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ABSTRACT

Introduction: All applied illumination systems
are validated according to a standard that
measures in an experimental setup the direct
radiation intensity on a surface in an aqueous
solution, not involving an eyeball. Due to vari-
ous factors, multiple intraocular light-tissue
interactions could occur and lead to retinal
irradiation intensities that are higher than the
irradiation caused by direct illumination. The
aim of this work is to investigate the hypothesis
that intraocular and technical reference irradi-
ance is different.

Methods: Using an illumination system and a
calibrated optical fiber, the irradiance in porcine
eyes was measured at the posterior pole (mac-
ula) and compared with reference measure-
ments. We compared two endoilluminators
(spotlight and wide-angle) at a total of nine
porcine eyes with a brown iris and five porcine
eyes with a blue iris.
Results: The intraocular irradiance was always
significantly higher compared to reference
measurements (p\0.001). Between eyes with a
blue or brown iris, no significant difference was
observed.
Conclusion: A significantly higher irradiance
could be measured compared to a reference
measurement with the same illumination setup.
The intraocular illumination increased between
30 and 60%, dependent on the distance of the
distal end of the light fiber (4–12-mm distance
to the retina). This leads to the assumption that
the so far allowed ‘‘safe’’ exposure times for
illumination systems are overestimated and the
potential hazard to the retina is higher.

Keywords: Endoillumination; Intraocular illu-
mination; Light hazard; Light-induced retinal
damage; Light toxicity; Pars plana vitrectomy
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INTRODUCTION

Modern pars plana vitrectomy would be
inconceivable without sufficiently bright illu-
mination of the vitreous cavity. However, it is
well known that the visible radiation poses a
very high risk to the retina [1–14]. Especially,
light with a wavelength below 500 nm
[2, 10, 15, 16] has a particularly high potential
to damage the photoreceptors and the retinal
pigment epithelium (RPE) [14, 17]. White light
usually has a high proportion of this wave-
length range, so daylight at midday [4, 18], for
example, can cause visible damage to the retina
within just a few minutes. Experiments with
rhesus monkeys using the illumination of an
ophthalmoscope have already shown damage to
the photoreceptors and changes to the RPE after
15 min [18]. Frequent investigations with light-
emitting diode (LED) lighting systems have
shown a particularly high risk potential at
wavelengths below 500 nm [19–21]. Xenon
lamps with a comparable irradiance also have a
high risk potential [22].

To keep the generated oxidative stress in the
retina at a safe level, it is important to deter-
mine the total radiant exposure He with insur-
able and imputed hazard. Studies on retinal
damage mostly performed using in vivo models
[18, 23] revealed that with blue light, e.g. at a
total radiant exposure of 20 J/cm2 [23], irre-
versible damage can occur. A standard for
determining intraocular illumination sets 10 J/
cm2 as a guide value not to be exceeded [10, 24].

However, when the power of lighting sys-
tems is determined, no attention is paid to the
anatomical structure of the eye, which has a
very special optical geometry similar to a sphere
[25, 26].

Following the guidelines, the irradiance of
an illumination system is measured in aqueous
solution at a defined distance to a detector
surface [10, 24]. Inside a sphere, however, an
electromagnetic wave (light) can be reflected
several times. Therefore, it is possible that a
defined area is not only irradiated by direct light
but also by indirect lights through multiple
intraocular light-tissue interactions. As a result,
the incident radiant exposure could increase

and a safe guide value would be reached more
quickly. Measuring the intensity outside the
eye, e.g. during an approval procedure, might
result in lower irradiation values, compared to
the actual intraocular irradiation and therefore
pose an unintended higher risk to the retina
during medical treatment.

This hypothesis will be examined in the fol-
lowing in ex vivo porcine eyes.

METHODS

Illumination System

Employed was the light source of the Accurus
Surgical System version 600 DS from Alcon
Laboratories Inc. (Fort Worth, TX, USA) with a
halogen lamp. For intraocular illumination, two
different endoilluminators were utilized to
investigate different angular radiation profiles.
A hand-held 23G wide-field endoilluminator
from Geuder (GH; Fig. 1a, b) and a 23G spot-
light endoilluminator from Alcon (AH; Fig. 1c,
d) were adduced. Both were implemented using
a 23G trocar from Alcon.

For the irradiance on a defined surface, the
radiation angle of the emitter is relevant. Since
this angle can change during the transition
between two optical media (Snell’s law), it is
important to measure in a medium that has the
same refractive index as in the later application.
Here the measurements were performed in 0.9%
NaCl solution (n = 1.33).

Specimen Material

For intraocular measurements, porcine eyes of a
local slaughterhouse were adduced. Five eyes
with a blue iris and nine eyes with a brown iris
were selected to investigate potential differ-
ences between levels of pigmentation. The
measurements were taken on the day of the
enucleation. The porcine eye model was chosen
because healthy human fresh enucleated eyes
were not available due to ethical guidelines.
Porcine eyes are an approved model in oph-
thalmic research [27] because the anatomical
composition is very similar to that of humans.
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All institutional and national guidelines for the
care and use of laboratory animals were
followed.

Measurement Setup

An optical fiber with diffuser tip (Thorlabs,
CFDSB20, NA = 0.37) was used to measure the
intraocular irradiance. This fiber was selected
for its feature to detect light from every angle in
the range of ± 90� almost equally. The nor-
malized angle profile for white light branches
between 0� and 90� with a minimum detection
of 70% (Fig. 2).

To determine the irradiance Ee by a fiber, it
was calibrated using an appropriate lamp. The

emission spectrum was measured by the spec-
trometer SensLine AvaSpec 2048 XL of Avantes
BV (The Netherlands), using the software Ava-
Soft 8.4. The fiber and the spectrometer were
calibrated with a calibration lamp (LH-100F-
UV) of Gigahertz Optik GmbH (Germany). To
guarantee the same angle of incidence in
intraocular and reference measurements, an
optical bench was set up.

To measure the intraocular irradiance Eintra,
the samples were placed in the optical bench
and fixed posteriorly to the macula using an
incision lance. The lance was removed and only
the trocar remained. With the fixation in the
optical bench, the trocar was reproducibly
positioned in the eye. A 23G trocar was posi-
tioned in the macular region. The sensor was

Fig. 1 Endoilluminators with two different angular dis-
tribution profiles in air (n = 1.0) and 0.9% NaCl solution
(n = 1.33). In a (air) and b (water), a handheld 23G wide-
angle endoilluminator from Geuder (GH) is illustrated. In

c (air) and d (0.9% NaCl solution), a 23G spotlight
endoilluminator from Alcon (AH) is imaged. The radia-
tion angles are smaller in water
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inserted in this trocar, protruding 1 mm from
the trocar. In this setting, the total distance
from the sensor tip to the retinal surface was
2 mm. A second 23G trocar was fixed to the
optical bench to guide the sensor fiber and to
adjust the angle of the fiber tip to the retinal
surface.

A second 23G trocar was placed in the pars
plana area and the endoilluminators were
inserted through this trocar. The distance to the
measuring fiber was defined by the distance to

the guide trocar (Fig. 3). The distances 2, 4, 6, 8
and 10 mm from the measuring fiber were
adjusted to record the course of the irradiance
with increasing distance to the retina. The sec-
ond purpose for the guiding trocar was to define
the distance between the emitter and detector
tip (Fig. 3). The reference irradiance Eref mea-
surements were acquired in 0.9% NaCl solution.

To calculate a theoretical radiant exposure
He for comparison of the results, a hypothetical
exposure time of 1 h was selected. This is the

Fig. 2 Normalized sensitivity of the detection fiber with diffusor tip (Thorlabs, CFDSB20, NA = 0.37)

Fig. 3 Measurement setup for intraocular and reference
measurement of the irradiance E. The irradiance was
measured by an optical fiber with a diffusor tip (Thorlabs,
CFDSB20, NA = 0.37). The diffusor tip enables the
detection of irradiation with an angle of incidence more

than 180�. The angular-dependent sensitivity is always
70% for ± 90�. The reference irradiance measurement is
performed without a probe in 0.9% NaCl solution and 40�
to the 0� axis
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time of the standard to reach a classification in
group 1 for illumination systems [10].

Statistical Analysis

Themean values and the standard deviationswere
calculated for the defined distances to the detec-
tion tip. A correlation was determined for each
measuring series. To determine the error of the
ratio Qintra/ref between intraocular and reference
irradiance, the error propagation was calculated.

In order to investigate and test the suspected
effects, the data was examined for statistical
significance with IBM SPSS Statistics (version
24). The surveys were examined for normal
distribution, to check the requirements for
t tests [28] and the Welch test [29]. To examine
the difference between intraocular and refer-
ence irradiance, the Welch test was selected.
The Welch test was also adduced to determine
the difference in intraocular irradiance between
eyes with blue and brown irises. The paired t test
was used to examine the irradiances in the same
samples with different endoilluminators.
Finally, the Cohen coefficients d and r for effect
size [30] of differences between the mean values
were calculated for each test.

RESULTS

Hand-held 23G Spotlight Endoilluminator
(AH)

The results of the intraocular measurements
(Eintra) with the AH endoilluminator were sig-
nificantly higher (a = 0.05) than the results of
the reference measurements (Eref) for all 5
measured distances to the retina from 2 to
10 mm in the porcine eyes (Table 1, Fig. 4a).
Comparison of intraocular and reference irra-
diances using the Welch test showed t values
between 5.84 and 8.48 and, consequently, all
p values were\ 0.001.

The investigations of the effect size of the dif-
ferences of the mean values according to Cohen
revealed very high values of d and r. The d value,
based on the t value and the degrees of freedom
t (df) were 3.17\d\4.45 (0.85\ r\0.91).

The resulting ratios Qintra/ref revealed the
values of 1.54 ± 0.27 for 2 mm, 1.46 ± 0.29 for
4 mm, 1.42 ± 0.23 for 6 mm, 1.39 ± 0.27 for 8
mm and 1.42 ± 0.28 for 10 mm (Fig. 5a).

Hand-held 23G Wide-field
Endoilluminator (GH)

The results of intraocular irradiance Eintra with
the wide-angle probe (GH) were also signifi-
cantly higher (a = 0.05) in all five positions than
reference irradiance Eref (Table 1, Fig. 4b). The
resulting t values were between 7.85 and 4.05.
The p values were\0.002 (Table 1).

The effect size index d with the wide-angle
probe (GH) results in a very high effect with
2.55\ d\ 4.70 (0.79\ r\0.92), as presented
in Table 1.

Comparison of Spotlight and Wide-field
Illumination

The differences between the two endoillumi-
nators (AH and GH) using the same light source
(a = 0.05) were also significant at distances from
2 to 10 mm from the diffusor tip or 4 to 12 mm
from the retina (Table 2).

Comparison of Blue and Brown Irises

Between eyes of different pigmentation, no
significant difference of intraocular irradiance
could be detected. The examination whether
the intraocular irradiance differs in eyes with
different iris colorations and thus different
pigmentations revealed no significant
differences.

All p values for AH and GH were higher than
0.150. According to Cohen, effect sizes were
calculated (0.2\ d\ 1.0), but all corresponding
values for r were below 0.5.

Radiant Exposure He of One-Hour
Exposure Time

The results of the intraocular and reference
irradiance were selected to calculate the radiant
exposure for every position. The resulting
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intraocular and reference radiant exposures are
illustrated in Table 3. Thus, the values were
calculated by the irradiance E, and the intraoc-
ular and reference radiant exposure resulted in
the same ratio as the irradiance.

DISCUSSION

The comparison of the intraocular irradiance
Eintra and the reference irradiance Eref resulted in
significantly higher values for the intraocular

irradiance at distances of 2, 4, 6, 8 and 10 mm to
the diffusor tip (? 2 mm to the retina).

The resulting radiant exposures always
revealed higher results than the safe guide of
10 J/cm2 for intraocular illumination (Table 3)
[10], except for one measured value (GH Href:
10 mm). In all these positions, damage of the
retinal tissue would be possible [23] for a 1-h
application.

Our results support the hypothesis that the
partially spherical geometry of the eye increases
the radiation on the surface compared to a ref-
erence setting. Pigmentation of the eyes had no

Table 1 Results of the spotlight endoilluminator from Alcon (AH) and of the wide-field endoilluminator from Geuder
(GH)

Endoilluminator type AH GH

Distance to the
diffusor tip

[d] in mm 2 4 6 8 10 2 4 6 8 10

Eintra [Eintra] in

mW/cm2

106.87 37.02 17.64 10.59 7.24 30.26 13.69 7.59 4.97 3.51

SD [Eintra] in

mW/cm2

15.88 6.49 2.45 1.88 1.13 4.54 2.06 1.21 0.78 0.58

MSE [Eintra] in

mW/cm2

4.24 1.74 0.66 0.50 0.30 1.21 0.55 0.32 0.21 0.15

Eref [Eref] in

mW/cm2

69.54 25.33 12.46 7.62 5.09 18.59 9.85 5.71 3.90 2.68

SD [Eref] in

mW/cm2

2.03 0.57 0.29 0.13 0.22 1.49 0.52 0.43 0.28 0.11

MSE [Eref] in

mW/cm2

1.17 0.33 0.17 0.08 0.12 0.86 0.30 0.25 0.16 0.06

Qintra/ref – 1.54 1.46 1.42 1.39 1.42 1.63 1.39 1.33 1.27 1.31

DQ – 0.27 0.29 0.23 0.27 0.28 0.37 0.28 0.31 0.29 0.27

t (df) – 14.51 13.84 14.38 13.58 14.98 11.15 13.84 10.09 10.01 14.97

t value – 8.48 6.62 7.65 5.84 6.61 7.85 6.12 4.61 4.05 4.93

p value – 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001

d – 4.45 3.56 4.03 3.17 3.42 4.70 3.29 2.90 2.56 2.55

r – 0.91 0.87 0.90 0.85 0.86 0.92 0.85 0.82 0.79 0.79

The table illustrates the intraocular irradiance Eintra and the reference irradiance Eref at distances of 2, 4, 6, 8 and 10 mm
from the diffusor tip. Qintra/ref represents the ratio between the intraocular irradiance Eintra and the reference irradiance Eref.
The values t, p and the degrees of freedom t (df) are selected to calculate the values d and r according to Cohen [30]. SD
standard deviation, MSE mean squared error

46 Ophthalmol Ther (2019) 8:41–50



Fig. 4 Intraocular irradiance Eintra and reference irradi-
ance Eref. a Describes the results of the spotlight
endoilluminator from Alcon (AH). The intraocular
measurement results are higher compared to the reference

ones. b Illustrates the results with the wide-angle endoil-
luminator from Geuder (GH). The intraocular measure-
ment results are higher than the reference approach

Fig. 5 Ratios of intraocular and reference irradiance depending on the distance to the retina. a Plots the results of the
spotlight endoilluminator from Alcon (AH) and b the results of the wide-angle endoilluminator from Geuder (GH)
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significant influence on these results, because
the pigment is located in the RPE cells and
therefore behind the retina. Therefore, the rea-
son for this increased radiation should be light
surface interaction. This measurable effect is
presumably a complex interplay between
reflection, transflection and scattering. We also
demonstrated that different radiation charac-
teristics of endoilluminators resulted in

different radiation intensity onto the retina. A
spotlight generated higher local irradiance
compared to a wide-angle light.

The radiant exposures leading to irreversible
damage of the retina are usually measured
in vivo [18–21, 23], but illumination systems are
characterized in reference settings. Therefore,
the specified guide values [10, 24] could be
assumed to be too low.

Surgeons must be careful not to exceed the
maximum recommended exposure time. Our
measurements suggest that even this time does
not mean absolute safety for the retina, as there
is a higher radiation exposure in the eye than in
the measurement setup for the recommenda-
tions. In addition, intraoperative situations
occur in which the light source is brought closer
to the retina and, in consequence, the radiation
exposure increases exponentially.

In fact, the use of the light sources in dura-
tion and distance during the operation depends
on the intraoperative necessities. For the calcu-
lation of the radiation exposure in the eye,
many of the parameters are variable.

Table 2 Results of the comparison between the illumi-
nation with AH and GH endoilluminators for the same
light source in the same eyes

mm t (df) t value p value dz r

2 13 16.02 0.001 4.28 0.98

4 13 11.49 0.001 3.07 0.95

6 13 13.50 0.001 3.61 0.97

8 13 9.74 0.001 2.60 0.94

10 13 10.06 0.001 2.69 0.94

The comparison was calculated with a paired t test with
SPSS and the effect size index d of Cohen [30]

Table 3 Radiant exposure for intraocular and reference irradiance by an exposure time of 1 h with the spotlight endoil-
luminator from Alcon (AH) and of the wide-field endoilluminator from Geuder (GH)

Endoilluminator type AH GH

Distance to the
diffusor tip

[d] in mm 2 4 6 8 10 2 4 6 8 10

Hintra [Hintra] in

J/cm2

384.72 133.29 63.52 38.13 26.07 108.94 49.29 27.31 17.88 12.64

SD [Hintra] in

J/cm2

57.18 23.38 8.83 6.76 4.06 16.35 7.41 4.34 2.81 2.09

MSE [Hintra] in

J/cm2

15.28 6.25 2.36 1.81 1.09 4.37 1.98 1.16 0.75 0.56

Href [Href] in

J/cm2

250.36 91.20 44.87 27.45 18.31 66.91 35.45 20.56 14.04 9.66

SD [Href] in

J/cm2

7.30 2.05 1.06 0.48 0.78 5.35 1.89 1.54 1.00 0.40

MSE [Href] in

J/cm2

4.22 1.18 0.61 0.28 0.45 3.09 1.09 0.89 0.58 0.23

The table also includes intraocular radiant exposure Hintra and the reference radiant exposure Href at distances of 2, 4, 6, 8
and 10 mm from the diffusor tip. SD standard deviation, MSE mean squared error
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The difficulty therefore lies in measuring the
actual intraoperative radiation exposure of the
retina. This depends on the light intensity (ra-
diant power in W), the distance of the light
source from the retina (d in mm), the exposure
time (t in s), the angle of incidence, the light
spectrum and, as described in this paper, the
light surface interaction on the retinal surface
(indirect light exposure). The determining fac-
tor is the distance between the illuminating tip
and the retina. And the irradiance is square-
dependent on the distance. So, halving the
distance from the retina results in a quadrupling
of the irradiance.

With a defined distance and defined light
intensity, the irradiance (E in W/cm2) can be
calculated for a defined area (cm2). In the
standards for intraocular illumination [10, 24],
the distance of 15 mm is estimated for endoil-
luminators. In this condition, a safe exposure
time can be calculated.

In real life, the distance of the light source
follows the needs of the operation. For a chan-
delier light, the value of 15 mm is probably
representative, whereas for a spotlight and a
wide-angle light, 15 mm is probably too high.

CONCLUSION

Our results show for all situations in the eye
that the exposure to radiation on the retina is
1.5 times higher than in the reference setting.
Therefore, the anatomy of the eye should be
considered when calculating the maximum
exposure to endoilluminators.
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