lot of redundant information (i.e., since each
coefficient has similar neighboring values) that will remain
unused in the set of coefficients CWT(𝑎, 𝑏) [25]. Interestingly,
if the scale and translation parameters of thewavelet are taken
at discrete values, we then obtain a discrete wavelet transform
(DWT), where the scales 𝑎 and translations 𝑏 are based on
powers of two (i.e., 𝑎

𝑗

= 2
𝑗, 𝑏
𝑗,𝑘

= 𝑘2
𝑗) so that (2) can be

discretized as follows:

DWT (𝑗, 𝑘) = ∫
+∞

−∞

𝑥 (𝑡) 2
−𝑗/2

𝜓 (2
−𝑗

𝑡 − 𝑘) 𝑑𝑡, (3)

whereDWT(𝑗, 𝑘) represents thewavelet coefficients localized
at discrete scales 𝑗 (frequency) and discrete moments 𝑘
(time), 𝑥(𝑡) designates the raw ERG time-series, and 𝜓
designates the Haar wavelet [25]. DWT(𝑗, 𝑘) was computed
using the fast wavelet transform algorithm of Mallat [25, 26]
implemented inMATLAB.We chose the Haar wavelet, for its
simplicity (i.e., simplest wavelet available) and its orthonor-
mal basis, which allows the wavelet coefficients DWT(𝑗, 𝑘)
to be reconstructed accurately and efficiently without any
loss of information (using the inverse DWT) even if all the
redundant information contained in the CWT is discarded
[25, 27]. Similar to the CWT scalograms, themost prominent



BioMed Research International 3

Table 1: Normative data (mean ± standard deviation (SD) and coefficient of variation (CV, in bold)) obtained for each parameter (time,
frequency, amplitude, power, and energy) assessed using the different analytical approaches compared in this study (time domain, frequency
domain, and continuous and discrete time-frequency domain). The time domain allows timing and amplitude quantification of two major
components (i.e., the a- and b-waves). The frequency domain identifies the frequency and power of three major components (probably
associated with the a- and b-waves and OPs). The continuous time-frequency domain allows timing, frequency, and energy measurements
of three main components (probably associated with the a- and b-waves and OPs). Finally, with the discrete time-frequency domain, the
components are identified in predetermined temporal windows (i.e., intervals) and frequency bands (i.e., instead of precise timing and
frequency) and allow more components to be identified and the a- and b-wave can be quantified independently (i.e., in contrast to the
frequency domain or continuous time-frequency domain in which the a- and b-waves formed a single low-frequency component).

Time domain (peak time and amplitude)
Time (ms) Frequency (Hz) Amplitude (𝜇V) Origin

Main component 1 13.53 ± 1.55 (11) n/a 32.21 ± 5.11 (16) a-wave
Main component 2 30.98 ± 1.33 (4) n/a 104.81 ± 18.66 (18) b-wave

Frequency domain (Fourier analysis)
Time (ms) Frequency (Hz) Power (𝜇W/Hz) Probable origin

Main component 1 n/a 28.81 ± 7.17 (29) 10.46 ± 2.15 (21) a- and b-waves
Main component 2 n/a 75.38 ± 7.69 (10) 3.43 ± 0.89 (26) OPs
Main component 3 n/a 146.00 ± 13.31 (9) 1.88 ± 0.43 (23) OPs

Time-frequency domain (continuous wavelet transform)
Time (ms) Frequency (Hz) Energy (𝜇V⋅s) Probable origin

Main component 1 31.04 ± 0.89 (3) 29.70 ± 5.71 (19) 202.8 ± 21.08 (10) a- and b-waves
Main component 2 32.04 ± 2.22 (7) 73.81 ± 6.28 (9) 111.57 ± 23.17 (21) OPs
Main component 3 29.81 ± 1.96 (7) 150.28 ± 11.57 (8) 69.29 ± 16.79 (24) OPs

Time-frequency domain (discrete wavelet transform)
Time interval (ms) Frequency band (Hz) Energy (𝜇V⋅s) Probable origin

Main component 1 −20 to 17.5 20 ± 6.6 78.08 ± 10.66 (14) a-wave
Main component 2 17.5 to 55 20 ± 6.6 214.46 ± 19.02 (9) b-wave
Main component 3 0 to 17.5 40 ± 13.3 100.79 ± 9.39 (9) a-wave
Main component 4 17.5 to 55 40 ± 13.3 228.41 ± 28.05 (12) b-wave
Main component 5 8.125 to 55 80 ± 26.6 145.83 ± 21.75 (15) OPs
Main component 6 17.5 to 40.35 160 ± 53.3 80.81 ± 12.48 (15) OPs

energy component of the DWT scalogram will appear as a
deep dark red (high energy) rectangle in the region of the
DWT scalogram where it is located (i.e., located in time and
frequency), and, conversely, the absence of any component
at given locations will appear as deep dark blue (no energy)
rectangles.

2.2. Statistical Analyses. Mean value, standard deviation
(SD), and coefficient of variation (CV) were computed for
all ERG parameters that were identified using the different
analytical approach. 𝑍-scores were used to evaluate the
significance of selected descriptor changes. All tests were set
to a level of significance of 5%.

3. Results

3.1. Time and Amplitude Measurements in the Time Domain.
As reported in Table 1, time domain analysis allowed the
identification of two major ERG components, one peaking at
13.53±1.55ms (mean ± SD obtained in our 40 subjects) with
an amplitude of 32.21 ± 5.11 𝜇V (identified as the a-wave at
Figure 1(a)) and another one which peaks at 30.98 ± 1.33ms
with an amplitude of 104.81 ± 18.66 𝜇V (identified as the b-
wave at Figure 1(a)).

3.2. Fourier Analyses (FA). The frequency components con-
tributing to the genesis of the ERG can be identified using
the FA, such as that obtained with the FFT. This is best
exemplified in Figure 1 and Table 1, where three major
frequency components are identified in the normal ERGs. As
shown with the black arrows, the low-frequency components
of the ERG (presumably a- and b-waves) usually formed
a smooth peak of large magnitude, culminating at 28.8 ±
5.7Hz (i.e., mean ± SD obtained from our 40 subjects) on
the frequency spectrum. However, in some instances, two
distinct peaks could be identified (see double black arrows
in panels (a) and (d)). In the later cases, only the peak
of highest magnitude was considered for further analysis.
In contrast, the higher frequency components of the ERG
(probably the OPs) usually formed two distinct peaks (see
grey arrows) of low magnitude located at 75 ± 7.7Hz and
146±13.3Hz, respectively. However, given that FA only looks
at the frequency content of the ERG without taking into
consideration if those frequencies are time-locked or not to
the stimulus, its use can lead to erroneous interpretations
of the ERG. This is best illustrated with the ERGs shown in
Figures 1(c) and 1(d) where the noise contaminants (such as
60Hz in Figure 1(c)) appear to contributemore to themaking
of the ERG than the retinal evoked components themselves.
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Figure 1: Fourier analysis (FA) of 4 normal ERGs.The frequency spectrums are shown as normalized power spectrum, in percentage, where
the spectrums are normalized to theirmaximal value.The associated ERGs are shown at the bottomof each spectrum.The a-wave, b-wave, and
OPs are indicated as “a,” “b,” and “OPs,” respectively. (a) FA of a composite ERG, averaged from 40 subjects, showing the 3 typical frequency
components that contribute to the ERG (∼30Hz: a- and b-waves contribution, black arrow; ∼75Hz and ∼150Hz: oscillatory potentials (OPs)
contribution, gray arrows). (b) FA of an ERG showing enhanced OPs (increased ∼75Hz and ∼150Hz component contribution; thick gray
arrows). (c) FA of a typical contaminated ERG showing the 3 standard ERG components (see arrows, same color-coding as previous panels)
and a sharp, noise-related, maximal component at 60Hz (60-cycle line interference contribution, red arrow). This sharp noise component
seems to disturb the identification of the OPs component located at ∼75Hz. (d) FA of another contaminated ERG showing the 3 characteristic
frequency components (see arrows, same color-coding as previous panels) of the ERG and 4 interference-related components at 60, 120, 180,
and 240Hz, respectively (60-cycle harmonics contribution, red arrows).These noise components seem to complicate the identification of the
two typical OPs components located at ∼75Hz and ∼150Hz.



BioMed Research International 5

Fr
eq

ue
nc

y 
(H

z)
A

m
pl

itu
de

 (𝜇
V

)

a

b

0

100

50

−50

40

20

80

160

320

640

1280

(a)

OPs

0

100

50

−50

40

20

80

160

320

640

1280

100

50

0

En
er

gy
 (%

)

(b)

Time (ms)
−20 0 20 40 60 80 100 120

Fr
eq

ue
nc

y 
(H

z)
A

m
pl

itu
de

 (𝜇
V

)

0

100

50

−50

40

20

80

160

320

640

1280

(c)

Time (ms)
−20 0 20 40 60 80 100 120

0

100

50

−50

40

20

80

160

320

640

1280

100

50

0

En
er

gy
 (%

)

(d)

Figure 2: Continuous wavelet transform (CWT) analysis of the ERGs that were shown at Figure 1. All scalograms were normalized to
their maximal energy values, and the color-coding (see colorbar) indicates low (blue), moderate (green), and high (red) energy values. The
associated ERGs are shown at the bottom of each scalogram. The a-wave, b-wave, and oscillatory potentials are indicated as “a,” “b,” and
“OPs,” respectively. (a) CWT of the composite ERG showing the energy (as per colorbar) and the temporal location of the 3 typical frequency
components that were previously identified in the Fourier domain (∼30Hz: a- and b-waves contribution, white arrow; ∼75Hz and ∼150Hz:
oscillatory potentials (OPs) contribution, gray arrows). (b) CWT of the ERG that had enhanced OPs [increased ∼75Hz and ∼150Hz energy;
thick gray arrows]. (c) CWTof the contaminated ERG showing the 3 standard components (see arrows, same color-coding as previous panels)
and a strip of moderate energy localized at 60Hz for the whole duration of the signal (60-cycle interference contribution). (d) CWT of the
second contaminated ERG also evidencing the 3 characteristic frequency components of the ERG and several transient, interference-related,
patches of energy (60-cycle harmonics contribution).

These limitations of FA can be overcomeby adding a temporal
resolution to the frequency domain.

3.3. Continuous Wavelet Transform (CWT) Analyses. As
shown in Figure 2, use of the CWT approach allowed us
to more precisely localize (in both time and frequency, as
reported in Table 1) the abovementioned frequency compo-
nents of the ERG signal and even in the presence of significant
noise contaminants (as seen in panels (c) and (d)). In each
scalogram, the a- and b-waves formed a cluster of hot (dark

red) coefficients (see white arrows) centered at 29.7 ± 5.7Hz
(i.e., mean ± SD obtained in our 40 subjects) and peaking at
31.0 ± 0.9ms (i.e., time-locked to the peak time of the ERG
b-wave). Similarly, the OPs formed two distinct clusters (see
grey arrows) centered at 73.8 ± 7.7Hz and 150.3 ± 11.6Hz
and peaking at 32 ± 2.2ms and 29.8 ± 1.9ms, respectively. As
shown in the scalogram of panels C and D, the high- (i.e.,
OPs) and low-frequency (i.e., corresponding to the a- and
b-waves) components continued to remain the major light-
evoked (i.e., time-locked to the stimulus) components of
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the ERG response in spite of significant noise contamination.
The latter contrasts with results obtained using the FA where
one cannot dissociate evoked from nonevoked frequency
components (compare results shown in Figures 2(c) and 2(d)
with corresponding FA results shown in Figures 1(c) and
1(d)).

In each scalogram of Figure 2, the value of the coefficients
that identified the hot clusters pertaining to the a- and b-
waves or OPs was centered on a section of the clusters
where all coefficients had the same value (i.e., equipotential
regions). This attribute of the CWT will generate redun-
dant information (i.e., similar or equal coefficient values)
that will complicate the accurate identification of the time-
frequency coordinates (i.e., ill-posed coordinates) of the
ERG components, by introducing an uncertainty factor. For
example, given that the red clusters of Figure 2 extend over
a large area of the scalograms, this prevents an accurate
quantification of the a-wave energy, which is most proba-
bly hidden by the higher energy b-wave. These limitations
can be overcome if we impose a discretization over the
possible frequencies and times at which the information is
computed.

3.4. Discrete Wavelet Transform (DWT) Analysis. As illus-
trated in Figure 3, the DWT scalograms decomposed the
signals into seven contiguous frequency bands (20, 40, 80,
160, 320, 640, and 1280Hz), each including a range of fre-
quencies (reported in Table 1) around their respective central
frequency (CF). For example, the 20Hz band quantified the
energy oscillating between 13.33 and 26.66Hz (i.e., 20 ± 20/3,
that is, CF±CF/3). Use of this expansion simplifies the choice
of relevant coefficients (i.e., seen as rectangles of different
sizes in the scalograms of Figure 3) thatmay be used as energy
descriptors of the ERG.

3.4.1. Identification of DWT Descriptors. As seen with the
DWT scalograms of Figure 3, the major frequency compo-
nents are confined to the time-frequency region that is sur-
rounded by white borders and where six major components
can be identified (i.e., rectangles of various colors shown in
panel (a) and magnified in panel (b)) and thus quantified (as
reported in Table 1). The DWT also removed the redundancy
so that the b-wave energy, quantified with the 20b and 40b
descriptors (panel (b)), is now represented by two rectangles
(i.e., identified as 20b and 40b) confined to an area of the
scalogram that is limited to the vicinity of the b-wave peak
rather than spread across most of the CWT scalogram. This
allowed the quantification of two descriptors, time-locked to
the a-wave, which we identified as 20a and 40a. The 20a and
40a were of lower energy compared to the 20b or 40b (see
Table 1), indicating that, as expected, the b-wave energy is
greater than that of the a-wave. Finally, the high-frequency
components, indicated as 80ops and 160ops, were also easily
identified (i.e., maximal value in the 80 and 160Hz bands,
resp.).

3.4.2. Improvement of ERG Segregation Using the DWT. As
indicated above, the a- and b-wave components were seen

on both the 20Hz (20a and 20b descriptors) and 40Hz
bands (40a and 40b descriptors). These descriptors can be
used to segregate ERGs of different morphologies. This is
better illustrated in Figure 3(c), where two ERGs of distinct
morphologies were similar (𝑃 > 0.05) in terms of a-
and b-wave peak time and amplitude but were significantly
different (𝑃 < 0.05) on the basis of their DWT b-wave
descriptors (20b and 40b). In one example, the ascending
limb of the b-wave has a sharp morphology (blue tracing)
and showed a lower 20b descriptor (𝑃 < 0.05), compared
to the broader ascending limb of the b-wave (compare first
half of ascension of tracing in red) which disclosed an
attenuated 40b parameter (𝑃 < 0.05). Similarly, we were
also able to segregate ERGs that differed in OPs prominence
(such as what is shown in Figure 3(d)). Although these
ERGs were indistinguishable (𝑃 > 0.05) on the basis of
peak time and amplitude measurements of the a- and b-
waves, they were significantly different (𝑃 < 0.05) on the
basis of their 80ops and 160ops energy content which were
higher (blue tracing) or lower (red tracing) compared to
average.

3.5. Applications of Refined Analytical Approach to Clinical
ERGs. In Figure 4(a) the ERG waveforms obtained from a
patient diagnosed with retinitis pigmentosa (RP) that was
followed up for more than 30 years are illustrated. As shown,
the low amplitude (and low signal-to-noise ratio or low
SNR) of these pathological ERGs, especially those obtained
later in the disease process (tracings 23 and 29), seriously
compromises an accurate measurement of these waveforms.
This is best exemplified in Figure 4(c), where an accurate
measurement of the b-wave amplitude could only be achieved
for ERGs obtained within the first 13 years, due to the
highly contaminated ERGs recorded subsequently. However,
use of the DWT still permitted the extraction of b-wave
descriptors (i.e., 20b and 40b) as shown in the scalograms of
Figure 4(b) and therefore allowed us to monitor progression
of the disease process for an additional period of 16 years,
as shown in Figure 4(d). Furthermore, as revealed in Fig-
ure 4(d), both eyes followed the same degeneration pattern,
which appeared to follow an exponential decay function that
correlated well with that which characterized (using b-wave
amplitude measures) the first 13 years. Interestingly, the use
of the inverse DWT of the low-frequency bands (i.e., 20
and 40Hz bands) allowed us to reconstruct noise-free ERGs
(Figure 4(e)), that were nearly identical in both eyes, as it was
also the case for the ERGs (measurable, high SNR) recorded
in earlier exams (tracings 0, 1, 3, and 9 of Figure 4(a)). The
validation of this denoising approach (i.e., inverse DWT) is
further demonstrated in Figure 5, where we reconstructed
the 20 consecutive single-flash recordings obtained from aRP
patient that were used to generate the average waveform. As
shown, the 20 denoised single-flash waveforms (red tracings)
are nearly identical (mean (±SD) Pearson coefficients = 0.92±
0.02) to the averaged response (i.e., blue tracing obtained by
averaging the 20 consecutive noisy responses (gray traces)).
In contrast, the mean Pearson coefficients obtained between
the single sweeps and the averaged response were of 0.52 ±
0.03.
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Figure 3: Analysis method and classification improvement of normal ERGs using the discrete wavelet transform (DWT). (a) We computed
the DWT of 40 normal ERGs with various signal-to-noise ratios (SNR = 13 ± 10, gray traces; averaged response: red trace) and extracted,
in each scalogram, descriptors (see panel (b)) localized inside the region of maximal energy (delimited by white borders). (b) Magnification
of the averaged ERG (red trace at panel (a)) scalogram that shows where we identified six novel DWT descriptors of the ERGs (20a and 40a:
a-wave energy; 20b and 40b: b-wave energy; and 80ops and 160ops: oscillatory potentials (OPs) energy). ((c) and (d)) The DWT descriptors
were used to segregate ERGs of distinct morphologies, that had similar (𝑃 > 0.05) a- and b-wave amplitudes and peak times but significantly
(𝑃 < 0.05) smaller 20b or 40b descriptors (panel (c), white arrows) or significantly larger or smaller 80ops and 160ops descriptors in the DWT
scalograms (panel (d), white circles).
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Figure 4: (a) ERG traces (averaged from up to 100 responses) obtained at seven time points in the right (OD) eye and left (OS) eye of a
male patient affected with retinitis pigmentosa (both eyes presented with nonrecordable scotopic ERGs, constricted visual fields, pigmentary
deposits, and decreased visual acuity) in a time span of 3 decades. The horizontal (time) and vertical (voltage) scale bars apply to both eyes
and some traces have beenmagnified (×2, ×5, or ×10 times) for visualization purposes.The flash onset is indicated by the black vertical arrow.
ERG progression is shown in years since the first visit on the left-hand side. (b) Scalograms computed for each pathological ERG waveform
(presented in the same order than in panel (a)) inwhichwe quantified the 20b and 40b descriptors. Note that, in some scalograms, the position
of the 40b descriptors was delayed (i.e., delayed latency of the b-wave) compared to normals (see Figure 3) and the 40b descriptors were always
more severely attenuated than the 20b. (c) Progression of the TD b-wave amplitudes from both eyes. Because of the noise contaminants
the 4th and 5th ERG were imprecisely measured (indicated by the lighter gray background on the graph), while the last two ERGs were
nonmeasurable, thus preventing the quantification of disease progression from that point (indicated by the darker gray background). (d)
Using the DWT descriptors of the b-wave (20b + 40b) allowed us to monitor the disease progression more precisely and for the whole time
span (additional 16 years of monitoring: see zoomed box). (e) Using the inverse DWT, we reconstructed the low-frequency bands (i.e., 20 and
40Hz bands), obtaining the biological denoised responses which are shown, in red, on top of the unprocessed gray tracings.
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Figure 5: 20 consecutive single-flash ERG responses (gray traces) obtained from a patient affected with retinitis pigmentosa. The average of
these 20 raw ERG responses canceled the uncorrelated noise to yield the blue tracing (overlaid on top of each single-flash response). DWT
denoising of the individual noisy single-flash responses reveals denoised biological responses, which are shown as red traces. All red traces
are nearly identical (shape and amplitude) to the trace obtained from the average (i.e., blue traces) of the 20 noisy responses, thus validating
this denoising approach. The horizontal (time) and vertical (voltage) scale bars apply to each trace. The flash onset is indicated by the black
vertical arrow.

4. Discussion

To date, analysis of the ERG relies mostly on time domain
(TD) measurements (peak time and amplitude) of its two
major components, namely, the a- and b-waves. However, as
shown with the examples illustrated in Figures 4 and 5
and as previously suggested [28–31], TD measurements are
subjected to noise contamination. These contaminants can
arise from numerous factors such as the subject (e.g., eye
blinks, head/eye movements, etc.), external sources (e.g.,
mechanical vibrations, electromagnetic coupling with the
50/60Hz power lines, computer monitors, electrical lighting,
etc.), and, if the data is digitized, the digitization process itself
(e.g., digitization artifacts, aliasing, etc.). Therefore, limiting
the ERG analysis to TD measures only could jeopardize the
detection of subtle functional changes.

4.1. From Fourier to Wavelets. FA methods, such as the one
presented in Figure 1 (i.e., FFT), performed well in identi-
fying the three major frequency components of the normal
photopic ERG response. However, when a noise contaminant
was distributed over the entire ERG response, the resulting
frequency-power distribution was misleading (as shown in
Figures 1(c) and 1(d)). This is due to the fact that the FA
assumes that all the frequency components that compose a
signal are periodic and, consequently, ignores the possibility
that some frequencies could be found at precise poststimulus
time locations only. This explains why the amplitude of a
component can be over- or underestimated when relying
solely on FA analysis. In other words, while Fourier analyses

are well-suited to identify the frequency components that
compose the ERG signal, they are of no use to determine
their respective magnitude and temporal location within
the signal. Such information is of crucial importance if one
wishes to define the signal with all its subtleties. This can be
accomplished with a time-frequency domain analysis of the
ERG.

Use of the CWT (Figure 2) approach allowed us to clearly
identify the temporal as well as the frequency coordinates
of the three major frequency components of the ERG,
thus remedying the FA limitations alluded to above. We
have shown that, with the CWT scalograms, each of these
components was time-locked to the largest wave of the ERG
(i.e., the b-wave). Furthermore, compared to corresponding
FA estimates, their respective weights (i.e., relative energy
levels) were also more accurately determined, even in noisy
ERG recordings.

4.2. The DWT: An Optimal Compromise. Interestingly, it
seems, from FA and CWT analyses, that the components of
the ERG cannot be associated with single frequency values
but rather to a range of values. For example, in the FA power
spectrumsof Figure 1, each component had a broadGaussian-
like distribution (i.e., suggestive of a band of frequencies)
rather than a sharp peak (i.e., suggestive of a single fre-
quency) as it would be the case for a pure sinusoid. Similar
broad distributions of individual frequency components were
also observed in the CWT of the same ERG signals (see
Figure 2), the major difference being that the magnitude of
these frequency components can now be time-correlated to
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specific events of the ERG signal. Consequently, since these
components contain a band of frequencies rather than a
single frequency, analysis of the ERG at different frequency
bands using theDWT scalogram (rather than at each possible
frequency with the CWT) offers a simplified scheme (exempt
of redundancy) to identify relevant ERG descriptors (see
Figures 3(a) and 3(b)).

In the DWT scalograms the a- and b-waves were char-
acterized by distinct components located in the 20Hz (20a
and 20b descriptors) and 40Hz (40a and 40b descriptors)
bands. It was difficult to accurately determine these distinct
frequency components using the CWT, although in the FA
some ERGs did show both the 20 and 40Hz components
(i.e., identified as double-peaks in Figures 1(b) and 1(d)).
Furthermore, quantifying the ERG waveforms using the
DWT augmented the specificity (i.e., ability to discriminate
between distinct ERG morphologies, as shown in Figures
3(c) and 3(d)) and sensitivity (i.e., reduced the variability,
as shown by the CV reported in Table 1) of the measures
obtained.

Finally, at the end-stage of severe degenerative retinopa-
thies (such as RP), nearly extinguished ERGs (e.g., low-SNR,
such as the one shown in Figures 4(a) and 5) are often the
last measurable signs of functional vision [32]. As shown
in Figure 4, extracting relevant ERG descriptors from these
residual ERGs using a TD approach (e.g., peak time and
amplitude measures) becomes nearly impossible as the SNR
decreases. Use of the DWT permitted the quantification of
such responses, thus extending the length of the follow-up
period of disease progression by an additional 16 years. This
allowed us to demonstrate the exponential decay known to
characterize the long-term course of the cone ERG amplitude
in patients affected with RP [33]. Furthermore, use of the
inverse DWT of selected frequency bands allowed us to
reconstruct noise-free ERG waveform thus confirming the
presence of a residual biological response in signals that were
reported as nonmeasurable using the TD approach. The val-
idation of this DWT-denoising approach was demonstrated
in Figure 5, where each of the 20 denoised ERGs was highly
similar to the averaged response (obtained by averaging the
20 consecutive responses).

4.3. Limitations of the Study. In this study we limited the TD
approach to its most widespread descriptors (i.e., amplitude
and peak time of the a- and b-waves), but other unusual
descriptors (e.g., area-under-the-curve of the a- or b-wave,
time to reach a certain percentage of the a- or b-wave
amplitudes, steepness of the rising or descending flank of
the b-wave, filtered OPs measurements, etc. [6, 31, 34]) could
also be of use to identify subtle morphological changes, albeit
similarly sensitive to noise contaminant errors.

5. Conclusions

In this paper, we have presented a brief overview of the
different analytical approaches that can be used to quantify
the ERG waveform. As long as the response remains mea-
surable, the traditional measurements of the a- and b-waves

can be used to monitor the peak time and the amplitude
of the ERG signal. However, these measurements only look
at the ERG signal as a whole, instead of looking at the
different frequency components (possibly of distinct cellular
origin) separately. The discrete wavelet transform offers the
possibility to extract more components of the ERG signal,
even in very poor SNR responses. Standardized time domain
analysis of retinal function should thus be complemented
with advanced DWT descriptors of the ERG. The latter
should allow more sensitive/specific quantifications of ERG
responses, facilitate follow-up of disease progression, and
identify diagnostically significant changes of ERGwaveforms
that are not resolved when the analysis is only limited to
time domain measurements, thus bringing the analysis and
interpretation of the ERG signal in the 21st century, as it
is already the case with other biopotentials such as the
electroencephalogram and electrocardiogram.
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Objective. To compare visual outcomes of eyeswhich underwent primary scleral buckling (PSB) treatment during posterior segment
open-globe injury (OGI) repair with eyes not treated with PSB.Methods. We retrospectively reviewed 38 eyes which underwent a
posterior segmentOGI repairwith no preoperative evidence of retinal detachment (RD) at SorokaUniversityMedical Center (1995–
2010). 19 (50%) underwent scleral repair alone (control group) and the other 19 eyes were treated with PSB also (PSB group). We
compared visual outcomes in these two groups and rates of subsequent postoperative complications.Results. Baseline characteristics
of the groups were similar. Compared with the control group, the PSB group had statistically significant lower rates of proliferative
vitreoretinopathy (PVR) (5.3% versus 38.4%, 𝑃 < 0.05) and a trend towards lower rates of RD (15.8% versus 41.1%, 𝑃 = 0.1). PSB
group eyes had a statistically significant improvement of their best distance visual acuity (BDVA) with lower means of final BDVA-
grade (𝑃 < 0.05) and logMAR vision (𝑃 < 0.05). Eyes in the control group had no improvement in these parameters. Conclusion.
PSB procedure during posterior segment OGI repair may decrease the risk of subsequent retinal complications and improve final
visual outcome.

1. Introduction

Ocular trauma is a common cause of visual impairment and
loss in working age patients [1]. In industrialized nations,
eye injury has become the most frequent reason for hospi-
talization of ophthalmologic patients [2]. In the USA alone,
there are approximately 2.4million eye injuries each year, and
more than 40,000 result in permanent visual impairment [3].
Open-globe injuries (OGIs), defined as injuries that include a
full-thickness defect in the cornea and or sclera [4], have a
reported incidence of between 2 and 6 per 100,000 persons
per year [2, 5, 6]. The estimated global incidence rate of
OGI is 3.5 cases per 100,000 persons per year, leading to
approximately 203,000 OGIs per year worldwide [3].

The OGI classification system [4] has identified impor-
tant prognostic factors for OGIs and hence classifies them
based on the zone of injury, mechanism of injury, the
presenting visual acuity, and the presence of a relative afferent

pupillary defect (RAPD). Another useful system, the ocular
trauma scoring (OTS) system [7], is used to classify ocular
trauma and to predict the visual outcome of the injured
eye, using parameters of presenting visual acuity, mechanism
of injury, presence of endophthalmitis, retinal detachment
(RD), and RAPD [7].

While visual outcomes of eyes with all-types OGIs may
vary from full recovery to complete blindness, it is well
recognized that posterior segment (zone II and III injuries)
OGIs harbor a worse prognosis [8]. Moreover, these injuries,
and particularly zone III injuries (which sometimes involve
the macula and optic nerve), frequently correlate with a
poor anatomical outcome [8–12] despite extensive advances in
imaging, instrumentation,materials, and surgical procedures
over the decades [8].

The growing understanding that the development of
RD in posterior segment OGI might initiate an anatomical
destructive series [10, 11, 13–18] has raised the interest in
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methods that may prevent the development of RD in these
injured eyes [19]. Primary scleral buckling (PSB) of any
posterior segment OGI, that is, supporting the retina and
vitreous base with an encircling scleral buckle at the time
of the primary repair, is one suggested method. Besides the
fact that PSB at the time of initial surgery is technically easier
than scleral buckling done afterwards, this procedure has the
potential to reduce the rates of vitreoretinal traction and of
subsequent development of retinal tears and detachment.

Several studies examined the role of scleral buckling
in the management of ocular trauma. Some showed that
prophylactic scleral buckling at the time of vitrectomy for
posterior segment trauma was associated with better out-
comes [8–11]. In two retrospective studies [15, 16], PSB at the
time of posterior segment open-globe repair was associated
with an improved visual and anatomical outcome. However,
this surgical procedure is still controversial [19]; therefore we
have designed this study to clarify its possible benefits.

2. Methods

In this retrospective study we identified and analyzed eyes
suffering OGI and underwent primary scleral repair alone
or with PSB between 1995 and 2010 at Soroka University
Medical Center.The local Ethics Committee at our institution
approved this study.

Eyes which had an injury limited to zone I only, less
than 3 months of follow-up, evidence of RD (per fundus
examination or ultrasonography or at the time of the primary
surgery), evidence of endophthalmitis, and eyes whose best
distance visual acuity (BDVA) data was missing at the
presentation or at the end of the follow-up period were
excluded from the study. All included eyes were categorized
into two groups according to their PSB status (PSB group and
control group).

The chart of each patient was reviewed and evaluated to
determine demographic features (age and sex), interval time
between trauma and surgery, mechanism of injury, zone of
injury, initial BDVA-grade, initial logarithm of the minimal
angle of resolution (logMAR) vision score, and a calculated
OTS score. Mechanism of injury was classified according to
the Birmingham Eye Trauma Terminology [20] as rupture
or laceration, and lacerations were classified as penetration,
perforation, or IOFB. Zone of injury was defined as zone II
or zone III according to the Ocular Trauma Classification
Group [4].The initial Snellen-BDVAwas derived from visual
tests performed at the time of the patient’s admission to
our institution. Visual acuity was assessed using a Snellen
acuity chart for distance or Jaeger card for near vision.
When possible, testing was performed with a pinhole. For
eyes without formed vision, the acuity was determined as
count fingers (CF), handmotion (HM), light perception (LP),
or no light perception (NLP) if the patient was unable to
see a bright light source such as the light from an indirect
ophthalmoscope.The best assessed visual acuity in these tests
was documented as the BDVA. BDVA-grade was divided
into five categories according to the Snellen-BDVA, grade
1: 6/6–6/12; grade 2: 6/15–6/36; grade 3: 6/60–CF; grade 4:

HM and LP; and grade 5: NLP. The logMAR vision score
was calculated by obtaining the logarithm of the reciprocal
of the Snellen-BDVA for vision better than or equal to 6/60.
Otherwise, the following conversion was used: FC = 1.6, HM
= 2.0, LP = 2.5, and NLP = 3.0 logMAR units. OTS score
was calculated according to the calculation system that was
developed by Kuhn et al. [7].

The outcomes evaluated in this study were final BDVA-
grade, final logMAR vision score, rates of RD, rates of prolif-
erative vitreoretinopathy (PVR), rates of ocular hypertension,
and number of subsequent surgeries. The data regarding
the outcomes was obtained from the outpatient record of
each patient at his latest follow-up visit in our institution,
with all included patients having minimum of 3 months of
follow-up. BDVA-grade was determined and logMAR vision
score was calculated the way it was described above for the
initial data. Data regarding number of subsequent surgeries
was collected as an ordinal parameter divided into one
surgery, two surgeries, ormultiple (three ormore) subsequent
surgeries during follow-up period. The development of a
postoperative RD and PVR was noted for each patient.

All operations in our institute were performed by twowell
experienced retinal surgeons (Itamar Klemperer and Nadav
Belfair) with similar surgical approaches. After detailed
examination and exploration of the eyes, primary scleral
wound repair was performed in the operating room with
nonabsorbable suture such as 8-0 nylon. Cases of vitreous
incarceration were treated by scissors or with vitrectomy
till complete release of vitreal remnants. Afterwards, in PSB
group eyes, an encircling 3.5 to 4.0mm solid silicone exoplant
was placed with four scleral fixation sutures in the middle
of each oblique quadrant. Finally, patients received broad
spectrum intravenous antibiotics for at least 72 hours after
surgery.

2.1. Statistical Analysis. Statistical analysis was carried out
using SPSS for Windows (version 19.0.0, SPSS Inc., Chicago,
IL, USA). When comparing the baseline characteristics and
the outcomes between the two groups, continuous and
ordinal variables were analyzed using Mann-Whitney test,
and binary variables were analyzed using 𝜒2 trend test or
Fisher’s exact test. When comparing between the final and
the initial BDVA within each group, analysis was done using
Wilcoxon signed-rank test. A 𝑃 value of 0.05 or less was
accepted as statistical significance.

3. Results

Basic data was collected for 85 patients with OGI, of whom
47 were excluded, with the main reasons for exclusion being
injuries limited to zone I and lack of recorded data. Full data
was obtained for 38 patients with posterior segmentOGIwho
underwent primary scleral repair at Soroka University Med-
ical Center and had no evidence of RD at their presentation
on fundus examination, ultrasonography, nor on the surgery
itself. Of the 38 patients’ eyes, 19 eyes (50%) underwent PSB
during the primary scleral repair (PSB group), and 19 eyes
(50%) underwent the repair alone (control group).
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Table 1: Baseline demographic and clinical characteristics of PSB and control patients.

PSB group
𝑛 = 19

Control group
𝑛 = 19

𝑃 values

Male 16 (84.2%) 18 (94.7%) 0.60
Mean age (yr) 34.53 ± 15.45 36.84 ± 15.75 0.58
Mean lag time between
trauma and surgery (hr) 12.53 ± 8.48 12.80 ± 7.21 0.65

Rupture 7 (36.8%) 7 (36.8%) 1.00
Laceration 12 (63.2%) 12 (63.2%) 1.00
Penetration 2 (10.5%) 6 (31.6%) 0.23
Perforation 0 (0%) 2 (10.5%) 0.49
IOFB 10 (52.6%) 6 (31.6%) 0.19
Zone II 5 (26.3%) 6 (31.6%) 0.72
Zone III 14 (73.7%) 13 (68.4%) 0.72
Mean initial BDVA-grade 2.95 ± 1.13 2.84 ± 1.54 0.78
Mean initial logMAR vision
score 1.44 ± 0.85 1.39 ± 1.15 0.77

Mean OTS score 2.68 ± 0.82 2.68 ± 1.37 0.90
PSB: primary scleral buckling; IOFB: intraocular foreign body; BDVA: best distance visual acuity; OTS: ocular trauma score; logMAR: logarithmof theminimal
angle of resolution.
Continuous and ordinal variables were analyzed using Mann-Whitney test. Binary variables were analyzed using 𝜒2 trend test or Fisher’s exact test.

Table 2: Outcomes for PSB and control patients.

PSB group
𝑛 = 19

Control group
𝑛 = 19

𝑃 values

Mean follow-up (mo) 20.47 ± 14.93 16.00 ± 13.01 0.33
Mean final BDVA-grade 2.37 ± 1.07 2.89 ± 1.45 0.22
Mean final logMAR vision
score 1.10 ± 0.73 1.38 ± 0.98 0.36

RD 3 (15.8%) 7 (41.1%) 0.14
PVR 1 (5.3%) 5 (38.4%) 0.03
Ocular hypertension 0 (0%) 1 (5.8%) 0.47
Subsequent surgeries 2.11 ± 0.88 1.95 ± 0.97 0.60
PSB: primary scleral buckling; BDVA: best distance visual acuity; logMAR: logarithm of the minimal angle of resolution; RD: retinal detachment; PVR:
proliferative vitreoretinopathy.
Continuous and ordinal variables were analyzed using Mann-Whitney test. Binary variables were analyzed using 𝜒2 trend test or Fisher’s exact test.

Baseline demographic and clinical characteristics of the
patients were compared and are presented in Table 1. No
statistically significant differences were found. All the eyes
underwent the repair less than 24 hours from the injury,
with a similar interval time period between the trauma and
the surgery (𝑃 = 0.65, Table 1). All patients were treated
with systemic and topical antibiotics, and they all underwent
brain and orbits computed tomography scans to exclude
intracranial and intraorbital pathology.

Visual and anatomic outcomes in the two groups are
presented in Table 2. The mean follow-up for the PSB group
was 20.5 months and for the control group it was 16 months,
so that time between initial surgery and most recent BDVA
assessment was equivalent in the two groups (𝑃 = 0.33).
Compared with the control group, eyes with PSB had sta-
tistically significant lower rates of PVR (5.3% versus 38.4%,
𝑃 = 0.03). The PSB group had also lower rates of RD (15.8%

versus 41.1%), but this difference did not reach statistical
significance (𝑃 = 0.1). Although not statistically significant,
the analysis also suggested a trend toward improved visual
outcome in the PSB group. Eyes in the PSB group had a
lower mean final BDVA-grade (2.37 versus 2.89, 𝑃 = 0.2)
and a lower mean logMAR score vision (1.10 versus 1.38,
𝑃 = 0.3).The number of the subsequent surgeries was similar
between the groups (𝑃 = 0.6). At the end of the follow-
up period, no patient suffered from phthysis of the injured
eye, nor sympathetic ophthalmia. No cases presented with
posttraumatic endophthalmitis.

Another analysis we made was comparison between
the final BDVA and the initial BDVA within each group.
This analysis revealed that eyes in the PSB group had a
statistically significant improvement in their BDVAwhile the
eyes in the control group had no change in their BDVA.
Comparing the final and the initial BDVA-grade in the PSB
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Table 3: Comparison between the final and the initial BDVA-grade
in the PSB group (𝑛 = 19). 𝑃 value = 0.02.

Final BDVA-grade
(mean: 2.37)

5
4 1 1∗ 1
3 3∗ 3
2 4 1
1 3∗ 1 1

1 2 3 4 5
Initial BDVA-grade (mean: 2.95)

PSB: primary scleral buckling; BDVA: best distance visual acuity.
Analysis was done using Wilcoxon signed-rank test.
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Figure 1: Distribution of final logMAR vision score in correspon-
dence with the initial one in the PSB group (𝑛 = 19). 𝑃 value = 0.04.
PSB: primary scleral buckling; logMAR: logarithm of the minimal
angle of resolution. Analysis was done using Wilcoxon signed-rank
test.

group (Table 3) showed statistically significant improvement
of 0.58 steps in the mean BDVA-grade of these eyes, from
mean initial BDVA-grade of 2.95 to final BDVA-grade of 2.37
(𝑃 = 0.02), with only 1 of the 19 eyes having deteriorated
final BDVA-grade. LogMAR vision score analysis of the PSB
group eyes (Figure 1) showed again a statistically significant
improvement, from initial mean score of 1.44 to a final
mean score of 1.10 (𝑃 = 0.04). The same statistical analysis
for the control group eyes found no improvement of their
BDVA. Comparison between the final and the initial visual
parameters showed statistical similarity for bothBDVA-grade
(𝑃 = 0.96, Table 4) and logMAR vision score (𝑃 = 0.73,
Figure 2), as is also indicated with a fairly even distribution
above and beneath the line in Table 4 and in Figure 2.

4. Discussion

Posterior segment OGIs are associated with poor visual and
anatomical outcomes [8–12]. A series of anatomical events

Table 4: Comparison between the final and the initial BDVA-grade
in the control group (𝑛 = 19). 𝑃 value = 0.96.

Final BDVA-grade (mean:
2.89)

5 2∗

4 1 1 1 2∗ 2
3 1∗ 1
2 1 1∗ 1
1 3∗ 2

1 2 3 4 5
Initial BDVA-grade (mean: 2.84)

PSB: primary scleral buckling; BDVA: best distance visual acuity.
Analysis was done using Wilcoxon signed-rank test.
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Figure 2: Distribution of final logMAR vision score in correspon-
dence with the initial one in the control group (𝑛 = 19). 𝑃 value
= 0.73. LogMAR: logarithm of the minimal angle of resolution.
Analysis was done using Wilcoxon signed-rank test.

following an OGI has been described in animal models
[13] and appears to follow an analogous series in humans.
This series begins with the development of retinal breaks
or rhegmatogenous detachment which tend to occur weeks
to months following the injury. A subsequent PVR might
evolve with the formation of a fibrocellular membrane and
a possible further traction [14]. Theoretically, prevention of
RD formation in an open-globe injured eye may halt that
anatomical course and improve its prognosis. PSB procedure
may offer such prevention but still is not considered a
consensus [19] and lacks an evidence-based benefit.

In this study, we compared two groups of eyes with
posterior segmentOGIswhich had no evidence of RD at their
presentation and underwent their initial surgery at Soroka
University Medical Center, Be’er-Sheva, Israel, between 1995
and 2010. The PSB group underwent PSB in addition to
their primary scleral repair, and the control group underwent
posterior segment open-globe repair alone.

In our study, 41.1% of the eyes in the control group
developed RD after the initial open-globe repair, whereas
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only 15.8% of the eyes in the PSB group developed a RD.
The rate of RD in our control group eyes is comparable to
the rate reported in the ophthalmologic literature for all-OGI
eyes (40–57%) [10, 11, 15–17], and the rate of RD in our PSB
group is lower than this reported rate. RD rate in our PSB
group is comparable to that reported in the PSB group of the
matched study published by Arroyo et al. (26%) [16]. Such
trend is also seen in the analysis of PVR development in our
study, which occurs in 10–45% of injured eyes according to
previous literature [17, 18]. In our study, the control group had
a PVR rate of 38.4% (within the reported range), whereas the
PSB group had PVR rate of 5.3% only.

Comparing the outcomes between the PSB and the con-
trol groups after average follow-up greater than 18 months,
our findings suggest that the addition of PSB at the time of
the initial surgery decreases the incidence of subsequent PVR
(𝑃 < 0.05) and may decrease the rates of subsequent RD
(𝑃 = 0.14). Moreover, it may improve the final BDVA of these
injured eyes (𝑃 = 0.22 for final BDVA-grade, and𝑃 = 0.36 for
final logMAR vision).These findings suit the assumption that
PSB proceduremay improve anatomical and visual outcomes.

Another finding of our study can be derived from com-
parison of initial to final BDVA within each group. It can be
concluded that the addition of PSB improves BDVA while
having the repair alone does not change BDVA. This finding
can be also derived from the results reported by Arroyo et al.
[16] although it was not analyzed statistically there.

Comparison of baseline characteristics between both
groups in the study found no statistically significant dif-
ferences (Table 1). However, one nonsignificant difference
strengthens our conclusions regarding the advantages of PSB
procedure.ThePSBgrouphadworse initial BDVA.Given that
poor initial BDVA predicts poor prognosis in OGI cases, one
could predict that the PSB group would have worse visual
outcome. However, our results showed that PSB group eyes
had actually better visual outcome.

Our study has still some limitations. First, this study is a
retrospective study which is weaker than a prospective one.
Furthermore, the study did not include a case-case matching
since an attempt we made to match the eyes according
to their baseline injury characters ended with a very low
number of couples and a very low potential statistical power.
Secondly, owing to limited patient documentation, the two
groups could not be compared at few baseline parameters
(such as presence of RAPD, choroidal detachment, vitreous
haemorrhage, cataract, length of laceration, etc.). Thirdly,
this study has finally included relatively few eyes, hence low
statistical power. Only one difference between the groups (in
PVR) reached statistical significance.

5. Conclusion

Our study suggests that adding PSB procedure during pos-
terior segment OGI repair in eyes without evidence of RD
at the presentation decreases the risk of subsequent PVR,
may decrease subsequent RD, and may improve BDVA
when compared to repair alone. In addition, final BDVA is
improved compared to the initial BDVA when PSB is added,

while it may not change when having the repair alone. These
results suggest that PSB in these eyesmayhave the potential to
alter the expected anatomic consequences of their eye injury
and hencemay improve their overall outcome.Given the high
incidence of ocular trauma in the working age population
and its poor prognosis, a larger retrospective study, a meta-
analysis, or a randomized clinical trial is warranted to more
definitively examine the role of PSB.
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Purpose. To report choroidal thickness and volume in healthy eyes using swept source optical coherence tomography (SS-OCT).
Methods. A prospective observational study of 122 patients examined with swept source OCT (DRI-OCT, Topcon, Japan). In each
eye, we performed 256 horizontal scans, 12mm in length and centered on the fovea. We calculated choroidal thickness manually
with a built-in caliper and automatically using DRI-OCT mapping software. Choroidal volume was also automatically calculated.
Wemeasured axial length with optical low-coherence reflectometry (Lenstar LS 900, Haag-Streit, Switzerland).Results.The choroid
has focally increased thickness under the fovea. Choroid was thinnest in the outer nasal quadrant. In stepwise regression analysis,
age was estimated as the most significant factor correlating with decreased choroidal thickness (𝐹 = 23.146, 𝑃 < 0.001) followed
by axial length (𝐹 = 4.902, 𝑃 = 0.03). Refractive error was not statistically significant (𝐹 = 1.16, 𝑃 = 0.28). Conclusions. SS-OCT is
the first commercially available system that can automatically create choroidal thickness and volume maps. Choroidal thickness is
increased at the fovea and is thinnest nasally. Age and axial length are critical for the estimation of choroidal thickness and volume.
Choroidal measurements derived from SS-OCT images have potential value for objectively documenting disease-related choroidal
thickness abnormalities and monitoring progressive changes over time.

1. Introduction

The choroid is a vascular layer that supplies the retina with
oxygen and nutrition. Until recently, the only diagnostic tool
for visualization of choroid was indocyanine angiography.
This is an invasive intervention and can only present blood
flow and not histological sections. Optical coherence tomog-
raphy (OCT) devices were primarily designed to visualize the
retina and did not reveal structures lying beneath the retinal
pigment epithelium due to light scattering on choroidal
vasculature. The function of the choroid is associated with
many diseases affecting the retina. Thus, imaging and quan-
titative assessment of choroidal tissue may be of value for
the diagnosis of many retinal and choroidal diseases. Spaide
et al., using spectral domain OCT (SD-OCT), (Spectralis

OCT Heidelberg Engineering, Heidelberg, Germany), was
the first to present that SD-OCT may enable the creation of
an inverted image when the device is moved closer to the
eye. Since SD-OCT has the highest sensitivity near to zero-
delay and sensitivity decreases for larger delays, by inverting
the OCT image, the choroid is closer to the zero-delay line,
providing enhanced sensitivity and increased imaging depth.
The device was called EDI-OCT (enhanced depth OCT) [1].
Other authors have confirmed this observation using other
commercially available SD-OCT devices [2]. The inverted
image in SD-OCTenablesmeasurement of the choroid at sev-
eral points. However, the system cannot create 3-dimensional
choroid maps as the choroidoscleral boundary may not be
detected in all cases due to scattering and low penetration
through the RPE, which is influenced by the wavelength
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used. Some authors attempted tomeasure choroidal thickness
and volume after manual choroidal segmentation [3]. This
is perhaps too time-consuming and too complicated for
everyday ophthalmic practice. The ability to create choroidal
maps, with repeatability similar to the way current SD-OCT
devices enable the creation of retina maps, could enable us to
precisely determine the mean choroidal thickness in healthy
subjects and possibly add information to the pathogenesis
and course of various retinal diseases. To produce repeatable
choroidal maps, we need exact delineation of the outer
choroidal layer, whichmay be obtained by using a longer light
wavelength [4].

The commercially available swept source OCT (SS-OCT;
DRI-OCT, Topcon, Japan) uses a longer wavelength than SD-
OCT (1050 nm versus 840 nm). Longer wavelengths over-
comemuch of the scattering of light on choroidal vasculature,
thus it enables a more exact visualization of the choroid.
The purpose of the current study was to determine choroidal
thickness and volume in healthy subjects with a commercially
available SS-OCTdevice, furthermore, to correlate the results
with age, refractive error, and axial length measured with
optical low-coherence reflectometry.

2. Material and Methods

We included into this prospective study 122 eyes of 122 healthy
volunteers with no visual symptoms or history of ocular
disease. The Institutional Ethics Committee Board approved
the design of the study. The study is also in adherence with
the Declaration of Helsinki. All patients had a comprehensive
ophthalmic examination.We carried out OCT imaging using
the first commercially available SS-OCT device (DRI-OCT,
Topcon, Japan)with awavelength of 1024 nmandused optical
low-coherence reflectometry to measure axial length by
optical biometry (Lenstar LS 900, Haag-Streit, Switzerland).
Axial lengthmeasurement is reportedly very precise with this
device, as it is based on a similar mechanism to time domain
OCT [5]. We measured spherical equivalent refractive error
with an Auto Refractometer (NIDEK Co., Ltd., Japan).

Only patients with no abnormalities both in ophthalmic
examination and in SS-OCT were included in the current
analysis. Patients with a high refractive error were also
included. To exclude diurnal variations all examinations were
performed at the same time (3–6 pm). It was estimated in
earlier studies that axial length is stable during this time
period, lower than that at noon and higher than that in the
evening [6].

In all cases, two experienced examiners performed two
scanning protocols. First, for manual estimation of choroidal
thickness we took a single line scan with a resolution of 3 𝜇m,
built from 1024 A-scans with a length of 12mm. Second,
we carried out a 3-dimensional scanning protocol with 3𝜇m
axial resolution and a speed of 100,000A-scans per second. In
this protocol, 256 B-scans were taken on an area of 12 × 9 𝜇m.

We took manual choroidal thickness measurements
between the line representing retinal pigment epithelium, the
outer most hyperreflective retinal layer, and the line repre-
senting lamina suprachoroidea, the outer hyperreflective line
of the choroid. The caliper used for manual segmentation

(a)

(b)

Figure 1: (a) Swept source OCT in a healthy volunteer. The red
horizontal lines were drawn automatically at the inner and outer
choroidal boundaries. The vertical line was drawn manually, to
measure central choroidal thickness. (b) Swept source OCT fun-
dus view. The circle and numbers are drawn automatically and
represent automated thickness and volume measurements, which
were performed in 9 segments according to early treatment diabetic
retinopathy study.

was included in the software. Black on white images were
analyzed to exactly spot the outer choroidoscleral boundary
(Figure 1(a)).

We utilized the built-in choroidal segmentation tool
to automatically define the outer border of the choroid
and measured choroidal thickness between the lines indi-
cating retinal pigment epithelium and the choroidoscleral
boundary (lamina suprachoroidea) [7]. Choroidal thickness
and volume were automatically calculated using the built-
in software (Figure 1). We calculated numeric averages of
the measurements for each of the 9 map sectors defined
by the early treatment diabetic retinopathy study (ETDRS)
[8]. The inner and outer rings with diameters of 3mm
and 6mm, respectively, were segmented into 4 quadrants.
Mean choroidal thickness at the fovea was defined as the
average thickness in the central 1000 𝜇mdiameter of the early
treatment diabetic retinopathy study layout (Figure 1(b)).

Using linear regression analysis and stepwise multiple
regression analysis, we investigated the relationship between
foveal choroidal thickness and age, sex, spherical equiva-
lent of the refractive error, and axial length. ANOVA on
ranks test was performed to compare choroidal thickness
and volume in different quadrants. We performed statistical
analysis with commercially available software (SigmaStat 3.5
for Windows).
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Table 1: Choroidal thickness measurement.

All (𝜇m)
(mean age 43.2 years)

Emmetropia
(mean age 44.7 years)

All myopic eyes
(mean age 41.4 years)

High myopia
(>6Dptr)

(mean age 42.6 years)

Hyperopia
(mean age 56.9 years)

Fovea manually
determined 259 326 231 187 312

Fovea automatically
determined
(1000 𝜇m diameter)

221 259 208 172 234.7

Inner ring (3mm diameter)
Superior 220 268 204 176 221
Inferior 214 252 200 159 233
Temporal 217 251 204 170 231
Nasal 202 240 188 157 221

Outer ring (6mm diameter)
Superior 231 280 211 176 265
Inferior 210 236 188 157 257
Temporal 216 247 204 174 228
Nasal 182 226 165 140 212

3. Results

The current study included 122 eyes of 122 healthy volunteers.
Their mean age was 43 years (15–79 years, SD: 17 years); 52
subjects were male and 70 were female. Spherical equiva-
lents varied from −22 diopter to +6 diopter. 27 eyes were
emmetropic, 85 eyes were myopic (44 had high myopia:
considered as spherical equivalent >6D), and 10 eyes were
hyperopic.Themean axial length measured with optical low-
coherence reflectometrywas 25.07mm(21.33mm–31.04mm;
SD: 2.19mm).

3.1. Choroidal Thickness. Table 1 shows the mean choroidal
thicknesses by sector.

Fovea thickness measured manually was significantly
thicker than whenmeasured automatically (𝑃 = 0.04), which
may be explained by the fact that the manual measurement
is a focal measurement and that the automatic measurement
measures the mean thickness in a circle with a diameter of
1000 𝜇m. In eyes with highmyopia the automatic andmanual
measurements did not differ (𝑃 = 0.42), which may be
explained by the lack of focal central increased choroidal
thickness in high myopia.

Focal measurements of foveal choroidal thickness were
significantly thicker than when automatically measured in
all quadrants (𝑃 < 0.001). Automatically measured foveal
choroidal thickness did not significantly differ from any
quadrant in the inner ring (inferior quadrant: 𝑃 = 0.4, supe-
rior quadrant𝑃 = 0.8, nasal quadrant:𝑃 = 0.08, and temporal
quadrant 𝑃 = 0.59) but it was significantly thicker than the
nasal quadrant in the outer ring (inferior quadrant 𝑃 = 0.2,
superior quadrant 𝑃 = 0.3, nasal quadrant: 𝑃 < 0.001, and
temporal quadrant 𝑃 = 0.57). Also in the inner ring the
choroid was not statistically different on any side of the fovea
(nasal versus temporal: 𝑃 = 0.727; inferior versus superior:

𝑃 = 0.293). In the outer ring, the choroid nasal to the fovea
was thinner than inferior to the fovea (𝑃 = 0.034), superior to
the fovea (𝑃 < 0.001), and on the temporal side (𝑃 < 0.001).

3.2. Choroidal Volume. Choroidal volumes in the outer tem-
poral, superior, and inferior quadrant are bigger than in the
outer nasal quadrant (𝑃 < 0.001). Table 2 shows the mean
choroidal volume by sector.

Central choroidal volume was significantly smaller than
in all quadrants of the inner and outer rings (𝑃 < 0.001).
However, choroidal volume in different ETDRS subfields
is measured from different geometrical figures. Choroidal
volume in the fovea is the volume of a cylinder with an
upper and lower diameter of 1000 𝜇m and the height of
the cylinder is the foveal choroidal thickness (𝑉 = 𝜋𝑟2ℎ;
𝑉—cylinder volume, 𝑟—radius, and ℎ—height). Choroidal
volumes in the inner and outer quadrants are volumes of
irregular geometrical figures with base diameters bigger than
the foveal, which explains why the choroidal volume values
in all subfields are bigger than in the center and that they
should not be compared directly. What we can separately
compare are the values in the inner circle and the values in
the outer circle. In the inner circle no statistical difference was
observed between particular subfields (Kruskal-Wallis one-
way analysis of variance on ranks; 𝑃 = 0.2,𝐻 = 4.071). In the
outer circle the nasal subfield had significantly lower volume
than all other subfields (Tukey’s test, 𝑃 < 0.05).

3.3. Adequacy of the Automated Segmentation. In all cases the
examiner was able to estimate the outer choroidal boundary.
However in 16% of cases a discrepancy existed between the
examiners estimation and the automated measurement. In
those cases the automatically drawn lines were manually
corrected by the examiners.



4 BioMed Research International

Table 2: Choroidal volume measurement.

All (𝜇m3)
(mean age 43.2 years)

Emmetropia
(mean age 44.7 years)

All myopic eyes
(mean age 41.4 years)

High myopia
(>6Dptr)

(mean age 42.6 years)

Hyperopia
(mean age 56.9 years)

Fovea automatically
determined
(1000 𝜇m3 diameter)

0.17 0.2 0.16 0.13 0.18

Inner ring (3mm diameter)
Superior 0.46 0.4 0.48 0.59 0.35
Inferior 0.34 0.4 0.31 0.25 0.37
Temporal 0.34 0.37 0.32 0.26 0.36
Nasal 0.31 0.4 0.29 0.24 0.35

Outer ring (6mm diameter)
Superior 1.2 1.47 1.12 0.94 1.4
Inferior 1.1 1.24 1.06 0.86 1.36
Temporal 1.1 1.3 1.0 0.91 1.2
Nasal 0.9 1.17 0.87 0.75 1.1

3.4. Relation to Sex, Age, Refractive Error, and Axial Length.
Sex was not found to significantly influence choroidal thick-
ness in the whole group (𝑃 = 0.47).

Age was found to be negatively correlated with central
choroidal thickness (both when automatically measured and
manually measured; 𝑃 < 0.001) and with central choroidal
volume (𝑃 < 0.001). Regression analysis revealed that
choroidal thickness decreases 1.289𝜇m each year 𝑅2 = 0.08
(Figure 2).

Choroidal thickness and volume are also negatively sta-
tistically significant dependent on the refractive error (𝑃 <
0.001). Regression analysis showed that choroidal thickness
decreases 12.7 𝜇m with each diopter (𝑅2 = 0.25).

Axial length measured with low-coherence reflectometry
was also found to be negatively correlated with choroidal
thickness and volume (𝑃 < 0.001). Regression analysis shows
that choroidal thickness decreases 28𝜇m with each mm of
axial length (𝑅2 = 0.3) (Figure 3).

We also performed stepwise multiple regression analysis
to calculate which of the factors, age, axial length and refrac-
tive error, are associated the most with choroidal thickness.
Age was estimated as the most significant factor (𝐹 = 23.146,
𝑃 < 0.001) followed by axial length (𝐹 = 4.902, 𝑃 =
0.03). Refractive error showed no significant association with
choroidal thickness in multiple regression analysis (𝐹 = 1.16,
𝑃 = 0.28).

Stepwise regression analysis also revealed that foveal
choroidal volume can be predicted from a linear combination
of two independent variables among the above mentioned
factors: age (𝐹 = 22.711, 𝑃 < 0.001) and axial length
(𝐹 = 39.366, 𝑃 < 0.001). Refractive error was not estimated
as an independent factor in the stepwise regression analysis
(𝐹 = 2.952, 𝑃 = 0.08).

4. Discussion

The Topcon DRI-OCT machine we used was the first com-
mercially available device of its kind. It enables automatic

creation of choroidal volume and thickness maps. To date
(PubMed Medline) this study involves the largest patient
population examined, in which automatically measured
choroidal thickness and volume are correlated with sex, age,
refractive error, and axial length, not only in normal subjects
but also in high myopia and hyperopia (from −22 diopter to
+6 diopter).

Stepwise multiple regression analysis confirmed that
choroidal thickness and volume, measured with a commer-
cially available SS-OCT device, correlate with two inde-
pendent variables, axial length, measured with optical low-
coherence reflectometry, and age. The choroid both is the
thinnest and has the smallest volume nasally. The focal
increase of choroidal thickness at the fovea may be explained
by increased metabolism.

EDI-OCT was earlier used to measure choroidal thick-
ness. It has the highest sensitivity near to zero-delay and that
sensitivity decreases for larger delays; an inversion of theOCT
image was proposed, to move the zero-delay line closer to
the choroid, providing enhanced sensitivity and increased
imaging depth. Choroidal thickness can then be assessed
with point-to-point manual caliper measurement taken on a
single line scan, which is limited to the subfovea [9–11]. Some
authors have suggested using the 6-line scanning protocol
to obtain more information [12]. Volume measurement is
obtained from compilation of a series of B-scans. To enable
automated volume measurement the resolution of borders of
the measured area must be clearly visible and distinguishable
in all cases. Even if SD-OCT is able to provide retina volume
measurements, no commercially available device is able to
create choroidal thickness and volumemaps.This is probably
due to the fact that choroidoscleral boundary is not perfectly
visible in all cases. As swept source OCT devices employ a
longer light wavelength (1050 nm versus 840 nm in SD-OCT)
they overcome much of the scattering of light on choroidal
vasculature. SS-OCT obtains time-encoded information by
sweeping a narrow-bandwidth laser through a broad opti-
cal spectrum. The backscattered intensity is detected with
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Figure 2: Choroidal thickness (a) and volume (b) correlate negatively with age (𝑃 < 0.001).
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Figure 3: Choroidal thickness (a) and volume (b) correlate negatively with axial length (𝑃 < 0.001).

a photodetector and not with the spectrometers and CCD
cameras used in SD-OCT devices. CCD cameras have a
finite pixel size and thus there is a drop-off in signal with
depth. Using photodetectors instead has led to a further
increase in the potential resolution (1𝜇m). The scan speed
in swept-source instruments is twice that of SD-OCT devices
(100,000 A-scans/sec compared to 50,000 A-scans/sec.). This
enables faster acquisition of B-scans and a more accurate 3-
dimensional image of the retina and choroid. It was earlier
confirmed that despite the different wavelengths choroidal
measurements performed with EDI-SOCT and SS-OCT are
highly comparable [13].

This paper is the first to present automatic choroid
thickness and volume measurements performed with a com-
mercially available SS-OCT device in a wide range of patients
in regard to age (15–79 years) and refractive error (−22 diopter
to +6 diopter). The possibility of obtaining choroidal volume
scans was presented before [14].

At 221𝜇m the mean subfoveal choroidal thickness we
measuredwith SS-OCT is lower than that previously reported
in SD-OCT studies (272𝜇m–354 𝜇m) and is lower than
the results obtained with the prototype version of SS-OCT
performed on Japanese subjects (354 𝜇m) [14].

However, the mean focal subfoveal choroidal thickness
(choroidal thickness at the foveola) measured manually was
259 𝜇m, which is more comparable to the previous results
mentioned above. The different results may be due to differ-
ences in how the measurements are taken. With the earlier
SD-OCT machines and the SS-OCT prototype, choroidal
thickness measurement is possible only manually at certain
spots whereas we were additionally able to measure the mean
subfoveal choroidal thickness in all 9 map sectors as defined
by ETDRS. Thus, automatic foveal choroidal thickness mea-
surement corresponds to an area with a diameter of 1000𝜇m,
centered on the foveola.The results we obtainedmay indicate
that any increase in choroidal thickness is only focal and that
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thickness decreases with the distance from the foveola. Addi-
tionally in our group many myopic subjects were included.
Another explanation may be that the difference is due to
incorrect measurement by the automated software.

Our study confirms earlier SD-OCT and prototype SS-
OCT reports that the choroid is thinnest on the nasal side of
the fovea. Automatic measurement in certain sectors addi-
tionally enabled us to determine that this decrease reaches
statistical significance about 1.5mm from the foveola.

Moreover, this paper is the first to present quantitative
measurement of choroidal volume. We succeeded in con-
firming that choroidal volume is lowest on the nasal side
of the fovea, with statistical significance about 1.5mm from
the foveola. Choroidal volume in different ETDRS subfields
is measured from different geometrical figures, thus central
volume cannot be compared with volumes in the outer and
inner rings. Choroidal volume in the fovea is the volume of a
cylinder with an upper and lower diameter of 1000 𝜇m and
the height of the cylinder is the foveal choroidal thickness
(𝑉 = 𝜋𝑟2ℎ; 𝑉—cylinder volume, 𝑟—radius, and ℎ—height).
Choroidal volumes in the inner and outer quadrants are
volumes of irregular geometrical figures with base diameters
bigger than the foveal, which explains why the choroidal
volume values in all subfields are bigger than in the center.
Our SS-OCT study presents a mean subfoveal choroidal
volume of 0.17mm3, which is lower than in the earlier SD-
OCT studies by Shin et al., who reported 0.24mm3 [12].

Using multiple regression analysis, we demonstrated that
choroidal thickness independently correlates with age and
axial length. Correlation between choroidal thickness and
age is well established. Autopsy studies have reported a
1.1 𝜇m decrease per year, previous SD-OCT studies have
suggested 0.9 𝜇m–1.54 𝜇mper year, and early SS-OCT studies
performed with a prototype device reported that the mean
decrease is about 14 𝜇m every 10 years [13–17]. Our study
presents a yearly mean decrease of 1.289 𝜇m. Our figure may
be affected by the 𝑅2 measurements in our study being as
low as 0.08 which, in itself, confirms the great interindividual
variability also reported by Ikuno et al. [15]. In our study
for example, three 20-year-old patients had an axial length
of 24mm yet their central choroidal thickness varied from
288𝜇m to 361 𝜇m. Ruiz-Moreno et al. on the other hand
reported no differences in choroidal thickness between pedi-
atric and older populations [18]. Itmay require further studies
to determine which other factors are responsible for intrain-
dividual changes in choroidal thickness. It may vary with race
or other genetic predispositions or other unknown factors.

Regression analysis also revealed that choroidal thickness
decreases 18.7 𝜇mwith every decrease of 1 diopter (𝑅2 = 0.2).
This is more than what Ikuno et al. proposed (9.3 𝜇m per
diopter) perhaps because their analysis only included healthy
subjects without high myopia whilst our group analyzed a
wider spectrum of refractive errors (from −22 to +6 diopter).

Multivariate analysis by Ikuno et al. suggested that
refractive error also independently correlates with choroidal
thickness whereas we found no correlation. Again, this
may be because Ikuno et al. included a low spectrum of

axial lengths and refractive errors in their study and we
investigated individuals from high myopia to hyperopia [15].

To conclude with, SS-OCT enables automatic creation of
choroidal thickness and volume maps.

This study presents that choroid is at its thinnest nasally,
about 1.5mm from the fovea. Choroidal volume is also lowest
on the nasal side.

Multivariate analysis confirmed that choroidal thickness
independently decreases with increasing age and higher axial
length.
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Purpose. To correlate the long-term clinical effect of photocoagulation lesions after 6 months, as measured by their retinal damage
size, to exposure parameters. We used optical coherence tomographic (OCT)-based lesion classes in order to detect and assess
clinically invisible and mild lesions. Methods. In this prospective study, 488 photocoagulation lesions were imaged in 20 patients.
We varied irradiation diameters (100/300𝜇m), exposure-times (20–200ms), and power. Intensities were classified in OCT images
after one hour, and we evaluated OCT and infrared (IR) images over six months after exposure. Results. For six consecutive OCT-
based lesion classes, the following parameters increased with the class: ophthalmoscopic, OCT and IR visibility rate, fundus and
OCT diameter, and IR area, but not irradiation power. OCT diameters correlated with exposure-time, irradiation diameter, and
OCT class. OCT classes discriminated the largest bandwidth of OCT diameters. Conclusion. OCT classes represent objective and
valid endpoints of photocoagulation intensity even for “subthreshold” intensities. They are suitable to calculate the treated retinal
area. As the area is critical for treatment efficacy, OCT classes are useful to define treatment intensity, calculate necessary lesion
numbers, and universally categorize lesions in clinical studies.

1. Introduction

Retinal photocoagulation is inexpensive and easy-to-admin-
ister, and the treatment requires only limited repetition and
follow-up. It remains the basic therapy for peripheral retinal
ischemia and an adjunctive therapy for diabetic macular
edema [1]. On the other hand, it is a tissue destructive proce-
dure [2]. Side-effects include acute pain, scotomas, reduced
colour vision, decreased night vision, and uncontrolled
atrophic scarring [3, 4]. Much effort has been undertaken
to reduce lesion intensities [5–9], and pilot studies have
collected evidence that “subthreshold” laser treatment can be
effective [10–15].

Current concepts of “subthreshold” photocoagulation
suffer from dissatisfactory endpoint definitions and from
poorly reproducible lesion evaluations. Previous studies have
used a variety of criteria to define lesion intensity, such as
ophthalmoscopic invisibility [16], fluorescein angiographic
(FLA) leakage [6, 11], optoacoustics [17], power titration
according to reference lesions [18–20], long-termautofluores-
cence (AF) imaging [16], and others. We believe that modern
optical coherence tomography (OCT) has the capacity to
improve lesion definition significantly, as it represents a
very sensitive method to detect and subclassify even lesions
that remain ophthalmoscopically invisible [21, 22]. An OCT-
based classifier may discern two to three subvisible lesion
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classes and three to four visible lesion classes as we have
shown previously [23].

The present study applies the OCT-based classifier in
order to anticipate the area of retina that will ultimately be
destroyed by a lesion. Photocoagulation efficacy depends on
the totally coagulated area [24], and increased numbers of
softer lesions are required for the same clinical effect [14].
Reduced intensity of every single lesion, in order to reduce
side-effects like scotoma formation or pain, is invariably
accompanied by a reduction of the treated area of retina.
A suggested algorithm to calculate the affected retinal area
for different intensity lesions used an ophthalmoscopic lesion
classifier (moderate, light, barely visible), which is observer-
and time-dependent [24]. Therefore, this study examines
parameters which are on one hand detectable during or
shortly after treatment, more reliable, and more sensitive
than ophthalmoscopic lesion evaluation andwhich are on the
other hand correlated with the long-term lesion size.

2. Methods

2.1. Clinical Study. Photocoagulation lesions were exam-
ined in a noninterventional, prospective clinical trial on 20
patients receiving photocoagulation for retinal vein occlusion
(3/20), occlusive vasculitis (1/20), and diabetic retinopathy
(16/20). Some of the latter were additionally treated focally
for diabetic maculopathy (4/16). The study was reviewed
and approved by the Institutional Ethics Committee at the
University of Kiel (application no. A 105/10) and was carried
out in accordance with the contents of the declaration
of Helsinki. All treatment indications followed the treat-
ment guidelines of the German ophthalmological society
[25, 26].

We chose a study area of 15∘× 20∘ of untreated peripheral
retina. This area was imaged by colour fundus images (Zeiss
FF450 plus fundus camera, Carl Zeiss Meditec AG, Jena,
Germany), AF, infrared (IR), and spectral domain—OCT
images (HRA + OCT Spectralis, Heidelberg Engineering,
Heidelberg, Germany) before treatment and one hour, one
month, three months and six months thereafter. All study
lesions were placed within that area. OCT scans of the study
area were acquired in 30 𝜇m steps and averaged from 20 indi-
vidual sweeps. Using the follow-up function (AutoRescan),
we traced the lesions through all consecutive OCT series.

We used spot diameters of 100 or 300 𝜇m and exposure-
times of 20, 50, or 200ms. Threshold powers were titrated
outside the study area. As the visibility threshold of 100 𝜇m
lesions was exceeded with 200ms exposure-time even at
the lowest possible power setting of the photocoagulator
(50mW), we added an additional group of 100 𝜇m, 100ms
lesions. In the study area, we applied rows of five lesions,
starting at threshold power and increasing power lesionwise
in stepwidths as provided by the laser device, amodifiedZeiss
VISULAS VITE 532 nm continuous wave laser (50–200mW:
10mW-steps, 200–500mW: 20mW-steps,> 500mW: 50mW-
steps). In separate rows of lesions, power was decreased from
the threshold in the same manner. Each patient received 20–
50 study lesions. 562 study lesions were applied altogether,

and 488 of these fell into the areas scanned by OCT. Outside
the study area, patients received photocoagulation therapy
according to the guidelines.

2.2. OCTCross-Sectional Evaluation. All lesions that could be
identified inOCTweremounted in a composite of five images
(pretreatment, one hour, one month, three months, and
six months). These were arranged in groups with common
diameter—exposure-time settings. Within each group, we
looked for morphological attributes and ordered the lesions
in subgroups with increasing intensity.This led to six consec-
utive and universal classes of detectable OCT morphologies,
irrespective of exposure-time and diameter, as published
before [23] and reviewed in Figure 2, top lines.

2.3. Photocoagulation Lesion SizeMeasurements. Thegreatest
linear diameters (GLD) of the lesions were measured in
the OCT software. Measurements were carried out in the
1 𝜇m : 1 𝜇mdepiction, whichwe scaled up to 800%magnifica-
tion.Wemeasured the lesion size at the level of photoreceptor
inner segments (IS) or, in class 2 lesions, at the outer nuclear
layer (ONL).

Lesion areas were assessed in colour fundus images
taken 1 hour after the end of the treatment and IR images
taken 1, 3, and 6 months after the treatment. All lesions
were contoured manually in image editing software (Gimp
2). All marked lesions’ pixel sizes were semiautomatically
measured by ImageJ software, and the pixel and real areas
were calculated. The scaling factors were retrieved from the
camera and OCT manufacturers’ softwares. Every lesion was
measured by three independent observers. A lesion was
considered visible if at least two observers recognized it, and
the mean diameter was used for evaluation, but out-of-range
values were excluded as described elsewhere [17].

In fundus colour images, we included the bright necrotic
lesion core and the greyish denaturation zone into the
measurements. An additional halo, which may develop
around intense burns, was considered a secondary effect and
excluded from themeasurements, because it is strongly time-
dependent, and exclusion of these halos results in diameter
measurements equal to histological damage diameters [27,
28]. In IR images, all reflectivity alterations—bright or dark—
that differed from the pretreatment image were included in
the lesions size measurement. IR images were evaluated by
three independent observers as well.

2.4. Statistics. The analyses of the development of GLD and
lesion area for different time points were performed by
an ANOVA with repeated measurements with and with-
out interaction. Influence variables were observation time
(within subject) and exposure-time and irradiation diameter
and OCT class (between subjects). Lesions with no mea-
surable GLD or area values (0-values), respectively, were
excluded from these analyses.

All performed tests were two-sided. 𝑃 values below
0.05 were considered statistically significant. All statistical
analyses were carried out with SPSS software, version 20.
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(a) (b)

Figure 1: (a) and (b) show colour fundus images of the same study eye taken one hour after the treatment (a) and 6months after the treatment
(b). Examples of study lesions are marked for OCT classes 2, 3, and 5 lesions. The same lesions are displayed in Figures 2 and 3, classes 2, 3,
and 5.The class 2 lesion is invisible after 1 hour, but an optical reflex blurs the location.The classes 3 and 5 lesions are visible in (a) and (b). In
the periphery of the fundus, we placed standard panretinal lesions (300𝜇m, 30ms, moderate grey).

3. Results

3.1. Clinical Evaluation of Study Lesions (Figure 1). Figure 1
shows fundus images of a typical study area of retina,
which contains 4 rows with 5 lesions each, not all of which
are visible. Compared to the standard panretinal lesions
(300 𝜇m, 30ms) in the periphery, study lesions were soft, as is
demonstrated in Figure 1 at the examples of classes 2, 3, and
5 lesions.The difference is already detectable in 1 hour colour
fundus images but becomes more obvious in the 6 months
image.

3.2. OCT Classification and Qualitative Analysis (Figure 2).
Figure 2 reviews characteristics of the OCT lesion classifi-
cation in the top rows. The definition of those previously
published OCT lesion classes [23] is summarized as follows.
Class zero is undetectable. Class one is invisible one hour
post-treatment, but detectable at least in OCT images after
1 week. Class two is barely visible in the outer nuclear layer
(ONL) after one hour, and class three is clearly visible with
an inner segment (IS)—outer segment (OS) junction line
interruption after one hour. Class four shows a thinned
RPE/Bruch’s membrane (BM) complex and RPE elevations
at the lesion border. Class five has thinned RPE in the
centre and is surrounded by a ring of detached or excavated
RPE. Class six has a bright spot in the centre of the dark
column in the ONL. The OCT classifier is useful to discern
photocoagulation intensity objectively and very accurately.

The lower lines of the composite in Figure 2 show how
lesions developed over 6 months in OCT images and give
the OCT GLD measurements for each example at all 4

posttreatment time points. We imaged 488 lesions total with
OCT. The qualitative OCT analysis of lesion morphologies
after one, three, and six months showed that the extent of
retinal damage,which includes axial andhorizontal extension
of OCT alteration, increases with increasing classes and tends
to decrease over time.

3.3. Qualitative Analysis of Clinical Lesion Appearance
(Figure 3). Figure 3 complements Figure 2 by showing addi-
tional data (power, exposure-time, and peak end tempera-
ture) and clinical images for the same lesions and at the same
time points (fundus colour images and AF and IR images) as
Figure 2. Damage areas asmeasured in colour images (1 hour)
or IR images (1–6 months) are indicated as well. Increasing
lesion classes show increasing damage areas.

Very mild lesions become apparent in fundus colour
images after one hour but are undetectable in the corre-
sponding IR or AF images. Later, mild lesions may vice versa
be detectable only in IR and AF images. The comparison
of IR and AF images reveals that both show exactly the
same discoloration pattern and are, in this clinical context,
equivalent. Due to better image quality and availability in
some patients, we chose to evaluate IR images to assess lesion
areas in this study.

3.4. Sensitivity of Lesion Detection in Fundus Colour (1 Hour),
OCT (1 Month), and IR Images (6Months, Figure 4). Figure 4
shows percentages of lesion visibilities for the different OCT
classes in different examination methods. Classes 1 and 2
lesions were rarely ophthalmoscopically visible after 1 hour.
There is a clear correlation of lesion class and visibility. The
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Figure 2: showing representative lesions for 6 consecutive, OCT-based damage classes as defined in a former study [23]. Illustrations of each
class are shown at the top of the columns and below representative OCT images taken before the treatment and 1 hour, 1 month, 3months, and
6 months after the treatment. Classes 3 and 5 may have different OCT appearances, depending on irradiation diameter and exposure-time.
All images in a column show the same fundus lesion during follow-up. If an OCT image series shows more than one lesion, a black box
demarcates the lesion of interest. At the bottom, the corresponding greatest linear diameters (GLD) are given for all time points, and below
that the legend and abbreviations are defined. Physical parameters and clinical images of the same set of lesions are shown in Figure 3.
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Figure 3: showing the clinical appearance of the lesions from Figure 2 at identical time points (before the treatment, 1 hour, 1 month, and 3
and 6months after the treatment). Columns compare images of the same lesion over time, and rows compare lesions of different OCT classes
at identical time points. Every cell in the composite figure contains a fundus colour image (top), an AF image (middle), and an IR image
(bottom). The lesions are centred in all single images. In the top row, we show for each lesion the parameters exposure-time in ms, peak end
temperature at the level of the RPE in ∘C, and power in mW. In the second row (1 hour), the lesion area as measured in the colour image is
given in mm2, and in all consecutive rows (1–6 months), the lesion area as measured in IR images is given in mm2. The irradiated area of
300 𝜇m lesions is 0.071mm2. ∗In the 1 hour class 2 fundus colour image, the lesion site is superimposed by an optical reflex, but the lesion
itself is ophthalmoscopically invisible (see also Figure 1). n. a.: image not available.

OCT image after 1month is themost sensitive, followed by IR
(6 months) and fundus images (1 hour). Notably, about 1/3 of
class 0 lesions, that could be detected neither on the fundus
image nor in OCT, caused an altered IR reflectance after 6
months.

Immediate visibility rates during treatment were lower
than after 1 hour, as whitening increases over hours after
lesion application. Compared to clinical treatment condi-
tions, our detection sensitivity was optimized due to digital
upscaling, contrast enhancement, and threefold evaluation
by independent investigators. Consequently, lesion classes 1,

2, and possibly 3 would have been considered subvisible in
clinical routine evaluation during the treatment. All classes
1 and 2 lesions became, by definition, detectable in OCT
images, which gives evidence that they do induce structural
retinal damage.

3.5. OCT GLD over Time (Figure 5). Figure 5 shows the
greatest linear diameters (GLD) as measured in OCT at the
time points 1 hour, 1 month, 3 months, and 6 months after
the treatment. The corresponding mean values are given
numerically in the supplementary table in the Supplementary
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Figure 4: showing percentages of lesion visibilities for the different
OCT classes in different examinations. All of OCT class 1 lesions
were by definition visible in OCT images after 1 week. Several of
these very mild lesions were no longer detectable after 1 month,
which explains that less than 100% were detected. Sample sizes for
each group are given below the𝑋-axis.

Material available online at http://dx.doi.org/10.1155/2014/
492679. Stratification according to irradiation diameter
is shown in Figure 5(a), according to exposure-time in
Figure 5(b), and according to OCT class in Figure 5(c).
Lesions that were not detectable in OCT images (GLD
= 0 at any time point) were excluded from the analysis.
Consequently, class 1 lesions are not displayed.

The greatest change of GLD was a relevant decrease from
1 hour to 1 month after the treatment. There were only small
changes after 1 month. Frommonth 3 to 6, slight growth may
be suspected in stronger lesions.

The influence of all three examined factors (irradiation
diameter, irradiation time, and OCT class) on the GLD is
significant (𝑃 < 0.001), but OCT classes create the greatest
bandwidth of GLD’s after 1 hour (177𝜇m in class 2 to 717 𝜇m
in class 6), compared to diameter strata (243 𝜇m in 100 𝜇m
lesions to 404 𝜇m in 300 𝜇m lesions) and exposure-time
strata (239 𝜇m in 20ms exposures to 438 𝜇m in 200ms
exposures).

The statistical interaction was significant for GLD chan-
ges and irradiation diameter (𝑃 < 0.001) and GLD changes
and OCT class (𝑃 < 0.001), but not for GLD changes and
irradiation time (𝑃 = 0.054).This indicates that GLD changes
similarly over time irrespective of irradiation time, but
differently for different irradiation diameters or OCT classes.

The statistical evaluation of IR lesion area development over
time gave similar results (not shown).

Notice that, in Figure 5(b), the 100ms lesions were all
applied at 100 𝜇m irradiation diameter, which produces a
bias toward smaller GLD values. The vast majority of 200ms
lesions, in contrast, were applied at 300 𝜇m irradiation
diameter (192/234), which produces a bias toward larger GLD
values.

3.6. Power: Intensity Correlation (Figure 6). Figure 6 shows
laser powers that achieved different OCT classes, and data
are stratified for exposure-times. As expected by clinical
experience and theoretically described by the Arrhenius
theory [29], longer exposures require lower power to achieve
a given damage intensity or OCT class, respectively. This
correlation is best appreciated in the class 3 data set. For
increasing classes at a given exposure-time, increasing mean
power values are expected and indeed found for 20ms, classes
1–4 lesions. In other groups, such as 200ms, classes 4–6
lesions, we did not encounter this correlation. Low lesion
classes 1 and 2 and all 20ms lesions have large confidence
intervals, which indicates that a given power setting may
create highly variable lesions in these subgroups, and that
these subgroups cannot be reliably controlled by conven-
tional power control. The data show the limitation of power-
dependent retrospective laser control and give evidence of
the high impact of transmission and pigmentation variation,
which accounts for variable effects of lesions applied with
identical power. Temperature data of the same set of lesions,
which we have published before [23], underline that the
inaccuracy is indeed owed to effect variation at constant
powers, not to intensity assessment inaccuracy.

4. Discussion

In this studywe evaluated the laser-induced retinal changes of
488CW photocoagulation lesions from 20 patients. We var-
ied exposure-time, irradiation diameter, and lesion intensity
systematically and observed the lesions over 6 months. Our
parameter variations included the clinically most important
sets, with exposure-times of 20–200ms and irradiation diam-
eters of 100 and 300 𝜇m. As influence variables, we examined
exposure-time, irradiation diameter, OCT lesion class, and
treatment laser power. Outcome measures were obtained
in ophthalmoscopy and OCT and IR images and included
lesion visibility, diameter, and area. The study addressed the
questions which imaging modality was most sensitive and
which early parameter was most suitable to estimate the
retinal defect size after 6 months.

OCThas been used to display photocoagulation lesions as
early as 1995, when Toth et al. applied OCT for a histological
correlation of photocoagulation lesions [30]. Detection of
subthreshold photocoagulation lesions by higher quality
spectral domain OCT has been introduced in 2008 [31]
and repeatedly published since then [21, 23, 32, 33]. It has
been shown that OCT is capable of detecting lesions that
are ophthalmoscopically invisible, and that lesions may be
invisible in early OCT images but appear later in follow-up



BioMed Research International 7

1000

800

600

400

200

0

O
CT

 g
re

at
es

t l
in

ea
r d

ia
m

et
er

, m
ea

n 
an

d 
95

%
 C

I (
𝜇

W
)

Irradiation diameter (𝜇m)
= 114)= 168)100 (n = 300 (n =

(a)

Irradiation time (ms)

1000

800

600

400

200

0O
CT

 g
re

at
es

t l
in

ea
r d

ia
m

et
er

, m
ea

n 
an

d 
95

%
 C

I (
𝜇

m
)

200 (n = 89)
∗

100 (n = 42)
∗

50 (n = 74)20 (n = 77)

(b)

OCT class

1000

800

600

400

200

0

O
CT

 g
re

at
es

t l
in

ea
r d

ia
m

et
er

, m
ea

n 
an

d 
95

%
 C

I (
𝜇

m
)

OCT GLD (6 months)
OCT GLD (3 months)

OCT GLD (1 month)
OCT GLD (1 hour)

6 (n = 3)5 (n = 54)4 (n = 45)3 (n = 145)2 (n = 35)

(c)

Figure 5: (a)–(c) show OCT GLD from 1 hour to 6 months after treatment. The symbols indicate mean values, and error bars indicate 95%
confidence intervals of the mean (CI). In (a), values are grouped in strata of different irradiation diameters, in (b), in strata of different
exposure-times, and, in (c), in strata of different OCT classes. 𝑌-axes are commonly scaled in all 3 graphs. Sample sizes are indicated at the
𝑋-axis. ∗Please note that, in (b), 100ms lesions were all applied with 100 𝜇m irradiation diameter, and 200ms lesions, mostly with 300 𝜇m
diameter, which leads to a bias of GLD.

OCT images. OCT has also been used in animal experiments
tomonitor photocoagulation in real time [34, 35]. Since OCT
changes appear with a temporal delay, as do ophthalmoscopic
changes, the applicability of OCT might be limited for real-
time laser control. In our systematic comparison of mild

and subthreshold photocoagulation lesions, IR imaging after
6 months was very sensitive and detected changes in one
third of lesions that never became visible in OCT images.
OCT images were more sensitive than ophthalmoscopy after
1 hour. Among OCT images, sensitivity after 1 week [23] or
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1 month was highest and facilitated objective classification of
lesions.

We graded lesions’ intensities according to a morpholog-
ical OCT classifier [23], which is universally applicable to
lesions with different irradiation diameters and irradiation
times. It was developed with 532 nmCW lesions but would
most likely be applicable to differently created lesions as well,
which is confirmed by findings ofMojana et al. who observed
some similar OCT changes in “subthreshold” lesions created
with an IR micropulse laser [21]. The OCT classifier includes
two different subvisible intensity grades, which were in this
case created with a CW photocoagulator. We have proven
the validity of the OCT classifier on short-term follow-up
data before [23]. In the present study, we show that lesion
intensity is the key measure to describe the tissue effect of
photocoagulation, as its predictive value concerning the 6-
month lesionGLD (152–539𝜇m) and area ismuch better than
that of power (Figure 6), irradiation diameter, or irradiation
time (193–336 𝜇m, Figure 5). OCT lesion intensity classifica-
tion includes the impact of local and individual transmission
and pigmentation as well. The presented lesion assessment
has the potential to define common treatment endpoints that
would be universally applicable to different photocoagulators
(CW versus pulsed and different wavelengths) and protocols
(irradiation times and duty cycles).

Numerous studies have investigated photocoagulation
lesions after clinical treatment protocols, partly with long
clinical follow-up, but with low parameter variation [19, 21,
22, 32, 36–40]. Mojana et al. evaluated subvisible IR-laser
lesions in OCT images and discriminated 3 different lesion
classes, some of which were comparable to ours, but which
did not cover the entire intensity range [21]. Fewer OCT
studies varied lesion parameters systematically [19, 20, 24, 41].
The lesion intensities displayed in those studies match our
classes 3 (barely visible in [24]/subvisible in [20, 41]) to 6
(moderate grade in [24]/suprathreshold in [20, 41]), while
our 2012 publicationwas the first systematic investigation that
described subthreshold classes 1 and 2 [23].

Muqit et al. investigated 120 photocoagulation lesions
of 392 𝜇m diameter after 20, 100, or 200ms irradiations at
four different ophthalmoscopic endpoints. They observed
decreasing GLD particularly for shorter exposed or less
intense lesions in direct comparison of 1 hour and 6 month
OCT images [41]. Lavinsky et al. analysed 100–400 𝜇m, 10–
200ms lesions in OCT images over one year [20]. These
authors emphasize the advantages of shortly exposed, smaller
lesions when controlled by ophthalmoscopic visibility. In
contrast, we believe that microstructural lesion intensity is
the key measure which is correlated with clinical efficacy
and biological response to laser irradiation. In fact, the
lack of interaction of exposure-time and GLD development
over time gives a clue that exposure-time might not be
an adequate measure to differentiate lesions with different
growth behaviour.

Photocoagulation scars grow frequently. Reported inci-
dences range from 5.4% of eyes after mild macular treatment
[42] to 70% of lesions after strong subretinal neovascu-
larization treatment. Growth occurred at any time point
after the treatment, resulted in geographic retinochoroidal
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Figure 6: showing laser powers that achieved different OCT classes.
Symbols indicate mean values, and error bars indicate CI. Class 5
lesions were rarely achieved by 20ms exposures, and the low sample
size of only 2 lesions limits the validity of the subgroup data shown.

atrophy [4], and can be detrimental in macular lesions [42].
On the other hand, complete retinal restoration after mild
photocoagulation has been described and controversially
discussed as well [19–22, 43, 44]. In our study, we did not
encounter complete lesion disappearance in OCT images
except for 5/488 (1%) lesions, in spite of the lowest possible
lesion intensity. Concerning growth, obviously either the 6-
month time frame of this studywas too short to see significant
growth or the lesions were too mild to grow substantially.

Lavinsky et al. have previously shown that short exposure
or mild panretinal treatment affects a smaller area of retina if
compared to standard panretinal treatment, and that there is
an inverse correlation of the totally affected retinal area and
clinical effectiveness [14, 24]. The lesion they show in [24] as
an example of standard ETDRS treatment would be class 6
according to our classification (final GLD 539 𝜇m). In our
study, the classes 3 and 4 final GLD was 225𝜇m, which is
42% of the class 6 diameter. Hence, the treated area of classes
3-4 lesions is about 18% (0.422) of class 6 lesions. The final
GLD of class 2 lesions was 150 𝜇m, which is 28% of the class 6
diameter, and their treated area is about 8% (0.282) of class 6
lesions. In order to treat the same retinal area, about 5 times
as many class 3 or 4 lesions and 12 times as many class 1 or 2
lesions would be necessary.

The physical laser parameters are only loosely correlated
with the intensity of a retinal lesion, and even the ophthalmo-
scopic lesion appearance gives limited information on how
severe a lesion is on a cellular level. Figure 3 demonstrates



BioMed Research International 9

the strong ophthalmoscopic similarity of different OCT-class
lesions. In our previous study, we examined 35 lesions that
had been applied with 100 𝜇mdiameter and 100ms exposure-
time in mild macular treatment, and of these, 12 (34%) were
class 3 and 23 (66%) were class 4 [23]. 300 𝜇m, 200ms lesions
were mostly class 5 (59%) but included some class 6 (31%)
and few classes 3 and 4 lesions (each 5%) as well, although
all lesions aimed at a common ophthalmoscopic endpoint.
An ongoing, unpublished study shows that lesion intensities
are highly variable within the same treatment session and
between different physicians and different patients treated
by the same physician. Obviously, ophthalmoscopic lesion
evaluation is not very reliable.

5. Conclusions

Therefore, assessment of OCT lesion classes as investigated
in this study would, for the first time, facilitate compara-
bility of differently created photocoagulation lesions across
different studies. It would also allow a predictive estimation
of the clinical effect by the presented correlation with the
final lesions sizes and enable calculation of necessary lesion
numbers on the basis of a much more reliable measure than
ophthalmoscopic lesion class.
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